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A short introduction 

Salps are often considered as “gelatinous zooplankton” and thus grouped 

with ctenophores, cnidarians, or chaetognaths, all characterised by their 

delicate body tissues containing high percentages of water. The salp’s 

transparent, barrel shaped body makes them easily confounded with 

gelatine when clogging fishing nets or beaching as slimy mats. In fact, 

when asked what animals I am studying, I often had to explain: “I study 

salps; they look like small jellies but are not jellies.” “And what are 

they?” “They are urochordates, a group of their own, but closely related 

to the vertebrates. I’m studying mainly two species of salps in Antarctic 

waters and especially what they are eating” – a point, where most 

questions found their end, but some of the questioners where eager enough 

to ask why on earth I might study such unknown creatures 

 at the end of the world… 
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Summary 

This thesis focusses on effects of the food regime on the feeding dynamics, bio-

elemental composition and community structure of the two Southern Ocean salps Salpa

thompsoni (FOXTON 1961) and Ihlea racovitzai (VAN BENEDEN 1913). Emphasis is also 

put on ecological impacts of the salp feeding.  

 

The feeding behaviour of S. thompsoni in response to a fast developing diatom bloom 

was studied during a mesoscale iron fertilisation experiment in the Southern Ocean 

Polar Frontal zone by means of incubation experiments. Results of this study confirmed 

high individual ingestion and egestion rates for this species observed in previous studies 

(e.g. Pakhomov et al. 2002). Yet, a previously reported direct harm of the salp’s feeding 

mechanism through phytoplankton concentrations of >1.5 μg chl-a L-1 was rejected by 

this study. Accordingly, in situ gut pigment contents of S. thompsoni sampled in the 

iron-induced phytoplankton bloom were significantly higher than those of individuals in 

the non-fertilised area. Nevertheless, the enhanced ingestion did not generally result in a 

higher food uptake by the salps. Detailed gut pigment and fatty acid analyses of the 

salps’ gut contents and biomass revealed a low degradation efficiency of the diatom rich 

food inside the bloom. Smaller salps (<30 mm body length) that constituted the majority 

of the late summer population had no benefit from the increasing food concentrations in 

the bloom situation as inferred from carbon budgets of estimated ingestion and egestion 

rates. Apparently, only large salps (>30 mm body length, including aggregate and 

solitary generation) profited from the higher food supply in the fertilised area and 

showed slightly higher assimilation rates than large salps outside the bloom area.  

 

Seasonal feeding dynamics of Salpa thompsoni and Ihlea racovitzai were investigated 

during three surveys in the Lazarev Sea in summer, fall, and winter to examine the 

salps’ year-round feeding activity in the upper epipelagic zone of the Antarctic Ocean. 

High individual feeding rates were determined for both species. Pigment concentrations 

in the salp guts of both species revealed significant positive correlation to ambient 

surface chlorophyll concentrations. Gut chlorophyll concentrations had a much smaller 

range than ambient chl-a concentrations, i.e. salps were able to highly concentrate 

ingested material in low food environments. Fatty acid analyses revealed a high 
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contribution of flagellates to the diet of both salp species throughout the year. The 

proportion of diatoms in the diet was lower, but did not decrease in winter for I.

racovitzai. This finding reveals active feeding on phytoplankton throughout the year by 

this species. In comparison, the winter feeding activity of solitary I. racovitzai was 

significantly higher than that of S. thompsoni.  

 

However, there was no major seasonal effect on bioelemental composition of both 

salps. Apparently, salps do not use lipid reserves or body tissues as energy supply in 

low food situations. The high Antarctic salp I. racovitzai has a three times higher 

protein and slightly higher lipid content per dry mass than S. thompsoni. 

 

The population structure and demographic development of Salpa thompsoni was 

intenvsively studied during the iron fertilisation experiment.  In summer and fall, S.

thompsoni is dominated by the aggregate stage as seen in previous studies. This sexual 

aggregate stage showed a faster maturation at high feeding conditions inside the 

phytoplankton bloom. Apparently, maturing S. thompsoni were capable of channelling 

the energy gain of the higher food supply in an enhanced reproduction. In earlier 

studies, an effect of high food conditions on reproduction was only observed for the 

asexual stage of S. thompsoni. This study points to an opportunistic nature of S.

thompsoni in both generations. Even in the relatively cold Southern Ocean waters, the 

salp’s reproductive response to variable environmental feeding conditions was fast (i.e. 

within weeks). On the other hand, in early fall in the Polar Frontal zone, the entire S.

thompsoni population showed a clear seasonal change from a reproductive summer 

population to younger immature stages, suggesting that seasonal changes superimposed 

potential effects of food conditions. S. thompsoni is less active in winter and apparently 

hibernates mainly in the solitary stage at depth. In contrast to I. racovitzai, the 

population of S. thompsoni in high Antarctic latitudes seems not to be self-sustained, but 

to depend on warm-water intrusions, as confirmed by the investigations in the Lazarev 

Sea. Ihlea racovitzai, a high Antarctic salp species, is generally less abundant than S.

thompsoni and therefore less studied. From the seasonal study in the Lazarev Sea, we 

can deduce that unlike S. thompsoni, I. racovitzai was dominated by the solitary 

generation throughout the year. It is assumed that this species has a rather continuous 

asexual reproduction compared to the pulsed release of blocks of several hundred 

aggregate salps in S. thompsoni. In conclusion, findings of this thesis strongly suggest 
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that blooms of both salp species are pulsed events of ephemeral duration in Antarctic 

waters. Biological and physical factors triggering and shaping the formation of potential 

salp blooms are shortly discussed.  

 

In all the surveys in the Polar Frontal Zone and the Lazarev Sea presented in this thesis, 

only low to medium abundances of salps were observed. Therefore, the salps’ grazing 

pressure on phytoplankton in the euphotic zone was negligible during all studies. 

Accordingly, competitive grazing or direct predation on crustacean zooplankton is low. 

However, due to their significant stock in the surface waters in winter and their 

relatively high calorimetric value, Ihlea racovitzai might contribute to the diet of cold 

and warmer blooded animals in the dark season. Low abundances of salps also explain 

the estimated low contribution of salp fecal pellets to the vertical carbon flux. Pellet 

pigment content and stability are significantly influenced by the ambient phytoplankton 

community composition. With increasing abundances of large phytoplankton, fecal 

pellets were flocculent and were probably recycled within the euphotic zone. However, 

deep vertical migration observed for both salp species, especially for I. racovitzai in 

winter, might enhance carbon export below 200 m depth. 
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Zusammenfassung  
 

Die vorliegende Arbeit befasst sich schwerpunktmäßig mit Auswirkungen des 

Nahrungsangebotes auf die Fraßdynamik, die Gemeinschaftsstruktur und die elementare 

Zusammensetzung der beiden Salpen Salpa thompsoni (FOXTON 1961) und Ihlea

racovitzai (VAN BENEDEN 1913) im Südozean. Ein weiterer Akzent der Arbeit war die 

Untersuchung des Fraßverhaltens der beiden Salpenarten im Hinblick auf den 

ökologischen Einfluss. Das Fraßverhalten von S. thompsoni wurde mit 

Inkubationsexperimenten während einer sich schnell entwickelnden Diatomeenblüte im 

Rahmen eines mesoskaligen Eisendüngungsexperimentes im Südozean untersucht. 

Ergebnisse dieser Studie bestätigen hohe individuelle Ingestions- und Egestionsraten 

früher Studien (z. B. Pakhomov et al. 2002). Frühere Beobachtugen von direkten 

Schädigungen des Fraßmechanismus der Salpen durch Chlorophyllkonzentrationen >1.5 

μg chl-a L-1 wurden durch diese Studie widerlegt. Entsprechend war die Pigmentmenge 

des Mageninhaltes von S. thompsoni im Bereich der eiseninduzierten Algenblüte 

signifikant höher als die von Individuen in nicht gedüngten Arealen. Die erhöhte 

Aufnahme der Salpen führte im Allgemeinen jedoch nicht zu einer verbesserten 

Nahrungsverwertung. Detaillierte Analysen der Pigmente und Fettsäuren im 

Mageninhalt ließen eine schlechte Abbaueffizienz der diatomeenreichen Nahrung 

innerhalb der Blüte erkennen. Kleinere Salpen (<30 mm Körperlänge), die einen großen 

Anteil der Spätsommer-Population ausmachten, profitierten nicht vom zunehmenden 

Nahrungsangebot in der Blüte, wie aus Kohlenstoff-Budgets der berechneten 

Aufnahme- und Ausscheidungsraten geschlossen werden kann. Große Salpen (>30 mm 

Körperlänge, aggregate und solitäre Generation inbegriffen) im Bereich der Blüte 

wiesen leicht höhere Assimilationsraten als Salpen außerhalb der Blüte auf. 

 

Saisonale Fraßdynamiken von S. thompsoni und I. racovitzai wurden während drei 

Untersuchungen in der Lazarev See im Sommer, Herbst und Winter durchgeführt, um 

die Fraßaktivität der Salpen im Jahresgang im Bereich des oberen Epipelagials des 

Antarktischen Ozeans zu erfassen. Für beide Arten wurden hohe individuelle Fraßraten 

ermittelt. Die Pigmentkonzentration in den Mägen beider Salpenarten wiesen eine 

signifikante positive Korrelation mit der Chlorophyllkonzentrations des umgebenden 

Oberflächenwassers auf. Änderungen in der Chlorophyllkonzentration der Mägen waren 
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geringer als die der Chlorophyllkonzentrationen im Umgebungswasser, d. h. die Salpen 

in Regionen mit geringem Nahrungsangebot waren in der Lage das aufgenommene 

Material effektiv anzureichern. Fettsäureanalysen belegten einen hohen Beitrag von 

Flagellaten zur Ernährung beider Salpenarten während des ganzen Jahres. Der Anteil 

von Diatomeen in der Ernährung von I. racovitzai war etwas geringer, aber reduzierte 

sich im Winter nicht. Die Ergebnisse zeigen ein aktives Fraßverhalten beider 

Salpenarten während des ganzen Jahres. Der Hauptunterschied zwischen den beiden 

Arten liegt in der signifikant höheren Fraßaktivität von solitären I. racovitzai im Winter 

verglichen mit S. thompsoni. Desweiteren wurde kein klarer saisonaler Einfluss auf die 

elementare Zusammensetzung der beiden Salpen festgestellt. Scheinbar nutzen Salpen 

keine Lipidreserven oder Körpergewebe für die Energiezufuhr in Situationen mit 

geringem Nahrungsangebot. I. racovitzai hatte einen dreimal so hohen Proteingehalt 

und eine geringfügig höheren Lipidgehalt bezogen auf das Trockengewicht als S.

thompsoni. 

 

Studien zur demographischen Entwicklung während des Eisendüngungsexperimentes 

zeigten eine schnellere Reifung des sexuellen Aggregatstadiums von S. thompsoni bei 

hohem Nahrungsangebot innerhalb der eiseninduzierten Phytoplanktonblüte. Scheinbar 

waren reifende Individuen von S. thompsoni in der Lage die höhere Nahrungsaufnahme 

für eine gesteigerte Reproduktion zu nutzen. In früheren Studien wurden Auswirkungen 

eines erhöhten Nahrungsangebotes auf die Reproduktion nur für das asexuelle Stadium 

von S. thompsoni beobachtet. Diese Arbeit deutet auf eine opportunistische 

Lebensweise beider Generationen von S. thompsoni hin. Die Reproduktion der Salpen 

zeigte sogar im relativ kalten Wasser des Südozeans eine schnelle Anpassung an sich 

verändernde Nahrungsbedingungen in der Umgebung (Anpassung innerhalb von 

Wochen). Allerdings veränderte sich die gesamte S. thompsoni Population im 

untersuchten Gebiet von einer reproduktiven Sommerpopulation zu einer 

Frühherbstpopulation bestehend aus jüngeren unreifen Stadien, was darauf hindeutet, 

dass saisonale Veränderungen mögliche Effekte der Ernährungsbedingungen 

überlagerten. S. thompsoni ist im Winter weniger häufig und überwintert wahrscheinlich 

im solitären Stadium in der Tiefe. Die Untersuchungen in der Lazarev See bestätigten 

frühere Annahmen, dass sich die Populationen von S. thompsoni in hohen antarktischen 

Breiten wahrscheinlich nicht selbst erhalten, sondern stattdessen auf Einströmungen von 

Warmwassermassen angewiesen sind. Im Gegensatz dazu ist I. racovitzai, die 
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antarktische Salpenart im engeren Sinne, zwar ganzjährig anzutreffen, aber allegemein 

weniger häufig als S. thompsoni. I. racovitzai wurde ganzjährig von der solitären 

Generation dominiert. Es kann angenommen werden, dass die asexuelle Reproduktion 

dieser Art eher kontinuierlich erfolgt und damit im Gegensatz zur impulsartigen 

Freisetzung von bis zu mehreren Hundert Blöcken aggregierter Individuen von S.

thompsoni steht. Als Fazit kann aus dieser Studie geschlossen werden, dass Blüten 

beider Salpenarten kurzlebige, impulsartige Ereignisse in antarktischen Gewässern sind. 

Biologische und physikalische Faktoren, die die Bildung von Salpenblüten auslösen und 

formen, werden kurz diskutiert. 

 

In allen in dieser Arbeit vorgestellten Untersuchungen im Bereich der Polarfrontzone 

und der Lazarev See, wurden lediglich geringe bis mittlere Abundanzen beider 

Salpenarten beobachtet. In allen Studien war der Fraßdruck der Salpen auf das 

Phytoplankton in der euphotischen Zone deshalb nur gering. Entsprechend waren auch 

die Konkurrenz um Nahrung und der unmittelbare Fraßdruck auf das Crustaceen-

Zooplankton gering. Allerdings ist der Bestand von I. racovitzai im Oberflächenwasser 

während des Winters signifikant und diese Art von relativ hohem Nährwert, weshalb sie 

als Nahrungsgrundlage für kalblütige und warmblütige Tiere in der dunklen Jahreszeit 

dienen könnten. Geringe Abundanzen der Salpen erklären außerdem den als gering 

eingeschätzten Beitrag der Kotballen der Salpen zum vertikalen Kohlenstofffluss. Der 

Pigmentghalt und die Stabilität der Kotballen werden signifikant von der Struktur der 

umgebenden Phytoplanktongemeinschaft beeinflusst. Mit zunehmender Abundanz von 

großen Phytoplanktonarten in der Wassersäule wurden flockige Kotballen 

ausgeschieden, so dass sie wahrscheinlich innerhalb der euphotischen Zone 

aufgearbeitet wurden. 
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1 General Introduction 

1.1 Salps and their Relatives: “From Genomes to Aquatic Invasions” 

Salps are holoplanktonic marine organisms that belong to a group named tunicates or 

urochordates. The name “tunicate” refers to the fibrous body tissue that encloses the 

body of the adult. Those fibres are largely composed of a cellulose-like carbohydrate 

called tunicin which has been described already in 1845 for sessile tunicates (Schmidt 

1845). The name “urochordates” is due to classical phylogenetic termination, where 

urochordates were put as basal lineage of the chordates. The other two subphyla, the 

cephalochordates and vertebrates, were grouped as sister group of “euchordates”, which 

means true chordates or “chordates with brain”. However, recent genetic studies with 

the ability to decipher entire genomes and to analyse large datasets have given evidence 

that in fact, tunicates and vertebrates are more likely sister-groups albeit their strong 

morphological and molecular differences (Dehal et al. 2002; Delsuc et al. 2006). The 

placement of the cephalochordates remains uncertain. Apparently, our anthropocentric 

view of continuous evolution towards highly specified organisms with large brains has 

to be revised (Delsuc et al. 2006). Tunicates show a trend towards genomic 

simplification compared to their ancestors but have also experienced notable lineage 

specific evolution, including the remarkable acquisition of genes that control the 

cellulose metabolism (Dehal et al. 2002; Holland 2007).  

In general terminology, tunicates are further classified into sessile tunicates, the 

ascidians, and pelagic tunicates which divide into thaliaceans and appendicularians. All 

thaliaceans, including salps (Salpida), doliolids (Doliolida), and pyrosomes 

(Pyrosomatida) are characterised by their holoplanktonic marine life cycles that include 

an alternation of generations (metagenesis).  

These groups and their phylogenetic trees were much under debate, based on 

morphological and histological studies (e.g. Holland 1988; Godeaux 1998), and on 

genetically oriented work (e.g. Christen and Braconnot 1998; Holland 2007). A recent 

study on 18sRNA, based on a broader data set compared to earlier studies, clearly 

supports the paraphyletic nature of the class Ascidiacea by dividing the tunicates into 
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the following three monophyletic clades: (1) Phlebobranchia & Thaliacea & Aplouso-

branchia, (2) Appendicularia, and (3) Stolidobranchia (Tsagkogeorga et al. 2009). 

However, on lower taxonomic levels, some relationships remain still unclear and certain 

groups have unstable positions. The monophyly of thaliaceans, and the respective 

monphyly of its three constitutive orders were nevertheless cleary supported 

(Tsagkogeorga et al. 2009). Moreover, a sister-group relationship between pyrosomes 

and salps was suggested, with the branch of doliolids arising first. However, standard 

DNA models on the same data set support a sister-group relationship between salps and 

doliolids (Tsagkogeorga et al. 2009). The authors conclude that the grouping of fast 

evolving species like salps and doliolids is best achieved by applying most complex and 

best fitting models of sequence evolution.  

 

Tunicates, both sessile and pelagic, are mostly found in warm or temperate waters. In 

recent years, a still increasing number of studies dealt with the invasive nature of 

ascidians (e.g. presented on the International invasive sea squirt conferences I and II, the 

third one will be held in April 2010, at Woods Hole Oceanographic Institute, USA). 

Marine ecosystems face severe intrusions of invasive plants and animals due to global 

traffic implicating massive exchange of water and devices from all over the world 

(Acosta and Forrest 2009; Bullard and Carman 2009; Clout and Williams 2009). For 

aquaculture, animals like lobsters are traded and can hereby act as vector for ascidian 

larvae (Bernier et al. 2009). Furthermore, invasion of new species can in several 

locations also be linked to, or was at least enhanced by global warming trends in many 

marine habitats (Stachowicz et al. 2002). Invasiveness of ascidians has often unknown 

consequences for the local ecosystem (Byrnes and Stachowicz 2009). For examples, 

invading ascidians have negative financial consequences on local aquaculture by 

overgrowing mussel ropes in Prince Edward Island, Canada (Arsenault et al. 2009; 

Gittenberger 2009), and in the Netherlands (Gittenberger 2007).  

 

For pelagic tunicates, no such general discussion of recent invasiveness of new species 

or increasing abundances of known species has taken place. Already Wallich (1860), 

cited by Foxton (1960, p. 78) quotes: “The Salpae […] are almost universally 

distributed through the open sea, and frequently occurring in such vast multitudes, as to 

cover the surface for many square miles and impart to the water the consistence of 

jelly.” A mass invasion of the salp Salpa fusiformis (CUVIER 1804) in Norwegian 
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coastal and offshore waters in the year 1955 was described by Brattström (1972) with 

salps “as thick as porridge” and aggregate chains over one metre long. Mass 

occurrences of this kind have been observed regularly in Norwegian and North Sea 

waters, and caused severe damage to the fisheries 1954 – 56 when trawls were in some 

places even torn by the great weight of salps (Brattström 1972). Salpa fusiformis is a 

species of cosmopolitan distribution with large tolerance ranges of temperature and 

salinity (van Soest 1998). In the North Sea, this species is an indicator of the North 

Atlantic drift, as it is a characteristic member of the Atlantic oceanic community (Fraser 

1969). Influx of warm Atlantic water in spring can transport salps into North Sea 

waters, where they might multiply in warm summers to bloom concentrations 

(Brattström 1972). Also in recent years, thaliaceans might at times significantly reduce 

recreation value of beaches and shores, “filling” bays and being washed up on land 

where they decay (see Appendix I).  

Long-term studies on North Sea plankton did not reveal an increase in thaliacean 

swarms over the twentieth century (Reid et al. 2003). Studying plankton distribution by 

the use of continuous plankton recorders might miss considerable amounts of salps by 

the small mouth opening of the recorder, but the generally much smaller 

appendicularians where also not recorded in increasing numbers from 1958-1999 (Reid 

et al. 2003). Accordingly, field studies on appendicularians in Norway and 

Mediterranean gave no indication of a significant increase of appendicularian 

abundance in recent years (e.g. Gorsky et al. 2000a; Gorsky et al. 2000b). However, a 

study on Oikopleura dioica (LOHMANN 1896) in coastal waters of the southern North 

Sea from 1975 to 1994 has shown a strong positive correlation between its abundances 

and the mean water temperatures, especially an increase in appendicularian abundance 

with increasing winter water temperatures (Woehrling and Le Fèvre-Lehoerff 1998). No 

such distinct increase in abundance of O. dioica is discernable in the warming Northern 

Wadden Sea (Martens and van Beusekom 2008) or in the Helgoland Roads time-series 

from 1974 to 2004 (Greve et al. 2004). Nevertheless, the latter study points out 

decreasing occurrence of the appendicularian Frittilaria borealis (LOHMANN 1896) 

which might be close to its southern distributional limit in Helgoland waters, and the 

regular appearance of the doliolid Doliolum nationalis (BORGERT 1893) since 1989, 

indicating shifts in the local zooplankton community (Greve et al. 2004). Accordingly, 

pelagic tunicates in Pacific waters show no uniform response to periods of warm or 
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colder waters in the Californian current system but group- and species-specific 

differences were apparent (Lavaniegos and Ohman 2003). Temperature anomalies in the 

area could be related to an increase of appendicularians with concomitant decrease in 

salps (Lavaniegos and Ohman 2003, 2007).  

In the Southern Ocean, increasing abundance and extension of its original distribution 

area in the wake of global warming has mainly been discussed for the salp Salpa 

thompsoni (FOXTON 1961) (Loeb et al. 1997; Nicol et al. 2000; Pakhomov et al. 2002; 

Atkinson et al. 2004; Moline et al. 2004; Nicol 2006). Especially at shelf regions of the 

Antarctic Peninsula, increasing densities of this gelatinous grazer were negatively 

correlated with stocks of the Antarctic krill, Euphausia superba (DANA 1850) (Loeb et 

al. 1997; Pakhomov et al. 2002; Atkinson et al. 2004). Krill is conceived as key stone 

organism in the Antarctic food web and constitutes the main prey for the large 

populations of marine mammals and birds of Antarctica (Tynan 1998; Murphy and Reid 

2001; Reid and Croxall 2001; Lancraft et al. 2004; Siegel 2005; Smetacek and Nicol 

2005; Ducklow et al. 2006; Atkinson et al. 2008; Cornejo-Donoso and Antezana 2008; 

Atkinson et al. 2009). Salps have much lower energetic value per dry weight than 

crustacean zooplankton, including krill (Ikeda and Bruce 1986; Huntley et al. 1989; 

Dubischar et al. in prep., study V). Furthermore, salps in Southern Ocean waters are in 

general highly dispersed. They only seasonally and locally accumulate to higher 

densities, hence are a rather erratic prey (Pakhomov et al. 2002). A persistent decline in 

krill stocks together with an increase in salps in Antarctic waters is thus supposed to 

have dramatically consequences for the Antarctic food web (Fraser and Hofmann 2003; 

Atkinson et al. 2004; Smetacek and Nicol 2005).  

 

Partly, negative impact of salps on krill might be explained by the high grazing pressure 

of salps. Salps show great ability to graze efficiently even on small and dispersed 

suspended matter in the ocean (Alldredge and Madin 1982; Madin and Deibel 1998). 

This effective grazing by salps short cuts the energy flow from microplanktonic food to 

relatively large grazers and finally into fast sinking fecal pellets (Legendre and Fevre 

1995; Andersen 1998; Le Fèvre et al. 1998; Madin et al. 2006). Thus, salp’s grazing on 

the phyto-and microzooplankton community has a direct effect on the cycling of carbon 

in its oceanic environment. The biogeochemical fluxes in the sea modify and regulate 

the climate on Earth. 
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In the media, this potentially high impact of salps on carbon sequestration was therefore 

already promoted as “Ocean 'Gummy Bears' Fight Global Warming” translated to 

“Mini-Quallen entziehen Atmosphäre Kohlendioxid” based on an interview given in 

2006 by L Madin (Woodshole Oceanographic Institute, USA) (see Appendix I). 

Accordingly, salps were quoted as “Planktonfresser sind gut für den Klimaschutz” 

[“Phytoplankton grazer’s help to save the world’s climate”] in an interview by V 

Smetacek in 2008 (Alfred-Wegener-Institute, Germany) (see Appendix I). 

 

We conclude that public perception of salps tangles from their being as our next 

relatives with promising features for genomic studies revealing secrets of our 

evolutionary past, over their formation of massive swarms that scrump the food of fish 

and krill or clog fishing trawls, to little machines constantly feeding and defecating 

having a large impact on the biological pump of the global carbon cycle and thus also 

on our global climate. Both latter aspects, i.e. salps forming “harmful” swarms and 

promoting “useful” carbon sequestration, are linked by the swarm building capacities 

and high feeding rates of salps. To obtain a deeper understanding, I will shortly give a 

general introduction on the extraordinary life cycle and unique feeding mode of salps 

and their pelagic relatives. Then, to put these two aspects into general perspective and 

relate it to the two salp species investigated in the following chapters, the Southern 

Ocean is shortly described as a feeding habitat for salps. The role of the two major 

Antarctic salps, Salpa thompsoni and Ihlea racovitzai (VAN BENEDEN 1913), in this 

special ecosystem is sketched.  
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1.2 Life cycle of salps 

Salps are notorious for rapid growth of individuals and populations. Individual growth 

of nine salp species of temperate and warm waters determined by various methods 

equalled between 0.6 up to 28% of body length per day (see Madin and Deibel 1998). 

The salps were predicted to achieve reproductive size in about 2 up to 11 days, and the 

entire life cycle to be fulfilled in about 14 days (Madin and Deibel 1998). The life cycle 

of all thaliaceans alternates imperatively between sexual and asexual reproduction, first 

described for salps by Chamisso (1819). 

 

 

 

 

 

 

 

 

The two generations of salps have equal importance in the life cycle and exist together 

in the sea. Examples of an aggregate and a solitary individual of Salpa thompsoni are 

shown in Figure 2. In Figure 3, a solitary and specific life cycle characteristics of Ihlea

racovitzai are depicted. 

 

©
 Zoologisches M

useum
 B

erlin 

„Die Windstille übrigens ruft zu einer neuen Thätigkeit 

den Naturforscher auf, der bei günstigem Winde müßig, den 

Blick nur vorwärts gerichtet, von der Küste träumt, auf welcher 

er zunächst landen soll […]. Hier beschäftigten mich und 

Eschscholtz besonders die Salpen, und hier war es, wo wir an 

diesen durchsichtigen Weichthieren des hohen Meeres die uns 

wichtig dünkende Entdeckung machten, daß bei denselben eine 

und dieselbe Art sich in abwechselnden Generationen unter 

zwei sehr wesentlich verschiedenen Formen darstellt; daß 

nämlich eine einzeln freischwimmende Salpa anders gestaltete, 

fast polypenartig an einander gekettete Jungen lebendig 

gebiert, deren jedes in der zusammen ausgewachsenen 

Republik wiederum einzeln freischwimmende Thiere zur Welt 

setzt, in denen die Form der vorvorigen Generation 

wiederkehrt. Es ist, als gebäre die Raupe den Schmetterling und 

der Schmetterling hin-wiederum die Raupe.“ 

Chamisso (1842, p. 43) 

Figure 1: Original sample 
collected by Chamisso in 
Atlantic waters during the 
Romanzoff discovery cruise 
1815-1818 on board Rurik 
(picture taken by 
Zoologisches Museum 
Berlin).  
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Figure 2. Salpa thompsoni. a) Aggregate (blastozoid) individual. b) Solitary (oozoid) 
individual. 
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Figure 3. Ihlea racovitzai. a) Solitary individual. b) Detail of a solitary with developing 
stolon s, and hole h in the test, ar atrical retracors; scale 2 mm.  After Daponte and Esnal 
(1994). c) Developing embryos. em embryo, p placenta; scale 0.5 mm. After Esnal and 
Daponte (1990) 
 

 

a

b c

Muscles band

Gill bar 

Nucleus

Oral opening with 
sphincter muscles 

Stolon

5000 µm 



General introduction 

15 

In salps, the solitary, or oozoid, is a single mostly barrel-shaped animal that produces a 

chain of tens to hundreds of individuals by strobilation of the stolon (Figure 2b, 3b). 

The released salps generally stay connected, thus forming a chain of individuals 

connected to each other by their tunica. As soon as they are released, they swim, feed, 

and grow in size. Those chains can under favourable conditions accumulate to massive 

salp blooms (Alldredge and Madin 1982; Daponte et al. 2001). The chains are called the 

aggregates or blastozoids, and represent the sexual generation of the life cycle. Each 

single blastozoid is a sequential hermaphrodite, and first matures as female. In each of 

them, it develops the next generation of solitary salps, in the case of S. thompsoni as 

single embryo (Table 1), and in I. racovitzai, as twin embryos (Figure 3c). The embryos 

are fertilised internally by male gametes produced by older salp chains. When the 

embryo grows, it protrudes into the body cavity remaining attached to the maternal 

body by the so-called placenta (Godeaux et al. 1998, Bone et al. 1985). The mature 

embryos are eventually released from the parent blastozoids and then continue to feed 

and grow as the solitary asexual phase, thus closing the life cycle of salps.  

 

In S. thompsoni, aggregate generations are assigned several maturity stages according to 

the morphological characteristics of the developing embryo inside an aggregate body, 

following the schemes from Foxton (1966), Chiba et al. (1999) and Daponte et al. 

(2001). Descriptions and photographs of each maturity stage are shown in Table 1.  

 

In the solitary generation of S. thompsoni, maturity stage 0 – 3 are immature stages 

distinguished by the progressive growth of the stolon. Mature stages 4a,b - 6a,b are 

further characterised by consecutive release of mature blocks of the stolon (Foxton 

1966; Daponte et al. 2001). Solitary S. thompsoni can reach about 120 mm in length.  

 

Ihlea racovitzai is a much more delicate species than S. thompsoni. Solitaries reach a 

body length of about 80 mm. No embryonic features like stolon or embryos were found 

in solitary or aggregate samples available during the presented studies. Esnal and 

Daponte (1990) describe the release of mature buds from the stolon of the solitary 

generation as continuous process (Figure 3b). Also, authors describe progressive growth 

of the two embryos inside the maternal cavity of I. racovitzai (Figure 3c) (Daponte and 

Esnal 1994). 
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Table 1. Description of each maturity stage of the aggregate generation of Salpa thompsoni; modified 
after Chiba et al. (1999). Pictures show the developing embryo of maturity stage 1 to 4. For stage 0, 
the position of the non-fertilised egg (arrow) is indicated. For stage 5, the nucleus and developing 
testes (arrow) of a male aggregate are shown. Further pictures and descriptions of each maturity stage 
can be found in Appendix IV 
Maturity 

stage  Embryonic 
state 

Development 
of body parts    

   Body Muscle Eleoblast Mouth 
opening 

       

0 

 

Non  
fertilised No No No No 

1 

 

Newly 
fertilised No No No No 

2 

 

Developing Yes No No No 

3 

 

Developing Yes Yes Yes No 

4 

 

Fully 
developed Yes Yes Yes Yes 

5 

 

Spent/ 
development 

of testes 
- - - - 

1000 μm 

500 μm 

200 μm 

  500 μm 

2000 μm 

1000 μm 
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1.3 The salp’s feeding mode  

Tunicates are non-selective filter feeders which feed on the suspended matter of their 

environment. Water enters their in-current siphon, or oral opening, and waste and water 

are expelled through the ex-current siphon or atrial opening (Figure 2, 3). In all 

tunicates, particles are sieved out of the water by secreting a mucous in such a way that 

it forms a veritable feeding net (Figure 4). While the inhaled water passes through the 

meshes of the filter, suspended material becomes entrapped in the net. The net is 

eventually swallowed with all entangled particles. This exceptional feeding mechanism 

and the secreting filter, the endostyle, were first described extensively by Fol (1876), 

studying doliolids and salps obtained from Italian waters. Further studies on the feeding 

mechanism in Salpa maxima (FORSKÅL 1775) were carried out by Fedele (1933) and by 

Carlisle (1950) at the marine biological station in Naples. In situ feeding behaviour of 

several species of salps was first described by Madin (1974), using blue water diving as 

non-invasive method to observe the salps in their natural environment. The pharyngeal 

feeding filter itself was first described in full detail for ascidians (Flood and Fiala-

Medioni 1979, 1981) who could show that the filter was composed of fine mucous 

filaments of about 10 to 40 nm in diameter, forming a very regular square or rectangular 

mesh. In salps, the filaments are thicker (30-200 nm) and probably have a peptide core 

that is surrounded by mucopolysaccharide sheath (Bone et al 2003). These nets allow 

the pelagic tunicates to screen even small particles �2 μm with high success out of the 

water and might even enable them to ingest submicron particles (Harbison and 

McAlister 1979; Crocker et al. 1991; Deibel and Lee 1992; Flood et al. 1992; Kremer 

and Madin 1992). The functioning of the pharyngeal feeding filter of the salp Pegea

confoederata (FORSKÅL 1775) was described in detail by Bone et al. (1991). Later, the 

secretion of the feeding filter by the endostyle was described in detail comparing Pegea

confoederata, Thalia democratica (FORSKÅL 1775) and Salpa fusiformis (Bone et al. 

2000). One can only be amazed by the structure and functioning of the mucous 

secreting glands and different rows of cilia that design such a fine, resilient net with 

mesh sizes about 0.9 to 4 nm (Figure 4b, taken from Bone et al. 2000). Although such 

detailed studies of the pharyngeal filter are lacking for S. thompsoni and I. racovitzai, 

the general body plan and organs involved in the feeding in the group of Salpidae are so 
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similar as to make it very unlikely that any major differences exists between the 

reported species and the two Antarctic species.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Salpa fusiformis. A) Blastozooid form. Dorsal view, anteriour to the left. The feeding 
filter (f) is maximally expanded by water entering the mouth as the locomoter muscle band (m) 
relax. The endostyle (e), gill bar (b) and peripharyngeal band (p) are visible. The mouth opening 
of the feeding filter is around the peripharyngeal bands, and the hinder end enters the 
oesophagus (o). Scale bar: 1 mm. B) Pharyngeal filter net and bands of columnar cilia. Scale bar 
1 μm. Both picures are taken from Bone et al. (2000) 
 

 

In salps, the pharyngeal feeding net produced by the endostyle lies freely within the 

pharynx, depending from the peripharyngeal bands around the entry of the pharynx, to 

form a more or less conical net tapering to the base of the gill bar and drawn steadily 

into the mouth of the oesophagus (Figure 4a) (Bone et al. 1991; Bone et al. 2000). 

When the filter is in place, it remains expanded also when the locomotor muscles bands 

contract and relax, because the water current forced through the pharynx deploys the 

filter and moves it towards the oesophagus. As soon as the flow of water through the 

o

B

A
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filter ceases, the filter first shrinks to conical shape, and then collapses (Bone et al. 

2000). The filter mesh is expanded in consequence of the pressure drop across the filter. 

Eventually, the net is drawn into the oesophagus by continuous beating of cilia where it 

becomes twisted together with the entrapped matter to form a continuous mucous string.  

The current of water through the body cavity is produced entirely by the rhythmic 

contraction of the hoop-like body muscles (Figure 2, 3). The buccal and atrial muscles 

serve as sphincter valves so that the current is unidirectional. The rhythmic expulsion of 

this water through the atrial opening serves also to propel the animal through the water 

and to direct oxygen rich water along the gill bar. Furthermore, the muscular pumping 

enables the salps to filter large volumes of water, resulting in highest individual 

filtration rates among zooplankton grazers (Harbison and Gilmer 1976; Harbison and 

McAlister 1979; Deibel 1982; Reinke 1987; Dubischar and Bathmann 1997; Pakhomov 

and Froneman 2004). By coupling feeding, respiration and locomotion, salps reduce 

very efficiently metabolic costs and can exploit effectively low auto- and heterotrophic 

food (e.g. Deibel 1985; Madin and Purcell 1992; Vargas and Madin 2004).  

 

Sessile ascidians and doliolids, abundant in near shore waters, use cilia to propel water 

through their branchial baskets (Flood and Fiala-Medioni 1979; Armsworthy et al. 

2001). In the salp, the branchial basket is reduced to a single ciliated bar (the branchial 

bar), which solely serves to guide the mucous net to the oesophagus. Since the ciliary 

field is so reduced, salps lack the ability to sort and reject particles. Furthermore, they 

have lost the ability to adapt their feeding rates to high particles loads (Harbison and 

McAlister 1979; Deibel 1982; Andersen 1985; Harbison et al. 1986). Salps have to 

move continuously, since also the respiration is coupled to the swimming. Sessile 

ascidians, often facing turbid waters in near-shore waters, can close their inhalant 

siphons for several hours (e.g. Armsworthy et al. 2001). Several ascidians (commonly 

also known as “sea squirts”) are able to eject ingested particles through their inhalant 

siphon by “squirting”, due to fast contraction of their body muscles. Doliolids can stay 

motionless in the water and reduce the inflowing water current (Deibel 1982; Bone et al. 

1997). Appendicularians have evolved one of the most remarkable features of the 

animal’s world, their so-called house providing a complicated filter system which 

serves to screen and concentrate the incoming water which is finally directed to the 

pharyngeal feeding net (Deibel 1986). The inlet filters prevent too large and too many 

particles to enter. Moreover, if the filter system of the house is clogged by particles, the 
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appendicularian leaves its house and builds a new one, up to 40 per day in tropical 

species (Flood and Deibel 1998; Sato et al. 2003).  

 

Salps, however, seem to lack such mechanisms. At high particles loads, the feeding 

filter can get overloaded with particles and tear, or form a food bolus of mucous and 

entangle particles too large to be ingested by the oesophagus (Harbison et al. 1986). In 

some cases, salps might expel the formed bolus through abrupt contraction of the body 

muscles or backward swimming, which both significantly reduce ingestion rates as 

feeding becomes discontinuous (Harbison et al. 1986; Madin 1990; Bone et al. 1991). 

When high food concentrations persist, salps are eventually exposed to starvation 

(Harbison et al. 1986). Salps occur mostly in oceanic waters where particles 

concentrations are usually low enough to allow the pharyngeal net to function 

continuously. High particulate loads in near shore waters probably exclude most species 

of salps (Harbison et al. 1986; Pakhomov et al. 2003). 

 

Once the feeding net and particles enter the oesophagus, they pass continuously through 

the U-shaped digestive tract almost without mixing (Madin and Cetta 1984; Pakhomov 

and Froneman 2004). In S. thompsoni, the form of the digestive tract can be 

demonstrated by following an air bubble forced to enter into the oesophagus through its 

way out (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5. Salpa thompsoni. The nucleus of an aggregate salp of ~ 35 mm body length. The  
red arrows point to bubbles that were a) forced to enter into the oesophagus by using forceps; 
b - e) followed on their way through the salp’s gut; and f) left the gut. Scale bar 5 mm 

a b

d

c

e f 
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The ingested food of the salps is finally egested as compact, relatively large fecal pellets 

(Figure 6a) which often contain high amounts of undigested food particles (Bruland and 

Silver 1981; Madin 1982; Phillips et al. 2009).  

 

 
Figure 6. Salpa thompsoni. a) Fecal pellet egested from a solitary under in situ 
food conditions. b) Egested feeding strand after prolonged time in filtered 
seawater. Scale bars 250 μm 

 

As mentioned above, the salps do not regulate their feeding with particles concentration. 

They also continue to deploy the feeding net even at very low particles concentrations in 

the water (Madin 1974). S. thompsoni kept in filtered seawater for >24 hours cleared 

their guts of food particles, but continued to egest twisted cords of the only partly 

digested filtering net as brownish ribbons (Figure 6b). Under normal feeding conditions, 

salp pellets presumably sink rapidly out of the euphotic zone: sinking rates of several 

hundred to over 2000 m day-1 have been calculated (Yoon et al. 1996; Yoon et al. 2001; 

Phillips et al. 2009). Salp pellets are thus assumed to contribute significantly to the 

vertical flux of small particulate material from the euphotic zone to the deep ocean 

(Wiebe et al. 1979; Madin 1982; Yoon et al. 1996; Le Fèvre et al. 1998; Phillips et al. 

2009). 

 

In conclusion, the nutritional ecology of salps can be characterised by: 

1) high individual filtration rates  

2) removal of minute particles and microorganisms with high efficiency   

3) high defecation rates of comparatively large fecal pellets which sink rapidly and 

often contain high amounts of undegraded phytoplankton material  

 

Some particular features of the extreme environment of the Southern Ocean as feeding 

environment for the salps are outlined in the following.  

a b
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1.4 The Southern Ocean: A hostile feeding ground? 

The Southern Ocean encircles the Antarctic continent. By merging at its northern 

boundary into the Atlantic, Indian and Pacific Ocean, it uniquely links the world’s 

major oceanic systems. The Southern Ocean is strongly zonal, and consists of distinct 

circumpolar bands that differ in physical and chemical parameters (Figure 7) (e.g. Orsi 

et al. 1995). The largest current system dominating the Southern Ocean is the Antarctic 

Circumpolar Current (ACC) that meridionally circumflows the Antarctic continent in a 

clockwise direction (Orsi et al. 1995). It is linked to very strong westerly winds, the 

origin of its alternative name “West Wind Drift”. The ACC consists of a number of 

fronts marked by defined temperature and salinity changes. The northern boundary is 

defined by the Subtropical Front where warm, salty subtropical waters and relatively 

fresher, and cooler subpolar waters meet. To the south follows the Subantarctic Front, 

along which much of the ACC transport is carried. At its southernmost border at about 

50 to 55°S, the subpolar waters are subducted by very cold and less saline Antarctic 

Surface Waters from the south. All these fronts and different water masses cause eddies 

of variable size, duration and origin (Orsi et al. 1995; Rintoul et al. 2001). In this zone, 

called the Antarctic convergence or Antarctic Polar Frontal zone (APF), temperatures 

mainly range from 3° to 5C° in summer and 1° to 2°C in winter. Further south towards 

the continent, the temperatures gradually drop to -1.8°C (Orsi et al. 1995).  

 

At its southern boundaries, the ACC creates two cyclonic gyres in the embayment of the 

Weddell Sea and the Ross Sea. Both contribute to the westward flowing coastal current 

that meanders over and near the continental slope close to the Antarctic continent at 

about 68 to 70°S. Here, the Antarctic convergence arriving from different directions of 

easterly and westerly flowing waters, and the formation of Antarctic deep bottom waters 

consisting of very cold waters with high salinity cause zones of intensive upwelling and 

mixing. The Antarctic Deep water flows from Antarctic continent northwards in all 

ocean basins. The upwelled waters have a high content of macronutrients. Moreover, 

the waters on the shelf are comparatively enriched in micronutrients such as iron 

through the recent contact with bottom sediments. These water masses are transported at 

the surface across the Antarctic divergence towards the Antarctic Polar Frontal Zone. 
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Figure 7. A) Schematic map showing the mean path of the Antarctic Circumpolar Current (blue 
tone); the two dark blue lines represent the average position of the Antarctic Polar Front and the 
Subantarctic Front (after Figure 5.30, Bearman 2001). The approximate positions of the gyres in 
the Weddell Sea and Ross Sea are shown. The coastal current (here: Polar current) is indicated. 
Blue-grey shading indicates water depths below less than 3000 m. The positions of both study 
areas in the Atlantic Southern Ocean are sketched: EIFEX (cruise ANT XXI/3 in late summer 
2004; yellow star), carried out in the Polar Frontal Zone at 49.5°S; 2°E; and LAKRIS (cruises 
ANT XXI/4 in fall 2004, ANT XXIII/2 in summer 2005/06, and ANT XXIII/6 in winter 2006; 
red rectangle) in the Lazarev Sea positioned about 6°W to 3°E and from 60° to 70°S.   
 

The general productivity and phytoplankton biomass in the Southern Ocean is low. 

Seasonality significantly shapes the annual cycle (Smetacek et al. 1990). In long 

winters, low solar radiation and thick ice and snow coverage reduce the incident light to 

levels where primary production is minimal for long weeks in its southern regions 

(Nöthig et al. 1991; Spiridinov et al. 1996; Fischer et al. 2002). However, also during 

the productive season in spring, macronutrients like nitrogen are in general not depleted 

by growing algae. Only at the APF and in coastal regions where mixing with deeper 

waters occur, we observe zones of enhanced productivity and biomass build up (e.g. 

Pakhomov et al. 2000, Strass et al. 2002; Pollard et al. 2002). De Baar et al. (1995) 

could proof the strong limitation of phytoplankton growth due to low availability of the 

micronutrient iron in the Southern Ocean: Antarctic surface waters arriving from the 

south have enough iron to sustain moderate primary production, but not enough to 

permit blooms to develop. At the APF, iron rich subsurface waters mix with the upper 
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waters and promote spring phytoplankton blooms that produce phytoplankton biomass 

an order of magnitude higher than the Antarctic circumpolar current (e.g. Bathmann et 

al. 1997). Mesoscale iron fertilisation experiments conducted since the mid -1990s, 

have demonstrated that iron is a main determinant of the phytoplankton in the large 

“high nutrient, low chlorophyll” areas (HNLC) of the world’s oceans (Boyd et al. 

2007). Iron is found in bioavailable forms only in trace amounts in the oceanic realm, 

but is an essential element of many key enzymes of phytoplankton (e.g. 

phytosynthetically active redox-systems) (Shi et al. 2007). Although iron fertilisation 

enhanced phytoplankton growth during mesoscale in situ fertilisation experiments, 

physical and biological factors both determined the original composition of phyto- and 

zooplankton community and further strongly impacted the induced growth and 

production of both (De Baar et al. 1990; Zeldis 2001; Boyd et al. 2007). This led to 

large differences in the eventual carbon being recycled in the euphotic zone, and the 

potential of carbon export out of the surface layer, making general assumptions of iron 

fertilisation on large scale difficult to assess (Boyd et al. 2007). In both iron-deplete and 

iron-replete conditions, the zooplankton composition might greatly effect the 

phytoplankton species composition which in turns will eventually alter the CO2 uptake 

and carbon export to the deep sea (e.g. Smetacek et al. 2004; Hoffmann et al. 2008).  

 

The biomass available to zooplankton grazers in the Southern Ocean is thus locally and 

timely very restricted, i.e. to spring and summer blooms on the Antarctic shelf, and to 

mainly mesoscale blooms in the APF. Consequently, the marine animals have to cope 

with this highly variable food supply. Some crustaceans as copepods and euphausiids 

take advantage of the higher food supply in productive season and accumulate lipid 

reserves e.g. in form of wax esters (Hagen 1988; Hagen et al. 1993; Albers et al. 1996). 

Those wax esters can be used as supplementary energy supply in low food conditions 

and/or for the build-up of energy-rich eggs in spring (Hagen 1988; Hagen and Schnack-

Schiel 1996; Hagen 1999; Hagen and Auel 2001). Also, dormancy of some copepod 

species has been observed which hibernate apparently “motionless” in depth, scoping 

for low metabolic needs and reappearing in surface waters in austral spring (Bathmann 

et al. 1993; Pasternak and Schnack-Schiel 2001; Pasternak et al. 2009). Likewise, salps 

of the family Salpidae apparently may undergo a vertical shift in their main residence 

depth, disappearing at unfavourable conditions from surface layers to deep layers. For 

example, Salpa fusiformis, with a circumglobal distribution from 40°N to 40°S, 
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migrates to depth when the water column stratifies in early summer (Andersen and 

Nival 1986; Ménard et al. 1994). Salpa thompsoni is closely related to S. fusiformis and 

is also suspected to migrate to depth in winter (Foxton 1966; Lancraft et al. 1991). 

There is no information on possible hibernation modes of Ihlea racovitzai. To assess the 

role of zooplankton communities in the biogeochemical cycle, we need to understand 

how different zooplankton species react towards changes in their oceanic environment 

and how they cope with the strongly seasonal and patchy food supply in the mostly 

food-poor and cold Southern Ocean.  

 

 

1.5 Salps in the Southern Ocean 

Salps represent the major filter-feeder in Antarctic waters in terms of wet mass; in terms 

of dry mass, they directly follow after copepods and krill (Voronina 1998; Voronina et 

al. 2005). Salpa thompsoni is the most abundant salp in the Southern Ocean (Boysen-

Ennen and Piatkowski 1988; Pakhomov et al. 1994; Siegel and Harm 1996; Pakhomov 

and Froneman 2000). It was first described and distinguished from the globally 

distributed, morphologically very similar Salpa fusiformis by Foxton (1961). He 

separated the two species by differences in their number of muscles fibres and 

conspicuous protrusions of the test in S. thompsoni.  However, even in recent studies, it 

is still under debate if these two species, and a third one, Salpa gerlachei (FOXTON 

1961), do not represent clinal variations of the same species (see discussion in van Soest 

1975; 1998; but see also Casareto and Nemoto 1987). Throughout this study, we will 

treat S. fusiformis, S. thompsoni and S. gerlachei as separate species, of which S.

thompsoni and S. gerlachei are restricted to Southern Ocean waters.  

 

Until today, Foxton reported the most comprehensive work of the distribution and life 

history characteristics of S. thompsoni in Southern Ocean waters based on an intensive 

study of Discovery samples from 1925-1951 (Foxton 1966). The main distribution area 

of S. thompsoni is located at 55° to 65°S, characterised by low particles concentrations 

in winter and moderate levels of food in the productive season. In the Antarctic 

Peninsula region, the abundance of S. thompsoni could be correlated with rather warm 

water masses (Ross et al. 2008). In this latter study integrating data over 12 years, the 
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salp populations were less abundant on the shelf than compared to krill, which was 

rather related to the shelf area characterised by colder water temperatures and higher 

food supply (Ross et al. 2008). Furthermore, the long-duration of sea-ice in the 

Peninsula region in spring was found to negatively impact the development of salp 

abundance over the year whereas earlier open water conditions might promote rapid 

build-up of a large salp population (Loeb et al. 1997). However, such correlation of salp 

abundance with relatively warmer water masses temperature and sea-ice extent cannot 

always be found (Atkinson et al. 2004; Catalán et al. 2008). Most likely, factors 

influencing the salp development are complex.  

 

Another salp species found in Antarctic waters is apparently perfectly adapted to the 

year round low water temperatures and highly contrasting food supply over the year. 

Ihlea racovitzai as “truly Antarctic salp” belongs to the same family (Salpidae) as S.

thompsoni and is in terms of abundance generally the second abundant salp in Southern 

Ocean waters (Foxton 1971; Casareto and Nemoto 1986; Pakhomov 1994; Nishikawa et 

al. 1995). Locally, it might even dominate over S. thompsoni (Esnal and Daponte 1990; 

Ikeda et al. 1984). I. racovitzai was first described 1913 but was thereafter considered as 

synonym of Ihlea magalhanica (APSTEIN 1894) with whom it shares common 

morphological features (see Daponte and Esnal 1994). Foxton (1971), and more 

recently Esnal and Daponte (1990) reinstated and confirmed I. racovitzai as separate 

species. I. magalhanica occurs in warmer sub-antarctic waters and colder subtropical 

waters whereas I. racovitzai is clearly restricted to waters south of the Antarctic 

Convergence (Esnal 1968; Esnal and Daponte 1990). Both Ihlea species have a 

circumpolar distribution but areas of distribution do not overlap and show considerable 

separation in which neither species has been recorded at any depth (Daponte and Esnal 

1994). The surface currents bands of the ACC ensure the thermal stability of Antarctic 

waters and separate distinct marine life associations. Yet, the transport of large water 

masses result in a circumpolar distribution of most of the major taxonomic zooplankton 

groups which stands in sharp contrast to the distinct biogeographical zonation of 

Antarctic benthic organisms (Clarke 2008).  
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1.6 Aims, questions and outline of this thesis 

This thesis focusses on the effects of the food regime on the feeding dynamics, 

community structure, and bio-elemental composition of salps in the Southern Ocean. 

Emphasis is also placed on the ecological impacts of the feeding pressure exerted by 

salps. 

 

It is well known that salps occur spatially and seasonally in distinct patches, however, 

the environmental factors being responsible for the accumulation of salps are far from 

being fully understood. Thus, the formation of “salp blooms” is largely unpredictable 

(Deibel and Paffenhöfer 2009). For a salp bloom to occur, a seed population is required, 

which is then dependent on primary production supporting the increasing biomass of the 

salp population. Yet, high densities of salps in the Southern Ocean have often been 

related to rather low phytoplankton concentrations in ambient waters (Dubischar and 

Bathmann 1997; Hosie et al. 2000; Pakhomov 2004). For example, Salpa thompsoni 

was found to be more abundant in areas of low phytoplankton concentrations as 

compared to areas of high phytoplankton concentration (Nishikawa et al. 1995; Zeldis et 

al. 1995; Perissinotto and Pakhomov 1998ab; Kawaguchi et al. 2004). This has been 

explained by the feeding mechanism of the salps that can be severely harmed by 

elevated particles loads (Harbison et al. 1986; Perissinotto and Pakhomov 1997; 

Pakhomov et al. 2003). It is also possible that the association of salps with low 

phytoplankton areas may be due to the high grazing pressure of the salps on the 

phytoplankton. This scenario might especially apply to spring conditions in open waters 

of the Southern Ocean, when salps, increasing quickly in abundance, utilise the newly 

developing phytoplankton biomass. Salps can reduce phytoplankton concentrations 

even to levels too low to allow a significant crustacean biomass to build up (Huntley et 

al. 1989; Fortier et al. 1994; Zeldis et al. 1995). Thus, high salp abundance may 

negatively impact krill recruitment in early spring (Siegel and Loeb 1995; Loeb et al. 

1997; Nicol 2006). Furthermore, salps can filter cryptophytes, which dominate plankton 

communities in near shore waters along the Antarctic Peninsula whereas, in contrast, 

krill cannot fully profit from these algae because of the small algal cell size (Moline et 

al. 2004).  
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Individual and population responses of salps to changing phytoplankton biomass and 

composition in the Southern Ocean has so far neither been studied with regard to the 

seasonal cycle nor has the direct influence of a developing phytoplankton on the salps 

been followed in the field.  

The overall aims of this thesis are 

 

� To identify favourable feeding conditions for salps in the Southern Ocean 

 

� To describe the impact of food conditions on maturation and reproduction of 

salps in order to elucidate their life cycle strategies  

 

� To estimate the ecological importance of salp grazing pressure on phytoplankton 

communities and to calculate the fecal pellet contribution to the vertical carbon 

flux  

 

� To determine the nutritional value of salps as prey organisms in relation to 

feeding conditions and season 

 

Specifically, the following questions are addressed: 

 

I. Do fast developing phytoplankton blooms enhance or harm salp population 

growth? 

Mesoscale iron-fertilisation experiments are a highly valuable tool for studying the 

impact of food conditions on zooplankton communities (i.e. copepods, see Appendix II 

and III). Therefore, Study I investigates the demographic response of Salpa thompsoni 

to a fast developing diatom bloom in an oceanic eddy, induced by iron fertilisation of a 

naturally low food environment. This experiment has been conducted in the frame of the 

European iron fertilisation experiment (EIFEX). The migration behaviour, population 

structure and reproduction of both solitary and aggregate generations were followed, 

comparing high and low food environments. Underlying mechanisms and life cycle 

strategies of salps are discussed.  
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II. Do high phytoplankton concentrations harm the feeding mechanism of S.

thompsoni? What role does the phytoplankton composition play? 

In Study II, the feeding response to the developing diatom bloom during the EIFEX 

study is investigated on individual level as well as on population level. Apart from food 

quantity, the study focuses on the influence of food quality on digestion and 

assimilation efficiency. The possible consequences of the salp grazing for the biological 

fluxes are discussed.  

III. Can we relate seasonal changes in the population structure of salps to specific 

physical and biological settings?  

The impact of low, patchy food supply for Southern Ocean salps and their adaptive 

strategies are investigated in the frame of the Lazarev Sea Krill Study (LAKRIS). The 

project focuses on the role of this area as important nursery ground for larval krill in the 

Weddell Sea (Meyer 2005). Salps are next abundant to krill in Southern Ocean waters, 

and their spatial and temporal segregation with krill was recorded in numerous studies 

(Park and Wormuth 1993; Siegel and Harm 1996; Voronina 1998; Nicol et al. 2000; 

Atkinson et al. 2004; Catalán et al. 2008; Ross et al. 2008). Earlier studies have shown 

the presence of salps in the Lazarev Sea (Pakhomov et al. 1994; Perissinotto and 

Pakhomov 1998a, b). 

Within LAKRIS, Study III compares the biology of two Southern Ocean salps, Ihlea 

racovitzai and S. thompsoni in the Lazarev Sea. The abundance, distribution and 

population dynamics are investigated during four consecutive field surveys in fall 2004, 

summer 2005-06, winter 2006, and summer 2007-08. In addition, the impact of 

environmental factors (water masses, sea water temperature, salinity, and chlorophyll 

concentrations) is examined. A major question was whether S. thompsoni is capable to 

persist in high Antarctic waters since previous reports point to reduced reproductive 

success of S. thompsoni in cold waters (Chiba et al. 1998; Pakhomov et al. 2006).  
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IV. How do the salps cope with seasonal changes in phytoplankton concentration 

and composition? Is I. racovitzai better adapted to the extreme variability of food 

supply in high Antarctic waters? 

In general, based on the assumption that salps do not show significant species-specific 

differences in their feeding modes (Madin and Deibel 1998; Bone et al. 2000), no 

differences among salp species in the same area are expected. Yet, feeding dynamics 

should reflect the extremely variable food conditions in Antarctic summer, fall and 

winter (Smetacek et al. 1990). We do know practically nothing of the feeding dynamics 

of the high Antarctic species I. racovitzai, and data on S. thompsoni, which is frequently 

found between 50 and 65°S, is extremely scarce for the winter season. Study IV 

investigates the feeding dynamics of both species in the Lazarev Sea in response to the 

seasonally changing food conditions. These results are in put into relation with findings 

of Study III. The over-wintering strategies of salps are discussed in comparison with 

the strategies of crustacean zooplankton. Furthermore, the study examines the role of 

salps as competitive grazers to larval krill. 

 

V. Do seasonal food conditions influence the bioelemental composition of salps?  

Study V analyses the bioelemental composition of I. racovitzai and S. thompsoni in 

response to the different food conditions in summer, fall and winter in the Lazarev Sea. 

Their nutritional quality is discussed as it is generally assumed that their high water 

content makes it unprofitable for consumers to feed upon them (Stephens and Krebs 

1986). 

 

 

Each study is presented in the format of a scientific paper. In a concluding discussion, 

the major results are summarised and discussed in respect of the role of salps in the 

Antarctic ecosystem and their potential to become more abundant in other marine 

environments facing global temperature increase. Also, future perspectives for research 

on salps are presented. 
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2 Studies 

Declaration on the contribution of each study 

The studies are referred to in the text by their Roman numbers.  

 
Study I: The study was conceived and conducted by Lena von Harbou, Sandra Jansen, 

Sören Krägefsky, and Ulrich Bathmann. The sample and data analyses, including 

statistical analyses, were carried out by LvH. Interpretation of the data and writing was 

carried out by LvH with assistance of SJ, SK, UB. 

 

Study II: The concept was developed by Lena von Harbou, Sandra Jansen, Sören 

Krägefsky, Ulrich Bathmann, Wilhelm Hagen, and Ilka Peeken. The experiments and 

sampling on board were mainly carried out by LvH together with SJ, SK, UB and IP. 

Sample analysis was carried out by LvH in teamwork with IP and Gesine Schmidt. 

Chlorophyll and particulate organic carbon data of the ambient waters was provided 

Christine Klaas and co-workers. The data was interpreted and the study written by LvH 

in cooperation with SJ, SK, UB, WH, and IP. 

 

Study III: The concept of this study was developed by Evgeny A. Pakhomov, Corinna 

D. Dubischar, Brian P. V. Hunt, Volker Strass, Boris Cisewski, Volker Siegel, Lena von 

Harbou, Lee Gurney, John Kitchener, and Ulrich Bathmann. The samples were taken 

and analysed by EAP, BPVH, VS, BC, VS, LG, and JK. The data was interpreted and 

the study mainly written by EAP, with contributions of CDD, BPVH, VS, BC, LvH and 

UB. 

 

Study IV: The concept of this study was developed by Lena von Harbou together with 

Evgeny A. Pakhomov, Corinna D. Dubischar, Brian P. V. Hunt, Wilhelm Hagen, and 

Ulrich Bathmann. The sampling was prepared by LvH. The samples were taken by 

EAP, BPVH, Lee Gurney, John Kitchener, and Gesine Schmidt, with the help of co-

workers on board ship. The samples for lipid and fatty acid analyses were prepared by 

LvH and carried out in the laboratories of the Marine Zoology Department at the 
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University of Bremen. The statistical analyses and interpretation of the data was done 

by LvH. The study was written by LvH in discussion with EAP, CDD, WH and UB. 

 

Study V: The concept of this study was developed by Corinna D. Dubischar together 

with Lena von Harbou, Evgeny A. Pakhomov, Brian P. V. Hunt, and Ulrich Bathmann. 

The samples were taken by EAP, BPVH, Lee Gurney, and John Kitchener, with the 

help of co-workers on board ship. Sample measurements were carried out by CDD. The 

statistical analyses and presentation of the data were prepared by LvH. The 

interpretation of the data and writing was mainly carried out by CD and LvH, in close 

co-operation with EAP, BPVH and UB. 

 
 



 

 

 

 

 

Study I 

The salp Salpa thompsoni in an iron fertilised diatom bloom in 

the Southern Ocean Polar Frontal Zone in late austral summer:    

I. Demographic response 
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Abstract  

Population density and distribution of the pelagic tunicate Salpa thompsoni were studied 

during the European iron fertilisation experiment (EIFEX) in the Southern Ocean inside 

an oceanic eddy from February to March 2004 comparing fertilised and non-fertilised 

areas within the eddy. Salps were found in low to medium densities with a maximum 

biomass of 8.7 g C 10-3 m-3 outside the fertilised area in a low food environment of <0.8 

μg chl-a L-1. After three weeks of blooms conditions, salp abundance and biomass 

inside the eddy were significantly lower at stations with high chlorophyll concentrations 

(>1.4 μg chl-a L-1) compared to the original salp population. Vertical upward migration 

of larger salps into phytoplankton rich surface waters during the night was generally 

reduced, even more when phytoplankton concentrations exceeded 2.2 μg chl-a L-1 

within the 80 m mixed layer. However, abundance and biomass of the salp population 

decreased irrespective of food concentrations in the entire eddy area after four weeks of 

survey in mid March. Salps showed a clear seasonal trend from a reproductive summer 

population towards younger immature stages in autumn suggesting that seasonal 

changes superimposed the possible effects of the induced bloom. The sexually 

reproducing salps reduced their generation time, translated by a decrease of both 

aggregate body size and embryo size per stage. This apparent shortening of life cycle 

duration was more pronounced in salps from the fertilised area. In contrast to krill with 

a long-life strategy, tunicates such as the salp S. thompsoni have adopted an 

opportunistic life strategy with fast responses to the highly variable environmental 

conditions typical for the Southern Ocean. This might provide an evolutionary 

advantage of the gelatinous salps facing the changing ocean under the pressure of global 

warming.  

 

1 Introduction 

The pelagic tunicate Salpa thompsoni is an important member of Southern Ocean 

mesozooplankton but with locally and seasonally highly variable distributions patterns 

and densities (Voronina 1998; Pakhomov et al. 2002; Tanimura et al. 2008). The far 

reaching ecological importance of the salps for the Southern Ocean ecosystem and for 

the carbon cycle as highly efficient phytoplankton grazers is widely acknowledged 

(Fortier et al. 1994; Le Fèvre et al. 1998; Pakhomov 2004). Still, we do not really 
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understand the mechanisms of salp distribution and are not able to predict their seasonal 

biomass production. The general distribution areas of S. thompsoni are the open ocean 

waters from south of the Subtropical Convergence to the southern boundary of the 

Antarctic Circumpolar Current (Foxton 1966; Pakhomov et al. 2002) characterised by 

temperatures between 2.8 and 6°C (Rintoul et al. 2001). Tunicates are generally 

dispersed in oceanic waters (Pakhomov et al. 2002; Deibel and Paffenhöfer 2009). They 

evolved a relatively low weight specific metabolic rate in comparison to copepods and 

krill, for example (Madin and Purcell 1992; Madin and Deibel 1998; Alcaraz et al. 

1998; Pakhomov et al. 2002). They filter even small particles efficiently at low 

concentrations (Harbison and McAlister 1979; Wiebe et al. 1979; Kremer and Madin 

1992). The tunicates’ high individual grazing and growth rates allow some species to 

accumulate under favourable conditions to huge swarms that graze down primary 

production and out-compete crustacean zooplankton through food limitation (Wiebe et 

al. 1979; Alldredge and Madin 1982; Bathmann 1988; Madin et al. 2006). Also in 

Antarctic waters, S. thompsoni sometimes dominates the zooplankton community in 

terms of abundance and biomass (Park and Wormuth 1993; Kawamura 1994; Siegel and 

Loeb 1995; Alcaraz et al. 1998; Voronina 1998; Voronina et al. 2005; Tanimura et al. 

2008). Yet, the observed mutual exclusion of high krill and high salp abundances seem 

to be rather driven by a bottom- up control through food availability than by direct 

competition for food (Nishikawa et al. 1995; Loeb et al. 1997; Chiba et al. 1998; 

Perissinotto and Pakhomov 1998b; Pakhomov et al. 2002). Phytoplankton blooms 

enhance growth and reproduction of crustacean zooplankton, especially of the Antarctic 

key species Euphausia superba, the Antarctic krill (Atkinson et al. 2008). In contrast, 

high particle loads during bloom conditions are suspected to harm the feeding 

mechanism of salps and might thus lead to the break down of such populations 

(Harbison and Gilmer 1976; Harbison et al. 1986; Pakhomov et al. 2003). In fact, S.

thompsoni especially proliferate in areas with chlorophyll a concentrations below 1 mg 

chl-a m-3 (Alcaraz et al. 1998; Chiba et al. 1998; Perissinotto and Pakhomov 1998a; 

Kawaguchi et al. 2004; Tanimura et al. 2008). The marginal ice zone with seasonally 

high phytoplankton blooms has therefore been considered as southern limit for S.

thompsoni (Pakhomov et al. 2002). Furthermore, the southward extension of S.

thompsoni seems to be temperature limited. In general, in Antarctic waters this salp 

species is positively correlated with warmer water masses (Park and Wormuth 1993; 

Pakhomov et al. 1994; Perissinotto and Pakhomov 1998a, 1998b; Chiba et al. 1999; 
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Kawaguchi et al. 2004; Voronina et al. 2005; Catalán et al. 2008). Populations intruded 

into colder waters by advection showed high percentages of non-fertilised blastozoids 

and/or disturbed embryonic development in the blastozoid generation (Chiba et al. 

1999; Kawaguchi et al. 2004; Pakhomov et al. 2005). As salps must push water through 

their fine mucous filters, increasing viscosity with decreasing water temperature may 

constrain their ability to feed and survive at very cold temperatures. 

  

In the last years, studies on S. thompsoni were focused on its potentially increasing 

occurrence in Southern Antarctic regions with increasing temperature. Dramatic 

negative consequences for krill and warm-blooded predator abundance are suspected 

(Loeb et al. 1997; Perissinotto and Pakhomov 1998b; Walsh et al. 2001; Pakhomov et 

al. 2002; Fraser and Hofmann 2003; Atkinson et al. 2004; Voronina et al. 2005). In 

consequence, studies on S. thompsoni were mainly restricted to areas of expected dense 

krill populations on the Antarctic shelf, for example the Antarctic Peninsula region, and 

thus at the probable thermal extension limit of S. thompsoni. Our understanding of the 

life cycle features of S. thompsoni in its main original distribution area is still primarily 

based upon the investigation of preserved samples from the Discovery Voyages carried 

out by Foxton (1966). Further information on S. thompsoni biology in relation to 

environmental parameters in its habitual distribution range are vital for a subsequent 

assessment of its role in the Antarctic ecosystem under the pressure of global warming 

and related shifts in food web structure (Pakhomov et al. 2002; Fraser and Hofmann 

2003; Atkinson et al. 2004). 

 

The following questions thus formed the motivation of the current investigation: 1) 

What are general distribution, density, and reproduction characteristics of S. thompsoni 

in the Polar Frontal Zone? 2) Can we decipher changes in the salp population structure 

through food conditions and season?  

 

The European Iron Fertilisation EXperiment (EIFEX) provided the ideal background to 

tackle these questions. The study was performed in a mesoscale eddy in the Southern 

Polar Frontal Zone in austral summer. The fertilisation with Fe(II)SO4 initiated a diatom 

dominated phytoplankton bloom inside the fertilised area of the eddy which prevailed 

for the subsequent six weeks of survey (Bathmann 2005). This gave us the unique 

opportunity to follow the distribution, reproductive capacity, and demographic 
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development of a natural summer population of S. thompsoni in its major habitat north 

of the ACC over six consecutive weeks inside naturally unfertilised eddy waters. 

Moreover, the same original salp population was exposed to a developing 

phytoplankton bloom and thus increasing food concentrations inside the fertilised area 

of the eddy where we studied the impact of such a dramatically changing environmental 

condition on salps. 

 

The feeding response of filter feeding salps on the fast developing bloom and 

subsequent consequences for the carbon flux will be presented in a sister paper (von 

Harbou et al. in prep., study II). In the present paper, we compare the salp’s density and 

distribution, as well as reproductive capacity and demographic development inside the 

eddy in respect to areas of high and low phytoplankton concentration, and in relation to 

the advancing season.  

 

2 Methods  

2.1 Study site 

The present work was carried out during the EIFEX cruise (ANT XXI/3) in late austral 

summer (21 January – 2 March 2004) on board RV Polarstern in the Atlantic Sector of 

the Southern Ocean. The experiment was performed in a cyclonic eddy of a diameter of 

nearly 100 km that originated from the Antarctic Polar Front. The eddy was located at 

49.5°S and 02°E and remained stable for the entire duration of the experiment (38 days) 

(Cisewski et al. 2008). At the beginning of the experiment, the eddy centre was marked 

with a drifting buoy and an area of approx. 150 km² around the buoy was fertilised with 

a FeSO4 solution, repeated a second time after 14 days. In response to the fertilisation, a 

diatom bloom developed and spread over ~ 500 km² (Hoffmann et al. 2006). On board 

measurements of the in situ phytoplankton photosynthetic efficiency (Fv/Fm) and later 

measurements of the partial pressure of CO2 served as markers of the fertilised patch 

and allowed us to distinguish between stations inside and outside fertilised areas, both 

located within the same water mass of the eddy (Smetacek et al. 2005). The shape and 

position of the eddy was mapped at the beginning and the end of the experiment by 

several grid stations. At each biological station within the eddy, water samples for 

determination of chlorophyll a (chl-a) were taken by a Rosette multi-bottle water 

sampler attached to a CTD down to 200 m. The fluorometric method (Strickland and 
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Parsons 1968) using a Turner Design 10 AU fluorometer was applied to calculate 

average chl-a concentrations in the upper 100 m as indicator of phytoplankton 

abundance in the mixed layer. Additionally, samples of subsurface water (~ 10 m depth) 

were taken throughout the cruise at regular intervals (2 - 4 h) and used for chl-a 

estimates at grid stations where no CTD casts were performed. Sampling stations were 

classified as low and high chl-a stations with average chl-a concentration �1 μg L-1 or 

>1 μg L-1, respectively (average values for the upper 100 m water column, or subsurface 

samples at grid stations).  

 

2.2 Salp distribution, density and biology 

2.2.1 Sampling

Salps were sampled inside and outside the fertilised patch and at several grid stations 

(Table 1 and 2) by a vertically hauled opening/closing Multinet (MN) equipped with a 

100 μm mesh unless otherwise indicated. The volume of water filtered was estimated by 

multiplying the effective mouth area of the net (0.25 m2) by the length of the retrieving 

net cable. In general, five successive depth layers were sampled over standard sampling 

intervals (0-, 25-, 50-, 100-, 160 - 400 m). Samples collected between 6 p.m. and 6 a.m. 

(GMT) were considered as night samples. In addition, at station 544, two nets at noon 

and two nets at midnight were deployed down to 1000 m to retrieve information of salp 

distribution below 400 m. All MN samples were fixed with hexamine-buffered 

formaldehyde (4% final concentration) after retrieval, and stored at 4°C in the dark until 

further handling. The subsequent biological analyses on the salps served to establish 

size relationships, to determine the distribution and density of the salps, and to examine 

their demographic structure and reproduction capacity. The abundance of salps is 

expressed as average number of individuals 10-3 m-3 of filtered water for the given 

sampling depth.  
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Table 1. Average abundance and biomass for aggregate and solitary Salpa thompsoni during European 
Iron Fertilisation Experiment (EIFEX) in the Antarctic Polar Frontal Zone Feb – March 2004 for low 
chlorophyll stations (�1 μg chl-a L-1) including locations t0, start, grid and outside (out) fertilised area 
(for further explanation see text). Densities are calculated for a 400 m standard sampling depth and 
given as abundance (ind. 10-3 m-3) and biomass (mg C ind. -1 10-3m-3)  

Agg density  
(per 10-3m-3) 

Sol density 
(per 10-3m-3)Exp 

week Date Exp 
days 

Sta. 
no. Location Chl-a

Sampl. 
 time      depth 
(UTC)     (m) ind. mg C ind. mg 

C 

1 12-Feb 0 424 t0 0.76 00:28 360 525 315 0 0 

      06:11 360 494 2826 0 0 

 13-Feb  427 start 0.68 20:18 300 38 49 0 0 

      22:59 400 93 732 21 356

 16-Feb 4 458 grid 0.63° 20:15 400 56 202 0 0 

     0.53° 22:28 400 19 59 0 0 

 17-Feb 5 460 grid 0.49° 02:56 400 468 496 0 0 

   461 grid 0.70° 04:43 400 387 172 0 0 

   462 out 0.71° 07:43 400 972 2136 28 529

   463 grid 0.64° 10:10 400 277 200 37 339

   465 out 0.56° 15:51 400 571 1166 19 69 

  19-Feb 7 482 grid 0.64° 02:26 400  0 0 0 0 

2 23-Feb 11 509 out 0.72 08:42 400* 1120 766 0 0 

            10:20 400  1054 555 9 54 

3 29-Feb 17 514 out 0.59 20:36 400  1626 8666 0 0 

4 9-Mar 26 546 out 0.33 19:21 400 2070 4379 0 0 

      22:21 400 3648 2995 0 0 

  10-Mar 27 552 grid 0.52° 19:35 400  37 39 0 0 

5 14-Mar 31 576 out 0.52° 23:17 400 0 0 0 0 

 15-Mar 32 577 grid 0.56° 01:16 400 0 0 0 0 

  578 grid 1.03° 03:33 400 64 16 0 0 

17-Mar 34 587 out 0.46 22:35 400  262 63 0 0 
 
° subsurface sample ~10 m depth     

* 55 μm net      

Exp week experimental weeks; Exp day experimental days after iron fertilisation; Sta. no. station number; Chl-a 
average concentration in the upper 100 m (μg chl-a L-1); Sampl. sampling; Agg aggregates; Sol solitaries 
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Table 2. Average abundance and biomass for aggregate and solitary Salpa thompsoni during European 
Iron Fertilisation Experiment (EIFEX) to the Polar Frontal Zone Feb – March 2004 at high chlorophyll 
stations (> 1μg chl-a L-1), further explanation see Table 2 

Agg density 
(per 10-3m-3) 

Sol density 
(per 10-3m-3) Exp 

week Date Exp 
days 

Sta. 
no. Location Chl-a

Sampl. 
 Time      Depth 
(UTC)      (m) 

ind. mg C ind. mg C 

2 22-Feb 10 508 in 1.62 13:08 400* 343 958 0 0 

      21:37 400 2070 4379 0 0 

 26-Feb 12 511 in 1.42 19:45 400 296 175 9 114 

            22:41 400  734 607 0 0 

3 27-Feb 15 513 in 1.57 21:55 400* 205 149 0 0 

 28-Feb 16    00:23 400 1239 378 0 0 

 4-Mar 21 543 in 2.37 02:48 400 235 826 0 0 

            14:34 400  110 76 9 96 

4 5-Mar 22 544 in 2.91 16:47 400 37 36 0 0 

     2.57 20:57 400 1120 1262 28 228 

 6-Mar 23   2.42 11:37 400" 252 79 0 0 

     2.48 16:47 400 1333 252 9 113 

     2.47 20:44 400 243 47 0 0 

 7-Mar 24   2.58 00:45 400" 188 284 0 0 

     2.58 03:47 400 178 128 0 0 

     2.23 12:00 350" 118 244 0 0 

     2.48 23:26 350" 0 0 0 0 

 11-Mar 28 553 in 2.56 0.849 400* 0 0 0 0 

            0.931 400  0 0 0 0 

5 14-Mar 31 570 in 2.69 0.368 400 0 0 0 0 

 16-Mar 33 580 in 2.54 04:32 400 0 0 0 0 

            13:15 400  18 3 0 0 

6 19-Mar 36 591 in 1.55 07:31 400 0 0 0 0 

 20-Mar 37 593 in 2.03 02:34 400 55 8 0 0 

            04:23 400*  0 0 0 0 

" total sampling depth 1000 m   
* 55 μm net 
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At all MN stations, additional vertical Bongo net tows (BN, net opening 0.57 m², mesh 

size 300 μm) were taken. Sampling depths were defined from acoustic signals of 

zooplankton accumulations and ranged between 50 to 150 m depth to the surface. Sizes 

of salps from BN were determined on the live, unpreserved specimens prior to 

preservation in formaldehyde (4%), or at -20°C. The latter samples served for elemental 

analyses of carbon and nitrogen content (in situ C/N samples). Some living salps were 

incubated in filtered seawater (fsw, 0.2 μm) for 18 to 36 hours until no more fecal 

pellets were egested. Those salps were frozen at -20°C and used to determine carbon 

and nitrogen content of salps with cleared guts (fsw C/N samples). 

 

At some of the MN stations, oblique tows by means of a Rectangular Midwater Trawl 

8+1 (RMT) equipped with a flow meter (mesh size: 2000 and 200 μm; effective mouth 

area: 8 and 1 m², respectively) were made. In general, the gear was lowered to 200 m 

and retrieved thereafter with a towing speed of 1 to 2 knots. The catch, or a defined 

subsample, was preserved in formaldehyde (4%). Later, the solitary salps obtained by 

such sampling were sorted and served for qualitative estimates of the solitary 

reproduction capacity in our survey area.  

 

2.2.2 Maturity stage and size determination

All salps of the MN and BN catches were sorted. Aggregate and solitary generation 

were staged and counted. Additional solitary salps for qualitative measurements were 

sorted from RMT samples as mentioned above.  

 

The life cycle of Salpidae alternates imperatively between sexual and asexual 

reproduction (Chamisso 1819; Godeaux 1998). In the case of Salpa thompsoni, the 

solitary zoid forms inside the next generation of salps by asexual multiplication through 

strobilation of a stolon, also called budding. Consecutive blocks of the stolon are 

separated by an intermediate piece of several non-developed buds. The mature blocks 

are eventually ejected one at a time as chains of salps. Each block comprises from 50 up 

to over 200 identical buds, and each bud grows into a blastozoid connected to its chain 

mates by the tunica. The sexual reproduction takes place in those colonies or chains, 

which are called the aggregate stage. The chains of blastozoid individuals are 

protogynous hermaphrodites, and first grow each a single embryo (“oozoid”) in their 
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body cavity. After emitting the ripe embryo, which constitutes the next solitary oozoid 

generation, the blastozoids develop testes and functions as males. The mature testes 

shed motile sperm into the water which fertilise newborn blastozoid chains in general as 

soon as they are born (Purcell and Madin 1991). At the birth of its sexual offspring an 

asexual adult is about 60 to 120 mm long and its sexual young is between 2 and 4 mm 

(Foxton 1966; Daponte et al. 2001). Both stages of the life cycle occur at the same time 

in the water, and soon after the birth of one stage, the embryos or buds of the next stage 

will start development.  

 

In our study, we follow the proportions of the two salp generations and the frequency 

distribution of their maturity stages (MS) in the preserved MN samples to estimate the 

reproductive capacity of the present salp population. The continuous growth and 

development of the aggregate blastozoid generation are described and illustrated in 

Casareto and Nemoto (1986). The authors define 4 maturity stages (stage 0 – 4) 

according to the morphological characteristics of the single embryo growing inside the 

aggregate body. In this study, we further classified aggregates with spent embryos and 

development of tubercles as stage 5. For embryos showing a sign of abnormal 

development, the classification of stage X embryos was applied as described in Chiba et 

al. (1999). Embryo length (EML, mm) was measured in a representative number of 

parental aggregates.  

 

The eight maturity stages of the solitary oozoid generation were determined according 

to the morphology of the stolon, also described and illustrated in Casareto and Nemoto 

(1986). Staining with Toluidine Blue and Rose Bengal reveals a scar in the tunica of 

mature solitaries that already release at least one chain. Without staining of the tunica, 

such a scar was not always detectable in our samples. Instead, a recent chain release 

causes a hole in the tunica, which served as distinguishing feature of stage 4a 

(developing block I and block II) from 5a (block I has been released; developing block 

II and III), and of stage 4b (block I fully developed) from 5b (block II fully developed), 

respectively. In mature stolon, the number of buds per block was determined to estimate 

the number of offspring in the asexual generation. 

 

Detached individuals in the samples showing characteristics of solitary or aggregate 

embryos (i.e. individuals without inflated body or coloured gut that would result from 
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independent swimming and feeding prior to capture) were treated as sampling artefacts. 

Most of the time, the number of detached embryos in the sample matched the number of 

the parental salps in the suitable size class of maturity stage development but that 

contained no embryo. Accordingly, aggregate buds were present in samples with 

solitaries in stage 4b or 5b. However, we could not discriminate between embryos 

naturally released or accidentally expelled during sampling. The detached embryos were 

therefore counted and measured but neither added to total salp abundance nor to 

biomass (Chiba et al. 1998).  

 

The salp’s total length (TL, from tip to tip) and the salp’s body length or oral-atrial 

length (OAL, omitting the pointed tips in the aggregate form) were measured to the 

nearest 0.5 mm with a dissecting stereomicroscope or a ruler. Additionally to TL and 

OAL, we measured the endostyle length (EL, mm) of the salps which showed to be 

highly correlated with oral-atrial length (r² = 0.968, p <0.0001; Table 3) but was 

habitually quicker and easier (especially in damaged samples) to determine than the 

latter. The size relations of aggregates were established for unpreserved (BN) and 

preserved salp samples (BN, MN) separately (Table 3) because shrinkage in size can 

amount to 14% in S. thompsoni due to preservation in formaldehyde (Reinke 1987). 

Shrinkage was also observed in our samples but could not be determined with satisfying 

accuracy. No correction was therefore made, i.e. our subsequent calculations of biomass 

from preserved samples (MN) yield conservative estimates (see Chiba et al. 1999). Size 

relations yield a <10% smaller OAL for preserved than for unpreserved samples 

calculated from TL measurements and a <5% smaller OAL calculated from EL 

measurements, for the given size range of aggregate salps (Table 3). For solitary 

oozoids, due to smaller sampling volume and no observed differences, the size relations 

were established from measurements on unpreserved and preserved individuals 

together. Accordingly, the size frequency distribution of the oozoids was determined 

from MN and BN catches combined.  

2.2.3 Bioelemental composition

In the home laboratory, samples of frozen animals from the nets (in situ), and from 

incubations (fsw) were dried at 80°C for 72 h, weighed, ground with a mortar-and-

pestle,, and 0.5 – 5 mg of the powder transferred into tin capsules. Smaller chain mates 
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of aggregate stages from the same net were combined to give enough sample volume. 

The carbon and nitrogen contents of the samples were analysed with a CHN-analyser 

(Carlo Erba NA-1500 and Euro EA-CN Elemental Analyzer) with acetanilide as a 

standard. Salp samples frozen immediately after capture (in situ; n = 49) were compared 

with animals that were kept in filtered seawater for a starvation period of 18 to 36 hours 

(fsw; n = 99) to account for possible short time feeding in the sampling nets or for 

clogging effects. We did not find any significant differences in size relations of dry 

weight or carbon content between these two sample batches (analysis of covariance on 

log-log transformed data with OAL as continuous variable). Also, no difference in their 

% carbon content from dry weight or mean carbon to nitrogen ratio (C/N) was stated 

(Mann-Whitney-U test). Furthermore, no differences in such ratios between samples 

from low (n = 74) and high (n = 35) chl-a areas during EIFEX was determined and 

consequently, relations are based upon all aggregate samples combined (fsw and in situ 

samples from high and low chl-a stations). Covariance analysis yield differences 

between the relations of aggregate and solitary dry weight and carbon weight to OAL (n 

= 4) (HSD test for unequal n; p = 0.0001). The solitary’s % carbon weight per dry 

weight and the C/N ratio, however did not differ from that of the aggregate salps (p >0.5 

for Kruskal-Wallis non-parametric ANOVA). Despite the small sample volume of 

solitary salps, biometric relations determined for the solitary generation are well in 

agreement with published values (Phillips et al. 2009). Standard biometric relations 

were therefore calculated separately for each generation and serve for conversions from 

length measurements of unpreserved and preserved samples to biomass estimates 

(expressed as mg C 10-3 m-3) (Table 3). 

 



 

 

 
 

Table 3. Biometric relations of Salpa thompsoni in the Antarctic Polar frontal zone; Feb - March 2004. Size relations are given for unpreserved (Bongo-Net catches) 
and preserved (Multi-Net and Bongo-Net catches) samples. For statistical comparability non-linear relations were log-log transformed. All regression coefficients and 
coefficients of determination (r²) represent significant correlations (p) 

Salps Size and weight relations   % Dry weight      C : N 

  State n Stage Size range 
OAL (mm) (mg Ind-1) r² p av ± s.d. av ± s.d. 

Size relation unpreserved 204 agg 6 - 52 OAL =  0.5119* TL + 1.8973 0.916 <0.0001      

 unpreserved 171 agg 6 - 41 OAL =  1.2862* EL – 0.915 0.972 <0.0001      

 formaldehyde 356 agg 4 - 63 OAL = 0.5144* TL + 1.4629 0.911 <0.0001      

 formaldehyde 416 agg 4 - 50 OAL = 1.2301* EL – 0.7369 0.978 <0.0001      

 combined 17 sol 10 - 117 OAL =  0.9193* TL + 0.9383 0.979 <0.0001      

 combined 19 sol 10- 117 OAL =  1.3640* EL – 0.8144 0.980 <0.0001      

Dry weight  133 agg 8 - 43 log Wdry =   2.6111* log(OAL) – 1.7329 0.921 <0.001      

  4 sol 44 - 116 log Wdry       =   3.1817* log(OAL) – 3.6683 0.984 = 0.008      

Carbon weight 109 agg 8 - 43 log Wcarbon =  2.7525* log(OAL) – 3.1165 0.915 <0.001 6.58 ± 2.49 4.64 ± 0.57 

  4 sol 44 - 116 log Wcarbon =  2.743 * log(OAL) –  4.0392 0.995 = 0.002 7.14 ± 1.66 4.53 ± 0.26 

OAL oral-atrial length; TL total length; EL endostyle length (in mm); Wdry dry weight (mg ind.-1); Wcarbon body carbon weight (mg C ind.-1); carbon content % of dry weight and C : N 
ratio with: av average; stdev standard deviation; n number of sample size (samples contained up to 6 ind.); agg aggregates; sol solitaries 
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2.3 Statistical analyses 

2.3.1 Horizontal and vertical distribution 

 Density. The abundance and biomass at high and low chlorophyll-a stations was 

compared separately over time (one-way ANOVA with nominal experimental weeks) 

and compared to each other by full factorial two-way ANOVA (with high vs. low 

stations and nominal experimental week 2 to week 5) with subsequent Tukey HSD post-

hoc test on differences between means (� = 0.05) (Sokal and Rohlf 1981). Data were 

transformed to +1 to include stations without salps, and Box-Cox transformed prior to 

analysis to achieve normality and homogeneity of variances. Grid station 552-4 was 

identified as an outlier being located at the edge of the patch (Cisewski et al. 2008) and 

was not included in density and distribution analyses. Solitaries were treated separately. 

The abundance to biomass ratio from the beginning of the cruise (week 1) to the end of 

the cruise (week 4, 5 and 6) was tested with non-parametric Mann-Whitney-U test (M-

W-U test). 

 

 Vertical distribution. To test for vertical migration of salps and if it is influenced 

by the bloom, we standardised the total abundance (ind. m-3) to 1 for each haul. This 

corrected for the sensitivity of the tests to small numbers and for the large difference of 

total abundance over time. We then compared the proportion of salps above (“shallow”, 

0 to 100 m, including net 3, 4, and 5) and below the thermocline (“deep”, 100 to 400 m, 

net 1 and 2) to reduce the variability arriving from ascend and descent movements if 

comparing each sampled depth strata. We applied a non-parametric Mann-Whitney-U 

test or a Student’s t-test if applicable to compare the proportions during day and night at 

both high and low chlorophyll stations.  

 

In a second step, we tested for a size and stage dependent vertical distribution of the 

salps at low and at high chl-a stations during the night time by means of non-parametric 

tests. Due to strong shifts in total abundance and sizes over the survey period, we first 

analysed the vertical distribution at the beginning of the experiment (week 1 to 3) and 

then the vertical distribution towards the end of the experiment (week 4 and 5) for low 

and at high chl-a stations, respectively. A non-parametric Kolmogorov-Smirnov test (K-

S test) was used to test for differences in the size and stage distribution comparing 
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“deep” and “shallow” samples (for definition, see above) at low and at high chl-a 

stations, respectively. 

 

 Demographic development. Differences of the length frequency distributions over 

weeks and in between weeks for high and low chl-a stations were analysed by means of 

a non-parametric Kolmogorov-Smirnov test (K-S test).  

 

2.3.2 Reproduction

Aggregate generation. Effects of chlorophyll concentrations (high vs. low chl-a), 

experimental day (continuous), and aggregate size (oral atrial length, OAL) on maturity 

stage (MS) were analysed by full factorial analysis of covariance (ANCOVA) with 

subsequent post-hoc test on differences between means (� = 0.05). Additionally, a full 

factorial ANCOVA was applied to analyse the effects of chl-a, MS and OAL on embryo 

length (EML). EML was ln transformed for normality and homogeneity of variance. No 

further transformation of maturity stage or aggregate length was performed. Continuous 

variables in interaction terms of ANCOVA models were adjusted to mean = zero 

("centred polynomials") in order to make the test for the main effect independent of the 

test for the interaction term. Multivariate outliers in the sample space [ln(EML), MS, 

OAL] were identified by Mahalanobis distances (Barnett and Price 1994) and excluded 

for statistical analysis. Nevertheless, they will be presented and discussed in detail. The 

random distribution of residuals in both ANCOVA models indicates that model 

accuracy is independent of the variable’s magnitude, i.e. both models have no obvious 

bias. 

 

 Solitary generation. The size of mature solitaries at stage 4 and 5 was compared 

for high and low chl-a stations with a Kruskal-Wallis non-parametric analysis of 

variance (K-W ANOVA). The number of buds per block and stage was compared with 

Student’s t-test for block I (stage 4a and 4b) and with Kruskal-Wallis non-parametric 

ANOVA for block II (stage 4b, 5a and 5b). The correlation of the number of buds and 

solitary size was tested with Spearman’s rank correlation.  
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3 Results 

3.1  Salp density 

3.1.1 Aggregate generation

At total of 27 stations were sampled with MN for salp abundance and biomass estimates 

from 12 February to 20 March 2004 during the EIFEX cruise. Salpa thompsoni was 

present throughout the surveyed eddy region in the first four weeks. The abundance and 

biomass of S. thompsoni in the original eddy waters are shown in Table 1. Chlorophyll 

concentrations at stations outside the fertilised patch were below 1 μg chl-a L-1 in the 

upper 100 m over the entire survey period. Also included in this station group (“low 

chl-a”) are grid stations and stations sampled directly before and after iron release (t0 

and start) prior to the build-up of bloom conditions (number of low chl-a stations = 17). 

In the first week of the survey period in mid February, aggregate salp abundance and 

biomass ranged from 19 to 972 ind. 10-3 m-3 and from 39 to 2826 mg C 10-3 m-3, 

respectively. Average density was 127 ± 113 ind. m-2 or 289 ± 346 mg C m-2 (0 - 400 

m). At one grid station (St. 482), no salps were caught. The salp abundance in the 

unfertilised area of the eddy increased slightly to over 1000 ind. 10-3 m-3 in week 2 and 

3. In week 4, highest aggregate abundance was observed (3648 ind. 10-3 m-3). Aggregate 

biomass reached its overall maximum of 8666 mg C 10-3 m-3 earlier in week 3. In week 

5, salp abundance and biomass at these low chlorophyll stations were remarkably 

decreased. The abundance was significantly lower than in week 2 and 4; and the 

biomass was reduced compared to week 3 and 4 (Table 4). From the biomass to 

abundance ratio, we can discern that at the start of the experiment in late summer (week 

1), the average individual aggregate salp was about 10 times as heavy (2.60 ± 2.35 mg 

C Ind.-1, n = 11) as an average aggregate salp at the end of the experiment in early 

autumn (0.20 mg C ind.-1 ± 0.06; n = 4, week 4 and week 5) (p <0.05; M-W-U test).  

 

Inside the fertilised area of the eddy, a marked diatom bloom was observed 10 days 

after iron release. Average chlorophyll concentrations of over 1.4 μg chl-a L-1 (0 - 100 

m) persisted throughout the experiment (Table 2). In high chl-a areas, maximum 

aggregate salp abundance and biomass were found in week 2 with 2070 ind.-1 10-3 m-3 

and 4379 mg C 10-3 m-3, respectively (Table 2, number of high chl-a stations = 10). In 

the following weeks with further increasing chlorophyll concentrations inside the 
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fertilised patch area, no direct negative (or positive) correlation between chlorophyll 

concentration and salp aggregate abundance or biomass could be established. Yet, both 

abundance and biomass continuously decreased over the experiment. Finally, in week 5 

and 6, abundance and biomass were significantly lower compared to those found in 

week 2 (Table 4). In several net hauls, no salps were sampled down to 400 m.  

 

Table 4. Difference in transformed abundance (upper right section) and transformed 
biomass (lower left section) of Salpa thompsoni for low and high chl-a stations over 
experimental weeks. The approximate probability is given by subsequent post-hoc test 
(Tukey HSD) on difference between means 

   
   BoxCox(abundance+1) 

  exp week 2 2 3 3 4 4 5 5 

 exp 
week 

chl-a  
nominal low high low high low high low high 

2 low - 0.99 1.00 0.66 1.00 0.19 0.07 0.034

2 high 1.00 - 0.98 0.94 0.79 0.34 0.13 0.06 

3 low 0.85 0.82 - 0.71 1.00 0.35 0.16 0.08 

3 high 0.88 0.67 0.22 - 0.26 0.98 0.67 0.37 

4 low 0.79 0.71 1.00 0.08 - 0.038 0.015 0.007

4 high 0.25 0.040 0.036 0.88 0.004 - 0.93 0.63 

5 low 0.07 0.010 0.011 0.33 0.001 0.82 - 1.00 

   
Bo
xC
ox(
bio
ma
ss+
1) 

5 high 0.06 0.013 0.011 0.31 0.002 0.77 1.00 - 
           

 significant at p <0.05

 

The mean aggregate abundance and biomass of the stations with high chl-a were lower 

than that of stations with low chl-a (2-way ANOVA, p = 0.004). However, the 

subsequent comparison for each weekly abundance and biomass showed that only 

during week 4, significantly lower abundances and biomass were stated for high 

compared to low chl-a stations in one week (Tukey’s HSD post-hoc test for abundance 

with p <0.05, and for biomass with p <0.005, respectively) (Table 4).  

 

3.1.2 Solitary generation 

Solitary S. thompsoni were found in only 30% the MN catches in the first week of our 

experiment in mid February. In the following weeks, their abundance and biomass 

never exceeded 37 ind. 10-3 m-3 or 529 mg C 10-3 m-3, respectively; both found in the 
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first week (Table 1, 2). Instead, the solitary abundance further decreased, and no solitary 

salps were caught in week 5 or 6 with the MN. The ratios of aggregate to solitary salps, 

if present, were consequently high and ranged from 8 to 140 over the entire experiment. 

High phytoplankton concentrations had no discernable effect on solitary salp 

distribution. 

 

No other salp species occurred at the experimental site. Other pelagic tunicates as 

doliolids and appendicularians (not further specified) were present in our samples only 

at very low numbers but implications might arrive by the mesh size of the nets used.  

 

3.2 Vertical distribution of aggregate salps  

During the day, S. thompsoni aggregates clearly showed a distinct avoidance of the 

upper 100 m and concentrated at depth (Figure 1).  
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In day catches, the abundance from surface to 100 m (“shallow”) was significantly 

lower than from 100 to 400 m (“deep”), both at low and high chl-a stations (MWU-test; 

Figure 1. Day/night profiles of salp depth distribution at high and low chl-a stations during 
EIFEX 2004. “High” and “low” chl-a stations are defined from average chl-a 
concentration >1 μg chl-a L-1 and <1 μg chl-a L-1 (0-100 m), respectively. Low stations 
include stations before and at fertilisation (t0, start) and unfertilised waters of the eddy. 
High chl-a stations represent bloom stations of the iron fertilised water of the eddy. Values 
are % of total abundance for each depth interval at day (n = 6 and 4 hauls for low and high 
stations), and at night (n = 12 and 11 hauls for low and high stations). Note that depths 
intervals are given for each of the 5 closing nets used 
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nlow,day = 6; p = 0.004 and nhigh, day = 7; p = 0.006). During the night, 92% of aggregates 

caught were found in the upper water column from low chl-a stations, mainly between 

25 and 100 m; and their relative abundance was significantly higher than that from 

below 100 m (Figure 1; nlownight = 11; t-test, p = 0.006). The shift was mainly due to 

small aggregates as aggregates salps showed a distinct size and stage related depth 

distribution (Table 5). At low chl-a stations, larger aggregates stages (stage 4 and 5) 

were mainly sampled below 100 m over the entire survey period, i.e., mean body modal 

size and mean stage were higher at depth than at shallower waters (K-S test, p <0.01; 

Table 5). The percentage contribution of larger salps with over 15 mm body length was 

64.3% in depth below 100 m and only 26.9%  in shallower waters in the first three 

weeks of survey. In week 4 and 5, the total contribution of salps larger than 15 mm was 

overall reduced but still, we saw a depth related shift with less larger salps in shallow 

(8%) than in deeper waters (32.5%) (Table 5). 

 

At bloom stations, no distinct concentration of salps in the euphotic zone occurred 

during the night with 60% of aggregates distributed in the upper 100 m and 35% of the 

salp population in 100 - 160 m depth (Figure 1). The relative abundance above 100 m 

was not significantly higher than the relative abundance below the mixed layer depth 

during the night (nhighnight = 12; MWU-test). In contrast to the low chlorophyll stations, 

aggregates of all sizes were found in deep and in shallow waters in the first three weeks. 

Mean modal body size and mean stage were higher in upper waters, but no distinct size 

distribution was observed, as one can also follow from similar contribution of salps 

larger than 15 mm in deeper and shallower samples (25.3% and 28.2%, respectively) 

(Table 5). At the end of the experiment, i.e. in week 4 and 5, only 1.3% of salps larger 

than 15 mm were found in surface waters down to 100 m depth but still made up 25.8% 

in samples from 100 to 400 m depth (Table 5).  



 

 

 

Table 5. Size and stage dependent depth distribution of S. thompsoni at night in the Polar Frontal zone, late summer 2004 at low and high chl-a 
stations (as defined in Table 2, 3). Significant differences between deep and shallow samples are given with *p <0.05, **p <0.01, and ***p 
<0.001. Note that n are numbers of samples available, not abundances 

 Low chl-a stations High chl-a stations 

 deep shallow  deep shallow 
 Av ± s.d. >15 mm  (n) Av ± s.d. > 15 mm  (n)   p Av ± s.d. > 15 mm  (n) Av ± s.d. > 15 mm  (n)           p 

week 1, 2, 3 
body size 19.8 ± 9.4 64.3%  (227) 11.5 ± 6.1 26.9%  (108) *** 9.8 ± 7.3 25.3%  (360) 13.4 ± 8.5 28.2%  (149) *** 

stage 2.0 ± 1.3  0.9 ± 1.1   *** 0.8 ± 1.1  1.6 ± 1.7  *** 

week 4, 5 
body size 14.3 ± 5.9 32.5%   (80) 10.3 ± 3.3 8.0%  (578) *** 9.7 ± 8.8 25.8%  (120) 7.0 ± 2.6 1.3%    (72) *** 

stage 1.8 ± 1.1  0.8 ± 0.7  *** 0.9 ± 1.6  0.2 ± 0.5  ** 
 

exp week experimental week; body size OAL (oral atrial length, mm) ; stage maturity stage; av average; s.d. standard deviation; n number of salps 
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A single example of the stage related vertical depth distribution over 48 h is shown for 

station 544 (Figure 2). At this station, immature salps were mainly found in the upper 

50 m, but they were also present in 100 to 400 m (Figure 2a, nnight = 4). During the day, 

immature salps concentrated at depth between 160 to 400 m (nday = 4 hauls). Larger 

salps of over 20 mm OAL, representing stage 2 to 5, were also found in this depth range 

during the day but with a larger concentration in the depth range between 500 to 750 m 

(Figure 2b). During the night, larger salps had a deeper residence depth than smaller 

salps and were mainly found between 100 to 160 m. Interestingly, a part of the total 

aggregate population were found day and night at depth below 400 m; revealed by the 

deep nets down to 1000 m at this station (ndeep = 2 at night and 2 at day, respectively).  
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Figure 2. Stage related day/night profiles of aggregate salps over 48 hours at high chl-a 
station 544, week 4, at night (filled triangles, n = 4 hauls) and day (open triangles, n = 4 
hauls). Values are average abundance (ind. m-3) at the medium depth of each net interval 
sampled for a) maturity stage 0 - 1, and b) maturity stage 2 - 5  

 

 

Salps of the solitary generation were present above and below 100 m in day and night 

catches, and no preferential depth was distinguished.  
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3.3 Demographic development and reproduction  

3.3.1 Aggregate generation 

During the EIFEX cruise, aggregate salps encompassed all size classes between 2 to 56 

mm OAL (3 to 92 mm total body length, n = 2311) featuring all maturity stages from 0 

(non-fertilised) to 5 (spent) (Table 6).  

 
Table 6. Aggregate maturity stages of S. thompsoni with corresponding size range of salp 
embryo length given in Foxton (1966) and confirmed by Daponte et al. (2001), and from 
this study together with the corresponding range of body length of the parental aggregate 
salp (OAL, mm) in formaldehyde preserved samples from 0 - 400 m. The size range of 
detached embryos (found only at stage 3 and 4) is given separately  

size range  
embryo (mm) 

 

 
size range 

aggregate (mm) 

EIFEX 2004 
this study 

 
 

EIFEX 2004 
this study 

 
 

stage
Wedell Scotia 

Confluence 1994/95 
(Daponte et al. 2001)  (n)   (n) 

0 no data 0.2 – 0.4   (34)  2.0 – 13.0   (116) 

1 1.0 – 2.0 0.3 – 0.9   (87)  5.0 – 17.0  (529) 

2 2.0 – 3.0 0.5 – 1.9   (111)  10.0 – 25.0   (346) 

3 3.0 – 4.0 1.6 – 2.5   

detached: 1.8 – 2.1 

(36) 

(8) 
 17.0 – 31.0  (157) 

4 > 4.00 2.2 – 7.3  

detached: 2.2 – 26.0 

(23) 

(56) 
 20.0 – 56.0   (128) 

5 - -   25.0 – 35.0  (35) 

(n) number of samples; stage maturity stage 

 

 

Although size overlaps existed, maturation of the embryo inside the aggregate salps 

corresponded well with an increase in aggregate individual body length. During the 

entire sampling period, no non-fertilised large blastocytes (stage X at late stages) were 

observed. Only very few larger aggregates (<0.5% of animals staged) showed a 

disrupted development with a deformed embryo. There was no increase of disrupted 
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development with season or increasing chlorophyll concentrations. Thus, those 

individuals with deformed embryos were treated as outliers and not included in the 

presentation or in the following calculations of embryo - aggregate size relations. 

 

At the beginning of the experiment in week 1, aggregate size classes from <5 to <45 

mm OAL length corresponding to maturity stages 0 to 5 were present in the eddy with a 

unimodal size frequency distribution (Figure 3a). Included are samples from grid 

stations (Table 1). Salp populations from these low food environments showed the same 

size frequency distribution and stage development compared to eddy waters.   

 

The modal size estimated for the upper 400 m was 15.4 mm, yet the smaller individuals 

of early reproductive stages predominated in the population, representing over 50% of 

the catches. Animals in the spent stage (stage 5) were often already large males with 

developed testes. In week 2, only one low chl-a station (St. 509) was sampled during the 

day. In these day catches, salps were concentrated below 160 m and mainly small salps 

<10 mm were caught (Figure 3b). High chl-a stations were sampled at night and no 

relevant changes were recognised compared to the original salp population in the first 

week. In week 3, modal size of aggregates in the low phytoplankton area was 21.7 ± 8.7 

mm (mean ± s.d.; Figure 3c; n = 178). Largest salps (55- 60 mm) had maturity stage 4. 

In comparison, at high chlorophyll stations, smaller animals tended to be more abundant 

and the modal size was significantly lower with 9.1 ± 6.2 mm (n = 192) (Figure 3g; p 

<0.001, K-S test). Largest salps were only up to 35 mm long and had released their 

embryos (stage 5).  

 

Significant changes were observed from week 4 on compared to earlier weeks (Figure 

3d, h; p <0.01, K-S test). Both at high and low chlorophyll stations, the populations 

were mainly made up by small sizes below 15 mm in early stages. Apparently, this 

population change was enhanced in the fertilised area. The modal length OAL = 11.0 ± 

3.9 mm at low chl-a stations was higher compared to modal length of OAL = 7.3 ± 6.3 

mm at high chl-a stations (p <0.001; K-S test). At the end of the experiment, no larger 

animals were left and only youngest maturity stages were found in low numbers 

although sampling effort stayed constant (Figure 3e, i).                                                   . 
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Figure 3. Aggregate size class and maturity stage frequency composition for low (a – e) and 
high (f – i) chl-a stations of week 1 to 5 of EIFEX experiment 2004 (Multi-Net samples). 
Number of stations, included hauls (total hauls in brackets; the difference equals the number 
of hauls with no salps), and total number (n) of sampled salps are given for each week. Oral 
atrial length (OAL) is grouped into eight size classes with 5 mm intervals and expressed as 
<5 for smaller than 5 mm (1- 4 mm) 
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To estimate the combined effect of the bloom (high vs low phytoplankton areas) and 

advancing season (experimental days) on the size (OAL) and maturity stage (MS) of the 

aggregate salps, we ran a full-factorial ANCOVA on the salp sample data from the MN 

catches. A number of outliers (n = 15) from station 462 and 514, i.e. large aggregates of 

over 40 mm at stage 4 (see Figure 3c) were identified by Mahalanobis distances. These 

outliers were excluded to avoid an overestimation of their influence.  

 

The ANCOVA yields the following equation of maturity stage (MS; y) response by oral-

atrial length (OAL); experimental days (expDAY), and low and high chl-a stations 

(Dchla); depicted in Figure 4: 

MS = -1.098 + 0.173*OAL + 0.009*expDAY + Dchla   (eq. 1)

 Dchla for low = (-0.138); for high = (0.138) chl-a stations 

n  = 2296; Fratio = 6422.60  

Adjusted r²  = 0.89 with p <0.0001 (***) for the whole model and each term.  

 

Term Std Error t Ratio  p

OAL  0.001268 136.04   0.0000*** 
expDay 0.001062 8.79 <0.0001*** 
Dchla 0.008984 -15.40 <0.0001*** 

 

This translates to the following results: The length of the animals was the most 

influential predictor of maturity stages. Size and stage of an average salp decreases with 

advancing season (expDays). Furthermore, the maturity stage development was 

influenced by the food conditions (Dchla), which are considered in terms of the binary 

classification high and low food environment. For the same experimental day and equal 

length of the aggregate, this equation predicts a maturity stage of animals in the high 

food environment that is by ¼ maturity stage advanced compared to the low food 

environment (Figure 4). 
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Figure 4. Contour plot of the predicted size (OAL, mm) (equation 1, for further explanation, 
see text) of aggregates in maturity stage 0-5 over experimental days for a) low and b) high chl-
a stations 
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During the EIFEX cruise, embryo lengths (EML) from 0.18 to 7.25 mm were measured 

for embryos inside aggregate salps from preserved samples (Table 6). Detached 

embryos of maturity stage 3 and 4 had a length of up to 26 mm. In live salps, a 

maximum embryo length of 13 mm at maturity stage 4 was measured inside an 

aggregate of 38 mm OAL. Embryo length increased proportionally with aggregate 

length (r² = 0.73, n = 301, preserved samples) with no difference between bloom or non-

bloom conditions (p >0.05; ANCOVA on log-log transformed data) (Figure 5).  
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Figure 5. Embryo length (EML; mm) measured inside the parental aggregate (OAL, mm) 
from low (open diamonds) and high chl-a stations (grey diamonds). Regression is given for 
all embryos combined (n = 301)  
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Accordingly, a general increase in maturity stage with size of the embryo was observed 

(Table 6, Figure 6).  
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In the younger stages, the size range overlaps were relatively small. In stage 4, when 

maturity of the embryo is reached, both the ranges of aggregate and embryo length are 

largest. Apparently, at this advanced stage, aggregate body growth, embryo body 

growth and development are no longer as tightly coupled as during earlier stages. The 

embryos larger than 4 mm (n = 4) were left out of the following analysis to prevent an 

overestimation of their influence, and data from MN alone were used to avoid any 

methodological bias (since most size measurements of BN were from live, those from 

MN from preserved samples). An ANCOVA revealed a significant influence of the food 

conditions on the embryo maturation. Due to methodological bias of measurements 

(number of late stages and thus large embryos declined over the survey period and were 

Figure 6. Embryo maturity stage and embryo length (mm) at low (small open diamonds) and
high (small grey diamonds) chl-a stations with the respective predicted embryo length (large
diamonds) for each maturity stage (by eq. 2, see text for further explanation). The inserted 
figure plots embryo length on a log(normal) scale. 
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not present at all at the end of the experiment) we could not statistically test the 

influence of experimental days on embryo length.  

The ANCOVA yields the following equation of embryo length (EML, ln(y)) response 

by oral atrial length of the aggregate (OAL) and maturity stage (MS) at low and high 

chl-a stations (Dchla): 

 

ln(EML) = -1.758 + 0.064*OAL + 0.394*MS + Dchla -0.0166*(OAL-15.395)*(MS-1.718)

            (eq. 2) 

 Dchla for low = 0.094; for high = -0.094 chl-a stations 

n  = 287; Fratio = 1039.7 

 r² = 0.94 with p <0.0001 (***) for the whole model and each given term 

 

The relation translates into an embryo size difference of a 17% smaller embryo for each 

maturity stage at high compared to low chl-a stations (Figure 6, predicted sizes).  

 

3.3.2 Solitary generation 

The progressive growth and maturation of the stolon and hence the development of the 

future aggregate generations was directly related to the growth of the solitary oocytes 

(Table 7). The number of buds increased from 124 ± 16.6 buds (n = 24) in the first 

block to be released (block I) to 152 ± 35.7 buds in block II (n = 25; p <0.001) (Table 

7). Only a few third blocks (block III, n = 5) were available, the mean bud number was 

172 ± 47.2, not significantly higher than bud numbers in block II. The size of the buds 

increased with maturation and seemed to be ready for release at 2.2 to 4.0 mm size, with 

larger embryos observed in stage 5b compared to 4b. The number of buds in each block 

was not dependent on solitary size (p >0.05 for each block). Also, mean number of buds 

per block did not increase with stage (p >0.05). However, larger solitaries tended to 

show larger bud numbers in block II and III, whereas bud numbers in block I appeared 

to be independent of solitary size. Bloom conditions had no influence on the number of 

buds. 
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Table 7. Solitary maturity stages 0 – 5b of S. thompsoni with corresponding size range and bud 
numbers per block. The number of buds in block I, II and III are counted for each maturity stage 
separately. Samples are combined from formaldehyde preserved and unpreserved samples (Multi-
Net, Rectangular Midwater Trawl, Bongo-Net) 

size range, (n) OAL number of buds per block, (n) 

(mm) (mm) block I block II block III 

solitary 
maturity 
stage 

 av s.d. av s.d. av s.d.  av s.d. 

0 10.0; 15.0 (2) 12.5 ± 3.54        

1 36.0 (1) 36.0         

2 42.0 – 60. 0 (7) 49.4 ± 6.76        
3 48.7, 49.7 (2) 49.2 ± 0.64        

im
m

ature 

4a 43.0 – 80.0 (21) 60.3 ± 9.93 123 (19) ± 17.7 -   -  
         
4b 51.0 – 89.0 (19) 70.2 ± 10.77 128 (7) ± 13.6 147 (15) ± 13.7 -  
5a 65.3 – 101.0 (5) 81.7 ± 16.34 released  143 (5) ± 34.2 -  
5b 86.4 – 115.9 (7) 104.6 ± 9.29 released  195 (4) ± 68.7 172 (5) ± 47.2

m
ature 

                    

(n) sample size; OAL oral-atrial length; av average; s.d. standard deviation 

 

 

The majority of small solitaries in stage 0 - 2 (n = 10) still carried the eleoblast and 

placenta (n = 7). They were distinguished from detached solitary embryos sometimes 

even larger in size (Table 6) by the coloured gut and inflated body cavity (as indications 

for autonomous pumping and feeding) and from stage 1 on by their developing stolon. 

At station 544, two small solitaries, one in stage 0 and one in stage 1, both with retained 

embryonic features, where caught in deep nets from 750 - 500 m. At the same station, 

the largest solitary with 116 mm OAL (total length 125 mm) in stage 5b was caught. It 

was infested by more than 20 amphipods, the commensal Vibilia antarctica, of different 

body size.  

 

Solitary salps in maturity stage 5 were larger than those in stage 4 (K-W ANOVA with 

p <0.001) whereas the developmental step from 4a and 5a, to 4b and 5b, respectively, is 

not always related to an increment in solitary length. In total, mature salps (stage 4b and 

older) had an average length of 83.7 ± 17.3 mm (OAL, n = 41) and made up 33% of 
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total solitaries from MN catches. Mature solitaries of stage 4 and stage 5, respectively, 

were on average slightly larger at low food conditions than at bloom stations but due to 

the low number of observations, the size difference was not significant (K-W ANOVA 

with subsequent Dunn’s pairwise multiple comparison).  

 

We could also not confirm a significant distinct size related allocation in the water 

column, a vertical migration behaviour or a seasonal evolution of stage distribution over 

the experimental weeks due to the small numbers of solitaries sampled. Nevertheless, 

their abundance seemed to decrease with experimental weeks advancing as seen for the 

aggregate generation (Figure 7).  
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Figure 7. Solitary size frequency distribution of S. thompsoni over experimental weeks 1 
to 5 during EIFEX 2004 from combined Multi-Net and Bongo-Net catches for assigned 
solitary size classes. Note that values are relative frequency distributions of n = 51 solitary 
salps 
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4 Discussion  

To set our results into perspective, we start the discussion with elaboration of the 

biology of Salpa thompsoni in the surveyed eddy at the beginning of the experiment in 

February 2004. This will include salp reproduction, horizontal and vertical distribution. 

Thereafter the influence of the bloom on the salp development and distribution is 

discussed which will allow us to compare observed population changes in high and low 

chlorophyll areas of the eddy and how this influences life cycle features of salps at the 

end of their reproductive season in autumn. 

 

4.1.  Salpa thompsoni in a Polar Frontal Zone eddy in late summer 2004 

4.1.1 Reproduction and demographic distribution 

Solitary generation. In the few solitary individuals caught, we found all maturity 

stages present indicating an actively reproducing summer population in February 2004. 

Mature solitaries with recently released buds and buds ready for release together with 

the large proportion of small aggregate chains observed during our study confirm the 

proposed second reproductive peak of S. thompsoni -after spring reproduction- towards 

autumn (Foxton 1966).  

 

Somatic growth and maturation in the solitary generation were closely coupled, thus we 

assume the solitary generation showed normal development during our survey. The 

sizes of mature solitaries in stage 4a and 4b were similar to sizes for Salpa thompsoni 

observed before in February and March (Foxton 1966; Daponte et al. 2001; Chiba et al. 

1999). In stage 5a and 5b, our samples were about 5 to 20% larger compared to sizes 

reported in the above cited studies, with a maximum observed size of 116 mm (OAL) 

for a stage 5b solitary. It might be that in some cases, the determined stage 5b already 

represented a stage 6b, i.e., already two blocks of aggregate have been released, which 

would be a further indication of an advanced salp population in later summer /early 

autumn. Based on our small sample set, stage 6 cannot be attributed as it is solely based 

upon a size increment compared to stage 5 (Foxton 1966).  
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Yet, the small stage solitaries (stage 0 - 2) caught in our study mostly still carried the 

eleoblast and placenta, formerly considered as “retarded development” caused by cold 

water temperatures (-1 to 2°C) (Foxton 1966; Pakhomov et al. 2005). During EIFEX, 

temperatures were stable around 4°C in the mixed layer throughout the survey period 

(Cisewski et al. 2008); well in the thermo-physiological temperature range of successful 

reproduction in S. thompsoni. At our 48 hours station, two immature salps at maturity 

stage 0 and 1, and both with retained embryonic features, were caught in deep nets (750 

to 500 m). Those individuals might represent solitaries that are going to overwinter in 

deeper water layers (Foxton 1966). The eleoblast and placenta might be thus indication 

of overwintering stages.  Their content might provide supplementary nourishment of the 

solitary embryos at low food conditions and low temperatures encountered during 

winter time (Godeaux 1998). 

 

Also bud numbers per block determined during our survey (124 ± 16.6, 152 ± 35.7, and 

172 ± 47 for block I, II and III respectively) were well in the range of bud numbers 

reported for reproducing S. thompsoni oozoids (Foxton 1966; Daponte et al. 2001). In 

general, bud numbers per block correlate with the size of the solitary thaliaceans 

(Foxton 1966; Heron and Benham 1985; Esnal et al. 1987; Daponte et al. 1998, 2001). 

This size relation was not observed in our study for the first block of aggregates to be 

released (block I). In block II and III, however, bud numbers slightly increased with size 

and stage of the solitary, but not significantly. This might be due to the few numbers of 

solitary samples and the relative short time frame of our observation.  

 

Apart from bud numbers, we observed specific features in the stolon development not 

described in the papers cited above. In some cases, the intermediate piece between the 

blocks was very small, or even nearly absent. The first block was nevertheless clearly 

separated from the next block of buds only by size difference of the buds. In other 

cases, the intermediate pieces between blocks comprised a larger number of non-

developed buds. In some cases, the first block started with a distal part of deformed and 

smaller buds. This was also observed in stage 2 solitaries, so that confusions with an 

intermediate piece can be ruled out. It might be possible, that not the number of buds 

per block per se is different as assumed in Foxton (1966), Heron (1972), Heron and 

Benham (1984, 1985) and Daponte et al. (2001), but that the number of developing buds 

is changing and dependent on healthiness of the solitary, time of the year and/ or other 
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environmental conditions. The total number of buds in each block might be determined 

during embryogenesis, and therefore more or less equal in between individuals of one 

species; probably increasing from one block to the next (block I < block II < block III). 

During development of the stolon, food conditions and temperature encountered by the 

solitary might then influence the generation time and the number of developing buds 

and hence the reproductive capacity of the solitary. Relatively stable environmental 

conditions in our survey area in the past season might thus have sustained comparable 

rates of successful development of buds per block in solitaries of different age, i.e., 

number of well developed buds did not increase with solitary size in our study. 

Unfortunately, the total bud number per block including developed and non-developed 

buds could not be determined accurately during our study, as non-developed buds do 

not separate very well and cannot be enumerated. If we assume stable developed bud 

numbers for each block during the reproductive season 2003/2004, the three blocks 

released by a stage 6a solitary in March would sum up to about 400 aggregate 

descendants, clearly below the 600 to 800 released aggregates per solitary in one season 

calculated before (Foxton 1966; Daponte et al. 2001). Obviously, we need further 

detailed investigations to assess the reproduction capacities in S. thompsoni related to 

environmental conditions which would allow relevant predictions of their biomass 

build-up, especially under the aspect of bloom formation. 

 

Aggregate generation. The aggregate generation of S. thompsoni showed a 

unimodal size frequency distribution and comprised all maturity stages at the beginning 

of our survey, which are, like for the solitary generation, typical signs of a summer 

population (Foxton 1966; Chiba et al. 1999; Kawaguchi et al. 2004; Catalán et al. 

2008). The mature aggregate chains in stage 4 and 5 found in our study indicate a 

successful sexual reproduction with solitaries to be released or already released and 

production of sperm to fertilise the new chains. Non-fertilised aggregates were only 

observed in animals <10 mm during the EIFEX cruise, further evidence of successful 

male development in aggregate salps during the past summer season (Chiba et al. 1999).  

 

The embryonic structures inside the young aggregates (stage 0 - 3) were in general 

smaller than reported in studies by Foxton (1966), Casareto and Nemoto (1986), and 

Daponte et al. (2001), although shrinkage from preservation should be largely the same. 

The embryos in later maturity stage 4 encompassed a large size range between 2.2 and 
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7.3 mm in preserved, and up to 13 mm in live samples. Probably accidentally detached 

embryos measured up to 26 mm. Similarly, Daponte et al. (2001) reported embryos of 

up to 13 mm length inside the maternal cavity. Those large mature embryos retained 

inside aggregates have also been discussed as a thermo-physiological disturbance in the 

development (Foxton 1966), unlikely to have occurred before or during our survey. 

Also, the embryos, although small, did not show a disturbed development in earlier 

stages. In contrast, we observed a close relation in length increment of the embryo and 

of the parental aggregate. This seems to represent continuous, somatic growth. 

Furthermore, a close relation between maturity stage and size was observed in the small 

stages of the aggregate generation. In late stages, somatic growth and maturation seems 

to be decoupled to some degree under low food conditions, since oozoid and blastozoid 

embryos grow to a relatively large size until they reach maturity (this study, Daponte et 

al. 2001). Salps grow throughout their life cycle (Foxton 1966). Food uptake provides 

the energy to sustain body construction, increase in body tissue of parent and embryo, 

yet additional energy is needed for the maturation of both and might explain the 

retardation of maturation at low food conditions. However, we used chlorophyll as a 

proxy variable for the total food concentration available to the salps. Chlorophyll is only 

a rough indicator of phytoplankton food, and cannot indicate concentration of non-

phytoplankton food, such as protozoans and bacteria.  

 

However, to grow to large body size inside their “parents” might nevertheless offer 

several advantages for the embryos at low food conditions. They probably profit from a 

higher food intake by the nourishment through the parental blood in the placenta, and by 

the water flow inside the maternal cavity (Bone et al. 1985; Godeaux 1998). The 

parental aggregate is aligned in the aggregate chain and thus can exert higher swimming 

speeds and higher water filtration rates than a small single solitary (Reinke 1987). 

Moreover, the large aggregated blastozoids are better protected from predation and from 

infestation by commensal amphipods than the single oozoids (Madin and Harbison 

1977; Laval 1980). The large size of the embryo at time of release might further 

increase the survival rate of the offspring in an environment where food is scarce. 

Moreover, the build up of the next generation is in turn enhanced when already larger 

individuals are released. We therefore assume that the small embryos at young stages 

and comparably large embryos at later maturity stages might represent a slow 

development, but not a hindered one.  
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To our knowledge, no studies on generation time of S. thompsoni are reported except 

for some preliminary data reported by Kremer and Madin (2007). Accordingly to our 

observation on S. thompsoni, the generation time of the warm water salp Thalia 

democratica increased under conditions of reduced food (Heron 1972). Generation time 

of warm water salps are among the fastest reported generation times for metazoans 

(Heron 1972; Deibel 1982a). Thus, comparison between factors influencing growth of 

warm water salps that conclude their life cycle in days to weeks (Heron and Benham 

1984, Deibel 1982a), and cold water species like S. thompsoni with generation times of 

months, is limited.  

 

4.1.2 Salp abundance and vertical distribution 

Salp abundance. In the present study, we surveyed an oceanic eddy located north 

of the Polar Frontal Zone at about 50°S and 2°E. S. thompsoni aggregate densities 

yielded its maximum in early March with 1180 ind. m-2. Maximum biomass was 

recorded in February (32 mg C m-2). Estimates of abundance and biomass considerably 

varied in between stations and even in between hauls of single stations. For oceanic 

areas south of 40°S in summer, mean densities of 9 – 30 ind. m-2 corresponding to an 

average salp biomass of 72.1 ± 189 mg C m-2, and a maximum value of 1115 mg C m-2 

are reported by Pakhomov et al. (2002), summarising a number of data sets from 

different regions and seasons. Enhanced densities were stated in the Antarctic Peninsula 

region and along frontal systems further south with average densities between 20 – 800 

ind. m-2 (Hosie et al. 2000; Daponte et al. 2001; Tanimura et al. 2008). At times, S.

thompsoni might in locally restricted areas reach “bloom” concentrations of over 55,000 

ind. m-2 in surface waters (50 m) (Alcaraz et al. 1998). For density estimates of 

macrozooplankton with such patchy distribution, usually nets with a large effective 

mouth opening area are deployed, and oblique or horizontal tows exerted to sample a 

larger volume of water (e.g. Hosie et al. 2000; Kawaguchi et al. 2004; Pakhomov et al. 

2005; Tanimura et al. 2008). In our study, we based our observations on samples 

retrieved by vertically towed Multinets with relatively small mouth opening area (0.25 

m²). Our abundance estimates are thus subject to restrictions, but seem to be in the 

general range of reported estimates for S. thompsoni densities in late austral summer.  
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Aggregate to solitary ratio. Solitary abundances were low with no significant 

contribution to the abundance of the summer salp population, which seems to be a 

general characteristic of populations of S. thompsoni in summer (Foxton 1966; Alcaraz 

et al. 1998; Chiba et al. 1999; Daponte et al. 2001; Kawaguchi et al. 2004; Pakhomov et 

al. 2003; Pakhomov et al. subm., study III). The observed frequency of small solitaries 

was surprisingly low compared to other studies taking into account the observed 

frequency of large spent aggregates (Daponte et al. 2001; Pakhomov et al. 2005). 

Already Foxton (1966) noted the mismatch of the number of developing embryos in the 

aggregate form and low number of embryos and of young stage in the water column. 

High mortality of the released embryos has been suggested and tentatively explained by 

either starvation or high predation pressure (Foxton 1966).  

 

Vertical distribution. In general, S. thompsoni migrates vertically between the 

ocean’s surface at night to about 100 to 200 m depth, at times 300 m, at day (Foxton 

1966; Casareto and Nemoto 1986; Park and Wormuth 1993; Fisher et al. 2004; 

Voronina et al. 2005). Ascent and descent movements occur at dusk and at dawn 

(Perissinotto and Pakhomov 1998a; Nishikawa and Tsuda 2001). Such behaviour was 

also observed in the low food environments during our survey, where the aggregate 

generation concentrated below 100 m during the day whereas during the night, the main 

part of the population was found in the upper 100 m. The observed vertical migration 

seemed to be mainly exerted by small individuals, larger salps rather stayed below 100 

m during EIFEX. The few solitary S. thompsoni caught did not concentrate at specific 

depths. In other studies of S. thompsoni, a size-related depth distribution in the upper 

200 m did not occur but vertical concentration of the population was solely related to 

warmer water layers either at surface or in depths between 50 – 100 m (Pakhomov et al. 

2002; Catalán et al. 2008). In our study, temperature gradients throughout the mixed 

water depth were minor and the thermocline relatively stable (Cisewski et al. 2008) thus 

it is unlikely that temperature gradients explain observed vertical distribution. 

 

Size- and generation specific residence depths in the upper 100 m with significant 

seasonal changes were observed for salps in tropical Pacific waters (Tew and Lo 2005). 

Accordingly to our observations, Foxton (1966) also recorded a tendency of larger 

aggregates to stay at depth. He hypothesized that aggregates of S. thompsoni reproduce 

in the deeper, but solitaries in shallow waters, relating large spent aggregates with small 
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new-born solitaries at depth and large mature solitaries with the young unfertilised 

aggregate chains in shallow waters. This assumption was confirmed by observations of 

Casareto and Nemoto (1986). However, “mating aggregation” of high aggregate 

densities are necessary to fertilise the new-born chains through sperm shed into the 

water by large male aggregates (Heron and Benham 1985) which might explain the 

above cited contradictory observations and seasonal shifts.   

4.2 Bloom effects 

4.2.1 Changes in reproduction at high food conditions 

Asexual generation. In our samples, mature solitaries of stage 4 and 5 tended to 

be smaller under high food conditions but no evidence of changes in bud numbers and 

thus of reproductive capacity was found. Studies on maturation of S. thompsoni are 

restricted. Similar results to ours were stated for mature solitaries of the salp species 

Thalia democratica which were smaller in size in rich than in low food environments 

(Heron and Benham 1984). A different relation was observed in the Weddell Sea area 

by Daponte et al. (2001) which reported an increment in average solitary size and in bud 

numbers for S. thompsoni with higher food conditions compared to low food situations. 

Based on these results, the authors concluded that swarm-building capacity increases at 

favourable food conditions. Since the salp populations investigated were sampled in 

early March 1994 (larger solitaries with higher bud numbers) and late March 1995 

(smaller solitaries with reduced budding), the differences in size and bud numbers 

observed might be explained by a seasonal effect, since the size of mature solitaries is 

higher in summer compared to autumn (Foxton 1966; Chiba et al. 1999).  

 

 Sexual generation. Our study revealed that in S. thompsoni, size relations of 

embryos to aggregates, and thus presumably somatic growth of the embryo and 

aggregate, were closely coupled and not influenced by the food environments 

encountered during our survey. Yet, maturity stage to length relations of both the 

parental aggregate and the embryo, were significantly reduced under bloom conditions. 

In addition, embryos seemed to be released earlier: large embryos of >4 mm length 

were found only until week 2 inside the fertilised area, but still until week 3 outside the 

fertilised area. For our statistical analysis, we excluded the large embryos from 

aggregates >40 mm at stage 4 found in the EIFEX eddy to minimise deteriorating 
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effects. Yet, they strengthen the finding of larger embryos at low to medium food 

concentration during summer when taken into account.  

We conclude that the high food conditions sustain a faster growth and maturation than 

low food environments. During the EIFEX survey, higher food concentrations 

apparently provided supplementary energy through increased ingestion rates (von 

Harbou et al. in prep., study II). The earlier release of offspring by S. thompsoni further 

shortens the generation time of the sexual blastozoid stage at high food conditions. 

Presumably, daily demands of small new-born generations are sustained at higher food 

concentrations and thus the size at the time of release is less important than at low food 

conditions.  

 

The development and generation times of the sexual generation of S. thompsoni were 

not reported to be related to environmental shifts in previous reports. Although larger 

embryos tended to occur in larger aggregates, significant size overlaps for all maturity 

stages of aggregate S. thompsoni occurred (Casareto and Nemoto 1986; Chiba et al. 

1999; Daponte et al. 2001, Pakhomov et al. 2005). Hence, significant changes in 

aggregate or embryo size per stage with distinct environmental parameters were not 

observed (Daponte et al. 2001). The lack of consistency between maturity stage and size 

may be explained by our results. The sample sets in the above cited studies 

encompassed different sub-populations of salps over larger areas and sometimes longer 

time periods. Thus, the different populations had probably faced different 

environmental conditions, e.g. different water temperatures and food conditions. We 

therefore speculate that a similar pattern to EIFEX might have occurred and that the 

large differences in size per stage observed in the reported studies may be explained by 

differences in maturation and generation time for the different sub-populations.  

  

However, our established mathematical equation of aggregate maturity stage and 

embryo sizes only relates to our binary classification of high and low food environment 

during our survey and cannot be used for general estimates. We nevertheless emphasise 

the high influence of environmental conditions, in this case food conditions, on the 

development of the salp population but certainly other environmental parameters as 

water temperature and time of the season have further effect on growth factors and 

generation time. Quick maturation in general provides the mechanism for salps to build 
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large swarms. Strong grazing pressure by a large salp population might in turn itself aid 

to keep food conditions at a favourable level for several Salpa species (Fortier et al. 

1994; Zeldis et al. 1995; Le Fèvre et al. 1998; Madin et al. 2006). However, supposed 

individual and population growth of S. thompsoni are significantly lower than reported 

for salps from warmer waters (Foxton 1966; Deibel 1982; Andersen and Nival 1986; 

Kremer and Madin 2007). The salp population at the initial state of the EIFEX eddy did 

not show a significant immediate abundance increase due to higher food conditions and 

was therefore not in the state to suppress the upcoming bloom through enhanced grazing 

pressure (von Harbou et al. in prep., study II). 

 

4.2.2 Salp abundance and vertical migration at high food conditions 

We expected the salp density to decrease in areas with high chlorophyll concentrations. 

In studies encompassing several regions and/or time periods, it has regularly been stated 

that density of S. thompsoni was significantly reduced, or they were even absent when 

the water chl-a concentration increased beyond 1 to 1.5 μg chl-a L-1 (Nicol et al. 2000; 

Pakhomov et al. 2002; Atkinson et al. 2004; Kawaguchi et al. 2004; Tanimura et al. 

2008). These observations have mainly been explained by the clogging effect in salps 

caused from high particles loads that was observed in the warm water salp species 

Pegea confoederata (Harbison and Gilmer 1976; Harbison et al. 1986). Since salps have 

to move continuously because their locomotion, respiration and feeding are coupled, 

they do in general not adjust filtration rates to particle concentrations (Harbison and 

McAlister 1979; Andersen 1985; Madin and Kremer 1995). Accordingly, high loads of 

suspended material in the water were considered as the fatal clogging effect for 

abundant S. thompsoni with a subsequent mass beaching of salp carcasses due to high 

wind speeds and tides in Potter Cove, Antarctica in 2002 (Pakhomov et al. 2003). In our 

study, the expected harmful concentration of 1.5 μg chl-a L-1 was reached ten days after 

the fertilisation. However, a significant reduction in salp abundance occurred only after 

three weeks of continuously exposure to high particles concentrations in the euphotic 

zone.  

 

Already (Harbison et al. 1986) pointed out that the swarm-building salps as Salpa

aspera or Thalia democratica and others may have a “radically different” clogging 

response compared to the non-migrating, non-blooming P. confoederata studied. They 
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suggested that behavioural responses might have evolved in those species to avoid 

clogging in phytoplankton blooms. Accordingly, S. thompsoni during the EIFEX survey 

was not clogged and did not significantly reduce ingestion at high food conditions (von 

Harbou et al. in prep., study II). Also Salpa fusiformis, a species closely related to S. 

thompsoni did not show clogging or cessation of filtration at particles concentrations up 

to 16 μg chl-a L-1, an order of magnitude above the general encountered range of 

particles in field (Andersen 1985). It might be that their filtering mucous net was not 

continuously deployed which prevented severe, fatal clogging (Madin 1974; Andersen 

1985).  

 

However, differently to our study, S. thompsoni sampled at high field chlorophyll 

concentrations (>1.5 μg chl-a L-1) showed slow swimming movements but recovered to 

normal swimming behaviour if exposed to filtered seawater (Perissinotto and Pakhomov 

1997). We can imagine that in the field, a vertical migration to deeper waters below the 

euphotic zone with fewer particles in the water might have the same “clearing” effect 

for the salps. This might explain the observed reduced residence time or migration into 

the euphotic zone at stations with high chlorophyll concentrations during the night. 

Another recent study gave also indication of adaptive vertical migration behaviour of S.

thompsoni (Nishikawa et al. 2009). The high outfall of fresh algal material from the 

EIFEX bloom (Peeken et al. 2006), and possible microheterotrophic consumers might 

already provide sufficient food for energetic demands at depth “beneath” the bloom 

itself, whereas clogging of too high food particle concentrations or predation of visual 

predators might be reduced at depth.  

 

The number of predators in the euphotic zone might in fact be higher at high food 

conditions because the total zooplankton abundance in the mixed layer increased in the 

fertilised area of the eddy (Krägefsky et al. subm., see appendix III). However, pelagic 

amphipods as potential predators of salps were mainly small. Commensal amphipods of 

different size clutches (e.g. Vibilia antarctica) mainly infested the large solitary 

generation of salps during our survey. Heron and Benham (1984) postulated that the 

low number of mature solitaries results from their higher mortality caused by those 

internally operating predators. However, it would seem more advantageous for the 

commensal amphipods and their young to profit from a long-living solitary. The 

infestation by amphipods rather harms the salps through a reduced growth, longevity 



Demographic response of Salpa to a diatom bloom 
 

75 

and/or reproduction because of a reduced or harmed ingestion, than causes acute 

damage or the immediate death of the host animal (Madin and Harbison 1977). Even if 

we assume high mortality through carnivore macrozooplankton and further – not 

quantified – predation through cnidarians (Larson et al. 1989; Raskoff 2002), fish 

(Hopkins and Torres 1989), and birds (James and Stahl 2000; Cruz et al. 2001; Hedd 

and Gales 2001; Suazo 2008), it seems unlikely that mortality alone can explain the 

abrupt drop in salp abundance in the last weeks of our survey. Furthermore, the shift in 

the demographic population structure is not likely to result from predation alone.  

 

4.3 Seasonal effects 

We conclude that salp population densities decreased at the end of our survey as result 

of the end of the annual reproduction period. First, S. thompsoni showed an increase in 

abundance and biomass from mid February to early March in the EIFEX eddy. In Mid 

March, the number of salps, and especially that of large mature blastozoids, was 

significantly lower than in the previous weeks of our study, despite the apparently 

successful reproduction and growth in the area. Apparently, we observed the general 

seasonal pattern of S. thompsoni described in Foxton (1966) which was recently 

confirmed by Pakhomov et al. (subm., study III): S. thompsoni shows a second 

abundance peak in late summer/early fall driven by an increase in the aggregate form 

through asexual reproduction followed by an abrupt density drop. Both number and size 

of the both generations are reduced, and the proportion of mature stages and thus the 

reproduction capacity, diminished (Foxton 1966; Casareto and Nemoto 1986; Chiba et 

al. 1999; Kawaguchi et al. 2004; Pakhomov et al. 2005; Tanimura et al. 2008). Only a 

few young immature S. thompsoni, mainly solitaries, overwinter (Foxton 1966; Lancraft 

et al. 1991; Pakhomov et al. subm., study III). Although we could not confirm an 

internally reduced asexual reproduction capacity of solitaries at the end of the season 

suggested by Foxton (1966) and Daponte et al. (2001), we did observe a faster 

maturation of the sexual generation and less mature stages in both generations towards 

the end of the reproductive season.  

 

March seems early in the year for a seasonal change. Further south of our survey area in 

the Bellingshausen Sea, a cohort growth from stage 0 in April to stage 2 in May 1999 

still occurred at average temperatures between -1 to 2°C (Pakhomov et al. 2005). S.
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thompsoni was present in surface waters at temperatures around 1°C until mid-April at 

the South Shetland Islands (Pakhomov et al. 2003). Accordingly, a study in the Lazarev 

Sea in April 2004, revealed low to medium salp densities with ongoing reproduction, 

although aggregates in stage X (as sign of unsuccessful reproduction) increased to 15 to 

20% (Pakhomov et al. subm., study III). In the Weddell-Scotia Confluence region, salps 

were found until the end of March (Daponte et al. 2001). Abundances in this region 

were lower during the end of March in one year than at the beginning of March the 

previous year, but the differences have not been discussed as seasonal change (Daponte 

et al 2001). So far, seasonal changes observed in populations of S. thompsoni have 

mainly been related to temperature shifts (Foxton 1966; Kawaguchi et al. 2004) but 

temperatures remained constant and rather high (around 4°C) throughout our survey. 

However, also the phytoplankton community including the fertilised and non-fertilised 

areas of the EIFEX eddy showed signs of seasonal induced changes at the end of the 

experimental period (Hoffmann et al. 2006). We therefore assume that the entire system 

changed from an estival to an autumnal community with other triggering factors than 

temperature, but cannot decipher specific factors responsible for this change.  

 

4.4 Deep population 

The main distribution of salps has its lower boundary at 450 m (Voronina et al. 2005). 

Yet, S. thompsoni has regularly been sampled in deeper waters down to 1000 and 2000 

m (Foxton 1966; Voronina et al. 2005; Pakhomov et al. subm., study III). During 

EIFEX, deep samples in week 4 revealed that average salp abundance in the depth range 

between 400 to 1000 m at the high chl-a station 544 was comparable or even higher 

than that at medium depths between 100 and 400 m. Unfortunately, we possess no data 

on the deep distribution of salps from other stations and can only speculate upon a 

downward migration of salps at the end of reproductive summer season. Foxton (1966) 

observed a tendency of larger aggregates to migrate to deep waters during March and 

April where at least a part of the population seems to overwinter (Foxton 1966; Lancraft 

et al. 1991). Our findings confirm these observations although demands and food supply 

of these deep-dwelling individuals remain uncertain (Andersen and Nival 1986). In 

Mediterranean waters, a number of Salpa fusiformis was observed in waters about 400 

to 600 m depth, which did not migrate to surface waters, but profited from food supply 

through strong down-welling of surface waters off the Ligurian coast (Laval et al. 
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1992). Whether the salps observed at depth in our study were still migrating between 

the food rich surface waters and the depth below 400 m, is not known. Active migration 

by S. thompsoni has been observed to depth between the mixed layer down to 500 and 

750 m (Lancraft et al. 1991; Gili et al. 2006; Nishikawa et al. 2009). It will be necessary 

in future investigations to take into account those deep populations with an intensified 

sampling effort to understand the salp’s annual life cycle and estimate its annual gross 

production. Furthermore, the deep migration has significant implications for the salp’s 

role in the carbon sequestration (Wiebe et al. 1979; Fortier et al. 1994; Pakhomov et al. 

2002) and as link between pelagic and benthic food web (Gili et al. 2006).  

 

4.5  Opportunistic life strategy of S. thompsoni in a variable environment 

The population of S. thompsoni in the surveyed eddy region represented a typical 

reproductive summer population of medium abundance in the Polar Frontal Zone. 

During the survey, surprisingly, no expected immediate negative response of the salps 

on the fast developing phytoplankton bloom was observed although the proportion or 

residence time of salps in the upper water column during the night might be reduced 

inside the bloom area compared to outside. The embryonic development in aggregates 

from the high chl-a stations was faster than that of the original salp population, 

potentially leading to a different population structure after two weeks of bloom versus 

non-bloom conditions which might furthermore explain generally lower salp abundance 

and salp biomass under bloom conditions. The duration of the experiment, however, 

was too short to study the salp population dynamics in full lengthy detail. Nevertheless, 

our data showed that salps might well be adapted to mesoscale blooms regularly 

occurring in the polar frontal zone in opposite to long lasting spring blooms at the ice 

edge that seem to suppress a successful build-up of salp biomass in Antarctic shelf 

regions (Pakhomov et al. 2002). Also, we revealed the reproductive plasticity in the 

sexual generation of S. thompsoni with a fast response to the changing environmental 

conditions within weeks. Overall, salp reproduction was subjected to seasonal changes. 

Mature stages released young stages of both generations and probably died thereafter. 

Young and medium stages were probably exposed to high mortality through predation 

in upper waters, and further reduced their residence depth at the onset of the winter 

period, thus the total number of salps in the upper waters decreased. The reproductive 

season ended in Mid March. 
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This opportunistic reproduction strategy including sexual and asexual generations can 

be seen as survival strategy in the Southern Ocean where food conditions and water 

temperatures vary seasonally, temporally and locally. Although usually restricted to 

oceanic waters of low food and to water temperatures above 0°C; S. thompsoni has 

regularly been found on the shelf overlapping with areas of high krill densities (Fisher 

et al. 2004; Lancraft et al. 2004; Ross et al. 2008); in higher phytoplankton 

concentrations (Torres et al. 1984; Huntley et al. 1989; Kawamura 1994), in cold water 

masses below -1.5°C (Larson et al. 1989; Chiba et al. 1998; Hosie et al. 2000), and 

under the ice (Boysen-Ennen et al. 1991; Fisher et al. 2004; Pakhomov et al. study III). 

Apparently, S. thompsoni may occur widely dispersed in Southern Ocean waters at low 

numbers but with the potential to initiate a salp bloom if favourable conditions arise. In 

this respect, salps might better cope with environmental changes than the Antarctic krill 

(Euphausia superba).  

 

The krill populations with their individual multi-year life cycles are dependent on 

successful recruitment over several years (Siegel 2005). Their survival mechanisms in 

high Antarctic waters include adaptations to re-occurring environmental changes in the 

annual cycle, e.g. long periods of fast ice and stable oceanic current systems (Pakhomov 

2000; Nicol 2006). In contrast, S. thompsoni adapt to rapid changing environmental 

conditions in the ACC throughout a given year. This flexibility will probably also allow 

this species to adapt to ongoing environmental changes in higher Antarctic waters due 

to global warming, enhanced krill fisheries and eventual food web shifts (Loeb et al. 

1997; Fraser and Hofmann 2003; Atkinson et al. 2004). However, despite earlier 

predictions of persisting dominant salp blooms following shorter winters with reduced 

ice-cover in the warmed-up Antarctic Peninsula region instead of former krill swarms 

(Atkinson 1995; Loeb et al. 1997; Nicol et al. 2000), we need reliable parameters of 

salp growth and reproduction, and further information of the factors influencing them. 

Only then we will be able to fully estimate the salp’s role in present and in future 

Antarctic ecosystem.  
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Abstract 

The feeding response of the pelagic tunicate Salpa thompsoni to the build-up of a 

phytoplankton bloom was studied during the European Iron Fertilisation Experiment 

(EIFEX) from February to March 2004. In incubation experiments, neither the 

individual swimming and feeding behaviour, nor the fecal pellet production rates of 

salps from surface waters of fertilised and non-fertilised areas were different. However, 

the pigment content of egested fecal pellets was significantly higher for salps exposed to 

high food concentrations, but no significant increase in carbon concentration of egested 

fecal pellets was determined. Fecal pellets produced at high food concentrations 

contained high amounts of non-digested diatoms and easily broke apart after egestion. 

Accordingly, in situ gut pigment contents of S. thompsoni sampled in the iron-induced 

phytoplankton bloom were significantly higher than those of individuals in the non-

fertilised area. Highest gut contents during the bloom development were found 10 and 

16 days after fertilisation. Microscopic observations and high-performance liquid 

chromatography (HPLC) analyses of water samples and of freshly caught salps clearly 

showed that S. thompsoni was able to ingest and moderatly digest diatoms of 

surrounding waters which was further supported by fatty acid analysis of salps. These 

findings rule out immediate clogging of S. thompsoni at phytoplankton concentrations 

>1 μg chlorophyll L-1. Nevertheless, estimated ingestion and egestion rates of large 

sized salps in the fertilized bloom area were only slightly higher than those of large-

sized salps outside the bloom area.  The more abundant smaller salps (< 30 mm body 

size) did not profit from the increasing food concentrations in the bloom situation at all. 

We conclude that diatoms, which dominated the phytoplankton bloom, apparently 

provided a low food quality to S. thompsoni. The digestion of the diatom pigment 

marker fucoxanthin was low, same as the signal for diatom based fatty acid markers in 

the salps. Both the grazing impact of S. thompsoni and its contribution to the vertical 

carbon flux largely depend on the ambient phytoplankton composition. 
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1 Introduction  

In the Southern Ocean, high densities of the pelagic tunicate Salpa thompsoni and of 

crustacean zooplankton segregate on spatial and temporal scales (Loeb et al. 1997; 

Hosie et al. 2000; Ross et al. 2008). Special attention was paid to mutual exclusion of 

mass aggregation of salps and swarms of Euphausia superba, the Antarctic krill (Loeb 

et al. 1997; Nicol et al. 2000; Pakhomov et al. 2002; Atkinson et al. 2004). Krill as key 

species in the Antarctic ecosystem sustains large populations of warm-blooded 

predators such as birds, penguins, seals, and whales (Ainley et al. 1991; Fraser and 

Hofmann 2003; Forcada et al. 2005). Several attempts have been made to explain the 

exclusion of salps and krill by a direct predation of salps on krill eggs and early larvae 

stages (Huntley et al. 1989; Nishikawa et al. 1995), and of krill on salps (Kawaguchi 

and Takahashi 1996). Another explanation for the missing concurrence of salps and krill 

are contrasting preferences of the two species in both temperature and oxygen regimes 

(Pakhomov et al. 2002; Catalán et al. 2008). The duration of winter, i.e. the extent of 

sea ice coverage, enhances krill recruitment by protection from predators and by energy 

supply of ice associated biota to the furcilia stages (Siegel and Loeb 1995; Atkinson et 

al. 2004; Ju and Harvey 2004; Meyer et al. 2009). When the sea ice melts, stabilisation 

of the water column supports the development of spring phytoplankton biomass in the 

marginal ice zone (Smetacek et al. 1990). In turn, phytoplankton is an important food 

source for krill growth at all stages (Siegel 2005; Nicol 2006). Presumably, salps profit 

less than krill from food provided by ice algae (Torres et al. 1985; Lancraft et al. 1991). 

Furthermore, reproduction of S. thompsoni appears to be hindered at sub-zero 

temperatures, occurring with sea-ice melting (Chiba et al. 1999; Pakhomov et al. 2006; 

Pakhomov et al. subm., study III). In contrast, S. thompsoni seems to proliferate in years 

and in areas with shorter ice-coverage and with lower phytoplankton concentrations 

(Loeb et al. 1997; Voronina et al. 2005; Ross et al. 2008).  

 

Also in other oceanic regions, high concentrations of swarm building salps are restricted 

to areas of low to medium phytoplankton concentrations, for example Salpa fusiformis 

in the Mediterranean (Andersen and Nival 1986; Morris et al. 1988), Salpa aspera in 

the North Atlantic (Madin et al. 2006), Thalia democratica off New Zealand (Zeldis et 

al. 1995) and Cyclosalpa bakeri in subarctic Pacific (Madin and Purcell 1992). As far as 

we know today, all salps possess the same unique feeding mechanism of a filter feeding 
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net, deployed in the body cavity, that functions in principal like a fisher’s net, screening 

the inhaled water and collecting particles larger than the mesh size (Fedele 1933; Madin 

1974; Bone et al. 2000). The net with all adhering particles is continuously transported 

to the oesophagus and ingested (Madin 1974). The thrust of swimming using muscular 

pumping results in the required water flow through the body cavity. At the same time, 

the water also passes along the salp’s gill bar. Thus, swimming, feeding, and respiration 

are ultimately linked, causing low metabolic expenses and perfect adaptation to low 

food concentrations in the oceanic realm (Alldredge and Madin 1982). However, this 

type of feeding is difficult to adjust to different ambient particles concentrations (Madin 

and Deibel 1998). The first report on a “clogging” effect induced by high particle 

concentrations is from the tropical salp Pegea confoederata (Harbison and Gilmer 

1976). In feeding experiments, P. confoederata filtered particles until the feeding net 

was “overloaded” with food particles and a bolus of particles and mucus too large to be 

ingested by the salps formed in front of the oesophagus (Harbison and Gilmer 1976). 

Later, the results of these experiments were confirmed by field studies that showed the 

same disability of P. confoederata to handle high ambient particles concentrations. The 

filtration net with entangled particles “clogged” the pharynx, finally leading to 

starvation of the animals (Harbison et al. 1986). Although this direct observation of 

clogging was reported solely for P. confoederata, the clogging of the feeding net was 

thought to explain the general exclusion of salps from areas of higher phytoplankton 

concentrations, e.g. neritic areas (Alldredge and Madin 1982; Harbison et al. 1986; 

Perissinotto and Pakhomov 1998ab; Nicol et al. 2000; Madin et al. 2006). Accordingly, 

high loads of suspended material in the water were suggested to have a fatal clogging 

effect on the abundant S. thompsoni with a subsequent mass beaching of salp carcasses 

due to high wind speeds and tides in Potter Cove, Antarctica in 2002 (Pakhomov et al. 

2003). 

 

Harbison et al. (1986) in contrast suggested that different from the non-swarming salp 

P. confoederata, swarm-forming salps probably developed either different feeding 

mechanisms or special behavioural means to avoid the clogging effect. Salps can exert 

backward flushing and backward swimming to expel the clogged feeding net (Deibel 

1982; Harbison et al. 1986). Madin (1974) dyed the feeding net of different salp species 

with carmine to observe the feeding mechanism of salps in situ. The repeated 

application of carmine interrupted the continuous deployment of the feeding net. 



Feeding response of Salpa to a diatom bloom 
 

90 

Accordingly, no signs of clogging of Salpa fusiformis occurred in experiments with 

high food concentrations, and an interruption of the deployment of the filtering net was 

suggested (Andersen 1985). Such a mechanism would avoid fatal clogging, but would 

significantly reduce or cease ingestion. Accordingly, Perissinotto and Pakhomov 

(1998b) reported on reduced gut pigment contents of S. thompsoni from high food 

environments. Perissinotto and Pakhomov (1997) observed S. thompsoni individuals 

with a reduced swimming motion at sites of highly concentrated phytoplankton. Salps 

from such locations regained normal swimming in experimentally provided filtered 

seawater, implying that also diel vertical migration (DVM) below the particle rich 

surface layers might be an option for salps to optimise their food supply (Harbou et al. 

in prep., study I). Indeed, strong DVM is reported for swarm-building salp populations 

(Madin et al. 2006; Nishikawa et al. 2009; Pakhomov et al. subm., study III). Thus, 

several mechanisms would allow salps to sustain - at least for a while - at relatively high 

ambient particle concentrations. However, threshold levels of particle concentrations 

that cause clogging of the oesophagus in S. thompsoni were not determined. 

Furthermore, no extensive studies on reduced ingestion rates of S. thompsoni in high 

food environments are available.  

 

During the European Iron Fertilisation EXperiment (EIFEX), a phytoplankton bloom 

was initiated in the Southern Ocean Polar Frontal zone in late austral summer by the 

fertilisation with iron, the limiting micronutrient of the natural phytoplankton 

community (Bathmann 2005). The development of the bloom was followed over 38 

consecutive days by comparing bloom and non-bloom areas originating from the same 

water masses within a closed oceanic eddy. This provided the unique opportunity to 

compare the influence of food quantity and quality on feeding dynamics of Salpa

thompsoni. We applied several methods to investigate salps directly collected from the 

field or held under controlled conditions on board. The population dynamics and 

reproductive response of S. thompsoni to the phytoplankton bloom are reported in a 

sister paper (von Harbou et al. in prep., study I).   
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2 Methods 

2.1 Study site  

The present work was carried out during the European Iron Fertilisation Experiment 

(EIFEX; ANT XXI/3) in late austral summer (21 January – 2 March 2004) on board RV 

Polarstern in the Atlantic Sector of the Southern Ocean. The experiment was performed 

in a cyclonic eddy of a diameter of nearly 100 km that originated from the Antarctic 

Polar Front. The eddy was located at 49.5°S and 02°E and remained stable for the entire 

duration of the experiment of 38 days (Cisewski et al. 2008). At the beginning of the 

experiment, the eddy centre was marked with a drifting buoy and an area of ca. 150 km² 

around the buoy was fertilised with a FeSO4 solution, repeated a second time after 14 

days. In response to the fertilisation, a diatom bloom developed and spread over ~ 500 

km² (Hoffmann et al. 2006). On board ship, measurements of the in situ phytoplankton 

photosynthetic efficiency (Fv/Fm) and later measurements of the partial pressure of CO2 

served as markers of the fertilised patch, and allowed to distinguish between stations 

inside and outside fertilised areas, both located within the same water mass of the eddy 

(Smetacek et al. 2005).  

 

Seawater samples were taken at several depths down to 200 m at each biological station 

within the eddy using a CTD rosette sample for the following variables: chlorophyll a 

(chl-a), particulate organic matter (POM) including carbon (POC) and nitrogen (PON), 

and algae marker pigments, analytical methods are described below. Concentrations of 

chl-a and POC are used as indicators of phytoplankton abundance and of particles 

distribution, respectively. Measurements of algae marker pigments by means of high 

pressure liquid chromatography (HPLC) allow conclusions on the algae groups present 

in the water column.  

 

Chl-a was extracted from 0.5 to 1 L aliquots on GF/F filters in 6 ml of 90% acetone for 

2 hours. Fluorometric measurements of the extracts were carried out on board the ship 

and are described below. For POC measurements, 1 to 4 L of water were filtered on 

precombusted GF/F filters according to biomass present in the water. POM filters were 

placed in open Eppendorf tubes and immediately dried for at least 48 hours in a drying 

oven (60°C). Afterward, the tubes were closed and stored with desiccant in closed 
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plastic boxes until analysis at the home laboratory. For marker pigment analysis 

including chl-a and degradation products by HPLC, 1 to 4 L of samples were filtered on 

GF/F filters. The HPLC filters were stored in 1.5 mL cryo vials and immediately frozen 

at -80°C until analysis.  

 

2.2 Sampling and size frequency determination of salps  

Sampling of salps was carried out at each biological station within the eddy, inside and 

outside the fertilised patch throughout the duration of the experiment (38 days; Table 1). 

Specimens of salps were collected with a vertically towed Bongo net (BN, net opening 

0.57 m², mesh size 300 μm). Sampling depths was between depth (100 to 50 m) and 

surface. For the collection of living, undamaged salps, a non-filtering cod-end (~ 7 L) 

was attached to the BN. Net catches were immediately diluted in 20 L seawater. Salps 

were either transferred to a temperature controlled laboratory (4°C, representing water 

temperature in the mixed layer) for experiments or preserved as described below. All 

salps from each tow were counted and measured to determine size frequency 

distribution and salp biomass. To calculate salp carbon biomass in the field, relations 

established from bio-elemental analysis were applied to the size frequency data of salps 

of each net tow. The calculated biomass was divided by the net opening to estimate salp 

biomass per square metre for the given sampling depth (Table 1). 



 

 

Table 1.   Salpa thompsoni density and feeding impact in the Polar Frontal Zone during February and March 2004 at low (�1.0 μg chl-a m-3) and high chlorophyll 
stations (>1.0 mg chl m-3) as defined in Figure 1 in the upper water column (surface down to 50 to 100 m)   

Date Station Sampl. Sampl.   
Ambient stock 
       (m-2)  

Salp density  
     (m-2) 

Nightly salp ingestion  
       (m-2 night-1)  

Nightly salp egestion  
      (m-2 night-1) 

Daily Imin 
(m-2 day-1) 

 
 

  Depth Time  chl-a pig POC ratio     pig  pig POC    

  No. m (UCT)  mg m-3 mg g POC:PIG n mg C  mg pig % of ambient mg mg mg C 
% of 

ambient 

12.2. *424-16 100 01:11 low 
 

0.76 83.9 9.2 110  39 38  0.10 � 0.1  0.02 1.6 6.7 � 0.1 
 *424-18 100 02:20 low 0.76 83.9 9.2 110  44 123  0.23 0.3  0.04 3.3 16.0 0.2 
13.2 "427-5 95 20:55 low 0.68 80.7 n.d.   109 267  1.17 1.5  0.18 10.0 37.2 n.d. 
 *427-9 95 23:31 low 0.68 80.7 n.d.   37 288  2.02 2.5  0.29 13.0 41.0 n.d. 
29.2 514-5 50 18:51 low 0.61 44.4 5.3 119  5 45  0.05 � 0.1  0.01 0.8 4.4 � 0.1 
 514-11 50 21:25 low 0.61 44.4 5.3 119  9 82  0.09 0.2  0.02 1.5 8.2 0.2 
 *"514-12 50 21:45 low 0.61 44.4 5.3 119  104 51  0.15 0.3  0.02 2.7 10.7 0.2 
 *514-15 50 23:17 low 0.61 44.4 5.3 119  216 72  1.18 2.7  0.18 9.7 33.8 0.6 

*514-16 50 23:27 low 0.61 44.4 5.3 119  81 201  0.70 1.6  0.06 5.3 25.8 0.5 
 *514-17 50 23:38 low 0.61 44.4 5.3 119  42 113  0.19 0.4  0.03 2.8 13.9 0.3 
11.3 *546-11 70 19:07 low 0.41 42.6 4.1 96  140 73  0.22 0.5  0.03 4.0 15.6 0.4 
9.3 *546-15 50 21:47 low 0.39 31.0 3.0 98  32 160  1.02 3.3  0.01 1.2 5.0 0.2 
 *546-17 50 22:53 low 0.39 31.0 3.0 98  156 118  0.31 1.0  0.05 5.0 21.1 0.7 
 *"546-18 50 23:08 low 0.39 31.0 3.0 98  102 154  0.39 1.3  0.06 5.6 23.8 0.8 
10.3. *"546-20 50 00:08 low 0.39 31.0 3.0 98  39 78  0.41 1.3  0.06 4.0 13.3 0.4 
 587-6 50 18:28 low 0.47 34.9 3.3 96  12 2  0.09 0.3  0.01 0.2 0.7 � 0.1 
 587-8 50 23:01 low 0.47 34.9 3.3 96  21 6  0.02 � 0.1  0.00 0.4 1.6 � 0.1 
18.3 *"587-12 50 00:47 low 0.47 34.9 3.3 96  9 2  0.01 � 0.1  0.00 0.2 0.6 � 0.1 
 *"587-13 100 01:06 low 0.46 58.0 5.5 95  51 16  0.09 � 0.2  0.01 1.3 4.2 � 0.1 

- continues next page- 



 

 

- Table 1 continued - 

22.02. *508-19 50 21:02 high 1.70 126 6.0 52  67 47  0.77 0.7  0.05 2.8 26.4 0.4 
 *508-21 50 22:01 high 1.70 126 6.0 52  40 9  0.04 � 0.1  0.02 0.7 9.0 � 0.1 
 *"508-23 100 22:52 high 1.62 186 10.4 56  218 463  1.20 0.6  0.23 11.2 55.1 0.5 
24.02. *511-6 80 20:30 high 1.46 142 9.2 65  30 63  0.89 0.6  0.05 2.9 9.8 � 0.1 
 *"511-8 90 21:10 high 1.42 174 10.5 60  75 138  0.95 0.5  0.09 4.5 18.1 0.2 
27.02. *513-6 50 21:23 high 1.97 118 8.3 70  19 33  0.10 � 0.1  0.02 1.1 4.9 � 0.1 
 513-10 50 23:40 high 1.97 118 8.3 70  12 10  0.20 0.2  0.02 0.8 26.4 � 0.1 
 *513-13 50 01:48 high 1.97 118 8.3 70  14 97  1.83 1.6  0.07 4.4 9.0 0.2 
 *"513-14 50 02:00 high 1.97 118 8.3 70  49 128  1.90 1.6  0.10 5.8 2.1 0.2 
28.2. *513-15 50 02:16 high 1.97 118 8.3 70  19 6  0.02 � 0.1  0.01 0.4 13.9 � 0.1 
 *513-17 50 03:13 high 1.97 118 8.3 70  33 45  0.67 0.6  0.05 2.5 19.6 � 0.1 
 *513-20 50 04:15 high 1.97 118 8.3 70  23 111  0.30 0.3  0.05 2.5 1.4 0.2 
4.3 *543-2 50 01:58 high 2.33 165 7.3 44  40 105  0.32 0.2  0.06 3.0 7.8 0.2 
 "543-3 50 02:15 high 2.33 165 7.3 44  39 82  0.67 0.4  0.25 3.3 13.0 0.2 
 544-31 50 19:20 high 2.61 186 7.8 42  5 3  0.01 � 0.1  0.00 0.1 14.3 � 0.1 
8.3 *544-34 50 21:14 high 2.63 181 7.8 43  26 84  1.51 0.8  0.06 3.4 12.8 � 0.1 
 *544-38 50 22:53 high 2.63 176 7.8 44  12 6  0.03 � 0.1  0.01 0.3 0.3 � 0.1 
 544-41 50 01:38 high 2.61 176 7.5 43  9 4  0.02 � 0.1  0.00 0.2 11.5 � 0.1 
 544-43 50 02:32 high 2.61 176 7.5 43  4 1  0.03 � 0.1  0.01 0.3 1.3 � 0.1 
  *544-44 50 02:49 high 2.61 176 7.5 43  9 25  0.09 � 0.1  0.02 0.8 0.9 � 0.1 

Only stations with salp (aggregate and solitary form combined) catches are listed. Gut fluorescence was determined by fluorometry (stations marked by * )and by HPLC (stations 
marked by " ) analyses. Ingestion and egestion rates per night were calculated by combining size-abundance data with the rates based on results obtained by fluorometry for low and 
high ambient food concentrations (Table 2). Minimum daily carbon ration (min. daily ration, mg C m-2day-1) is estimated from daily salp population respiratory needs combined with 
daily carbon defecation (see methods for further explanation), Sampl. Sampling , n.d. not determined, FP fecal pellet 
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Preservations of salp samples were done according to further analyses. Salps were 

sorted individually and total length (from tip to tip) measured to the nearest millimetre 

as quickly as possible. For later conversion of total length to the salp body length, 

established relations are used (see below). For lipid analysis, salps were blotted dry and 

one to three individuals placed into lipid-clean vials. Vials were purged with nitrogen, 

sealed with teflon-liners and immediately stored at –80°C until analysis in the home 

laboratory. Guts were not excised to avoid lipid contamination through handling. For 

pigment analysis, salps were wrapped (individually or same sizes combined) in tin foil 

and immediately frozen in liquid nitrogen. From retrieve of the net to freezing of 

samples for pigment or lipid analyses, no more than 20 minutes elapsed to minimize 

bias from the actual in situ states of the salps. Usually, especially when salps are 

retrieved from RMT-samples or from greater depth, it takes longer to process samples 

from capture until freezing (pers. comm., EA Pakhomov). We put special emphasis on 

digestion of chlorophyll to degradation products, and digestion efficiency at different 

areas and therefore tried to minimize handling time and shock frosted the salps. Until 

further handling, samples were stored at -80°C. Later on board ship, salp guts were 

excised in Petri dishes on crushed ice. Guts determined for HPLC analysis were 

immediately stored in cryo-vials at -80°C. Guts for fluorometric measurements of 

pigments were placed into centrifuge tubes (10 mL) and refrigerated two hours prior to 

analysis in 6 ml of 90% acetone. Salps for elemental analysis and for microscopic 

analysis of gut contents were used to establish size relations on the unpreserved 

specimens prior to freezing at -20°C. Total length (TL, from tip to tip) and body length 

between the oral to atrial opening (OAL, omitting the pointed tips for the aggregate 

form), were determined with a ruler or under a stereomicroscope to the nearest 

millimetre. The size relationship for unpreserved samples followed linear regression as 

follows (for details, see Harbou et al. in prep.; study I): 

 

  r² n Size range, 
mm 

Aggregate: OAL = 0.52 (TL) + 1.9 0.92 204 6 - 52 (Eq. 1)

Solitary: OAL =  0.92 (TL) + 0.94 0.98 17 10 - 117 (Eq. 2)
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2.3 Incubation experiments 

During the EIFEX cruise, swimming and feeding behaviour, and defecation rates of 

Salpa thompsoni aggregates and solitaries were followed in incubation experiments. For 

acclimation, live salps from net catches were first kept in the dark in large aquaria in a 

temperature controlled laboratory (4°C). Some fecal pellets produced during this 

acclimation period were preserved in buffered formaldehyde (4% final concentration) 

for microscopic analysis of the content. The incubations started ~1 to 3 hours after 

capture. Only undamaged salps with regular swimming behaviour were chosen. From 1 

to 9 salps were carefully transferred with a ladle into 2 L or 20 L buckets according to 

individual size and/or chain size. Salps larger than ~ 15 mm body length were kept 

individually unless still attached to chain mates. We preferentially chose aggregate salps 

still in chains as we assumed that they might perform closer to normal swimming and 

feeding behaviour than separated individuals. Large chains with >15 individuals or 

solitary salps were kept in circular ~ 100 L aquaria. Special precaution was taken 

because already minor temperature elevation of the incubation water causes the 

formation of air bubbles at the salp’s tunica. Those bubbles keep the salps at the surface 

and thus disturb regular swimming and feeding behaviour. Therefore, the experimental 

containers were filled at the same time as acclimation aquaria shortly before or after the 

Bongo net deployment with ambient subsurface water (~ 10 m). In such way, 

differences in food composition and temperature between the acclimation aquaria and 

experimental containers were minimised. Air bubbles in the water caused by the filling 

procedure disappeared before salps were transferred to the containers. Incubations 

lasted for 8 to 12 hours with no replacement of water to avoid intrusion of air bubbles 

and disturbance of the swimming salps. In one experiment (n = 11), salps were 

monitored over 20 hours to follow defecation in decreasing food concentrations. In 

general, S. thompsoni keeps well for such a time span in confinement, but fitness of the 

animals decrease significantly in small containers without water change as compared to 

shorter incubations. Therefore, defecation rates for in situ estimates were based on 

average hourly defecation in 8 hours.  

 

Salps were regularly monitored and their swimming behaviour periodically noted. It 

was aimed to study the formation and expulsion of food boli and to preserve the boli for 

microscopic examination. Defecation rates of S. thompsoni were measured in terms of 
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number of fecal pellets, chlorophyll a plus phaeopigments, and elemental carbon and 

nitrogen. To determine the defecation rates, produced feces were regularly (every 1 to 3 

hours) counted and collected into lightproof containers using an elongated pipette. In 

each experimental container, samples for both pigment and for elemental analysis were 

collected over the incubation period (in total, n = 91 and n = 176 filters, for pigment and 

for elemental analysis, respectively). Samples were cooled on ice and filtered through 

GF/F (precombusted for elemental analyses) filters. For pigment analysis, filters were 

placed in centrifuge tubes (10 ml) and refrigerated for 2 hours in 6 ml 90% acetone. 

Filters for elemental analysis were stored at -20°C. At the end of the incubations, salps 

were transferred in filtered seawater for 18 to 36 hours to allow for defecation. The 

salps were sized and frozen at -20°C for analysis of elemental composition of salps with 

cleared guts. Some of the salps were frozen at – 80°C for determination of background 

fluorescence of cleared salps guts.  

 

2.4 Pigment analyses 

Fluorometric method. Fluorescence measurements of water samples, fecal pellet 

samples and of salp guts (in situ and background fluorescence) were carried out directly 

on board the ship principally as described in Pakhomov et al. (2006) modified after 

Mackas and Bohrer (1976). Prior to fluorescence readings, ~ 1 ml glass beads (2 mm 

diameter) were added to centrifuge tubes and samples milled in a cell mill, then 

centrifuged (5,000 rpm) at 0°C for 10 min. Fluorescence was read before and after 

acidification with a Turner Designs 10 AU fluorometer, and dilutions using 90% 

acetone were made when necessary. The fluorometer was calibrated before and after the 

experiments with chl-a standard (Sigma); and blank readings with acetone were carried 

out before each sample run. Chlorophyll a (chl-a) and phaeopigment concentrations 

were calculated from standard equation (Strickland and Parson 1968); total pigments 

were calculated as chl-a plus phaeopigments. 

 

If plant pigments are used as tracer for gut content estimates, there should be a 

correction for the fraction lost to degradation in the guts (Madin and Kremer 1995). In 

this study, no correction factor was applied for the loss from chlorophyll to non-

fluorescent products. This is not satisfyingly quantified for S. thompsoni and might 
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change with diet. Madin et al. (2006) also applied no correction factor of pigment loss 

in their determination of ingestion rates based on gut fluorescence in the salp Salpa

aspera, and conclude that ingestion rates without correction factor might underestimate 

actual pigment ingestion. Furthermore, gut pigment fluorescence might be influenced 

by a “background” fluorescence of guts cleared of food particles (Madin and Kremer 

1995). To estimate background gut fluorescence of S. thompsoni, during our study, 37 

salps of the aggregate form from 7 to 46 mm body length were kept in filtered seawater 

for 24 to 36 hours to allow for defecation. During and at the end of this period, most 

salp guts showed a brownish colour and contained sheets of the food strand, which were 

periodically egested as fecal pellets. Occasionally, those fecal pellets were re-ingested 

during incubation. From fluorescence calculations, chlorophyll- a contents in seven guts 

were calculated to be negative. In the remaining guts analysed, chl-a accounted for 0.4 

to 14.5% (mean 5.0%) of estimated in situ chl-a gut content; and for 1.8 to 62.0% (mean 

21.6%) of estimated in situ phaeopigment gut content of salps of corresponding sizes. 

Excised oesophagi cleaned of gut content gave no chl-a signal and negligible total 

pigment signal by means of HPLC measurements (<0.5%; n = 4). We thus did not 

include background fluorescence in our calculations of gut contents, which might have 

slightly overestimated total pigment contents of salps.  

 

Marker pigment analysis by HPLC. Samples were measured by means of 

aWaters HPLC-system, equipped with an auto sampler (717 plus), pump (600), PDA 

(996), a fluorescence detector (474) and EMPOWER software. For analytical 

preparation, 20-100 μl internal standard (canthaxanthin) and 2 – 10 ml acetone (HPLC-

grade, Merck) were added to each filter or gut sample and then homogenised for 3 

minutes in a cell mill. After centrifugation, the supernatant liquid was placed in 

Eppendorf cups and an aliquot (100 μl) was transferred in the auto sampler (4°C). Just 

prior to analysis the sample was premixed with 1 M ammonium acetate solution in the 

ratio 1:1 (v/v) in the auto sampler and injected onto the HPLC-system. The pigments 

were analysed by reverse-phase HPLC, using a VARIAN Microsorb-MV3 C8 column 

(4.6 x 100 mm) and HPLC-grade solvents (Merck). Solvent A consisted of 70% 

methanol and 30% 1 M ammonium acetate and solvent B contained 100% methanol. 

The gradient was modified after Barlow et al. (1997). Eluting pigments were detected 

by absorbance (440 nm) and fluorescence (Ex: 410 nm, Em: >600 nm).  
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Pigments were identified by comparing their retention times with those of pure 

standards. Additional confirmation for each pigment was done using on-line diode array 

absorbance spectra in the wavelength range of 390-750 nm. Pigment concentrations 

were quantified based on peak areas of external standards, which were 

spectrophotometrically calibrated using published extinction coefficients (Bidigare 

(1991; Jeffrey et al. 1997). For correction of experimental losses and volume changes, 

the concentrations of the pigments were normalised to the internal standard 

canthaxanthin. Beside the known pigments presented in this paper, several other 

degradation products of chlorophyll a and marker pigments were found which could not 

be quantified due to the absence of proper standards for these compounds. 

 

2.5 Bioelemental analysis 

POC/PON filters of water samples and of fecal pellet samples were exposed over night 

to 32% HCl and dried at 60°C in a drying oven. Methods of elemental analysis of the 

salps (in situ and filtered seawater) are described in detail in von Harbou et al. (in prep., 

study I). Briefly, salps were freeze-dried, weighted, and grinded. Subsamples of the 

powder of the salps were analysed. All elemental analyses were performed using a 

Carlo-Erba NA-1500 elemental analyser with acetanelide as standard. The relationship 

between body length and dry weight and between body weight and carbon weight 

followed a power relationship, given as log-log transformed regression (see von Harbou 

et al. in prep., study I): 

 

 r² n Size range 
(mm) 

Aggregate: logWdry(mg) = 2.61 log(OAL) – 1.73 0.92 133 8 – 43 (Eq. 3)

Solitary: logWdry(mg) = 3.18 log(OAL) – 3.67 0.98 4 44 - 116 (Eq. 4)

Aggregate: logWcarbon(mg) = 3.18 log(OAL) – 3.67 0.92 109 8 - 43 (Eq. 5)

Solitary: logWcarbon(mg) =  2.74 log(OAL) – 4.04 0.92 4 44 - 116 (Eq. 6)

 

where Wdry is body dry mass (mg), Wcarbon is biomass (mg C) and OAL is salp body 

length (Oral-atrial length, mm).  
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2.6 Ingestion and egestion rates 

Qualitative estimates of the diet. By means of light microscope (LM) and 

scanning electronic microscope (SEM), contents of salp guts and salp pellets (from in

situ and experiments) were examined qualitatively. Gut contents from frozen samples 

were diluted in 0.2 μm filtered seawater and fixed with Lugol’s solution. Analysis was 

done within two weeks to avoid solution of cell structures.  

 

Ingestion rates. Ingestion rates were determined based on individual in situ gut 

content and gut evacuation (Mackas and Bohrer 1976; Madin and Cetta 1984). Gut 

pigment contents (GCpig) were expressed in terms of pigment equivalents per individual 

and determined by fluorescence (chl-a + phaeopigments) and by HPLC (chl-a + 

phaeophytin + pyrophaeophytin a + phaeophorbide + pyrophaeophorbide). Gut 

evacuation rates (k) could not be determined on board the ship since S. thompsoni failed 

to ingest corn starch or charcoal, a proposed marker for gut passage time of salps 

(Madin and Cetta 1984; Madin et al. 2006). In the literature, k-value is assumed to be 

0.25 h-1 for Salpa thompsoni (Perissinotto and Pakhomov 1998b; Pakhomov and 

Froneman 2004). A size dependent gut evacuation rate k for S. thompsoni is suggested 

by Kremer et al. (in prep.) and used in this study with 

6.2)ln(93.21 ����� OALGPTk    (Eq. 7) 

where GPT is gut passage time (h) and OAL is the oral-atrial length of the salps (mm). 

Ingestion rates were based on 12 hours of maximum residence time in the euphotic 

zone. S. thompsoni exerted strong vertical migration during the EIFEX study (von 

Harbou et al. in prep., study III) and practically disappeared from the upper water layers 

(0-100 m) during the day. Therefore, nightly individual ingestion rates (Ipig, μg (pig) 

ind.-1night-1) were estimated from the relation 

  Ipig = k · GCpig · 12 h               (Eq. 8) 

where GCpig is the gut pigment content (μg pig ind.-1) and k is the gut evacuation rate 

constant (h-1) of an individual of a given size. To convert pigment concentration in the 

guts into organic carbon for establishment of carbon turnover budgets in S. thompsoni, 

we followed suggestions of Madin and Purcell (1992) and Pakhomov et al. (2006) to 

use the POC to pigment (chl-a + phaeopigment) ratio in the ambient water for 
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conversion. In the current study, for stations where salps were caught during the EIFEX 

cruise, we calculated an average POC to pigment ratio of 56.4 ± 8.6 and of 101.7 ± 8.4 

in the upper water column (0 - 50 m) at high (i.e. bloom) and low (i.e. non-bloom) 

ambient surface chlorophyll situations, respectively. Low and high ambient chl-a 

stations are defined as stations with an average chlorophyll-a concentration <1μg chl-a 

L-1 and >1μg chl-a L-1, respectively, in the mixed layer (0 - 100 m). 

 

Egestion rates. Nightly individual egestion rates of pigments (Epig, μg (pig) ind.-

1night-1) were calculated from the relation 

Epig = FPCpig · FPR · 12 h    (Eq. 9) 

where FPCpig is the pigment content of fecal pellets (μg pig FP-1) of an individual salp 

of a given size and FPR is the average fecal pellet production rate (FP ind.-1h-1), 

determined in the incubation experiments. Nightly individual egestion rates of fecal 

pellet carbon (Ecarbon, μg C FP-1night-1) were derived from experiments and plotted 

against the individual body size (Figure 3, table 2).  

 

 Assimilation rates. We constructed pigment and carbon budgets for S. thompsoni 

of exemplary body size of 10, 20 and 30 mm for the aggregate form, and of 40, 80 and 

100 mm for the solitary form, based on the ingestion rates determined from in situ gut 

fluorescence and from experimentally determined egestion rates. Ingestion rates 

obtained at night were considered to represent daily ingestion rates. Similar to ingestion 

rates, nightly egestion rates in the euphotic zone were based on 12 hours of defecation 

in the euphotic zone. The computed carbon rates can be expressed in terms of daily 

percentage of body mass (μg C ind.-1). Nightly carbon assimilation A (μg C ind.-1night-

1) and of pigment decomposition (μg pig ind.-1night-1) is calculated as 

    A = I – E               (Eq. 10) 

where I is ingestion and E is egestion both in the same units for pigment (μg pig ind.-

1night-1) or carbon (μg C ind.-1night-1), neglecting further losses through pigment 

degradation or others. We consider the assimilation ration as percentage of estimated 

assimilation rates of body mass (μg C ind.-1). 

 

Minimum carbon requirement. The rates of egestion can be used, together with 

respiration estimates from the literature, to estimate the minimum daily carbon ingestion 
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requirement of the salps. Daily excretion rates were calculated from individual 

defecation rates at night and a reduced defecation rate at day. Lower defecation during 

the day is assumed to result from lower ingestion rates at depth where S. thompsoni 

stays during the day (Phillips et al. 2009) and was arbitrarily set to ½ of night excretion. 

Carbon budget was calculated assuming the limiting case, i.e. growth = 0. Daily 

individual carbon requirement Imin (μg C ind.-1day-1) is estimated 

Imin = R + Ecarbon + ½ Ecarbon              (Eq. 11) 

where R is respiration and Ecarbon is nightly carbon egestion (Eq. 9). Individual daily 

respiration rates (R, μg C ind.-1day-1) were determined using the temperature and salp 

weight dependent formula given in Huntley et al. (1989): 

hWkR m
dry 24)( ���               (Eq. 12) 

where k = 0.375 e(0.0546 T°), m = 0.858 e(-0.008 T°), T° is the temperature (°C), and Wdry is 

individual dry mass (mg). A mean temperature of 4°C given for the mixed layer during 

EIFEX (Cisewski et al. 2008) was assumed throughout the water column down to > 400 

m as maximum salp residence depth during the day. 

This term can be used to establish the possible net carbon assimilation (net carbon 

uptake) of the individual salp (μg C ind.-1night-1), i.e. neglecting further losses, with  

Adaily  = Icarbon – Imin              (Eq. 13) 

where Icarbon is the daily ingestion rate and Imin the daily minimum carbon requirement. 

 

Salp population. For each Bongo net tow, individual ingestion and egestion rates 

were combined with size frequency data and compared with the euphotic zone-

integrated chlorophyll-a and POC concentration in order to estimate the percentage 

levels of phytoplankton consumed. Individual minimum carbon requirements were 

applied to individual sizes frequency data of salps and summed up to estimate minimum 

carbon requirements of the salp population. 
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2.7 Fatty acid analysis of salps 

At the home laboratory, samples were freeze dried for 24 hours in pre-weighted vials 

and dry weight was determined prior to lipid and fatty acid analysis. All subsequent 

work was performed on crushed ice and samples were stored at -80°C. As the total lipid 

content of small specimens is too low for separation of fatty acids, we pooled up to 5 

individuals per analysis. Lipids were extracted from homogenised freeze-dried samples 

with dichloromethane/methanol (2 DCM : 1 MeOH by volume) according to Folch et 

al. (1957) and lipid weight determined gravimetrically (Hagen 2000). The fatty acid and 

alcohol compositions of the extracts were analysed by gas-liquid chromatography 

according to Kattner and Fricke (1986). Aliquots of the extracted samples were taken 

and to each sample tricosanoic acid in DCM/MeOH was added as internal standard to a 

concentration of 8% of estimated lipid weight. Lipids were hydrolysed in methanol 

containing 3% concentrated sulphuric acid at 80° C for 4 hours, and the fatty acids 

converted to free fatty acid methyl esters and alcohols. After extraction with hexane, the 

fatty acids and alcohols were separated and quantified with a Hewlett-Packard 6890A 

gas chromatograph, equipped with a DB-FFAP column (30 m length, 0.25 mm inner 

diameter, 0.25 μm film thickness) using temperature programming and helium as carrier 

gas according to the method of Kattner and Fricke (1986). Free fatty acid methyl esters 

were detected by flame ionisation, and identified by comparing retention times with 

those obtained from marinole standard mixtures using the software KROMA2000. 

Individual fatty acids are expressed as mass percentage of total fatty acids ± standard 

deviation. Peaks below 0.4% were grouped, as well as a number of unknown peaks.  

 

2.8 Statistical analyses 

Statistical tests were performed to evaluate the difference of salp feeding dynamics in 

low and high food concentrations. Analysis of covariance (ANCOVA) was performed 

to detect significant differences (� = 0.05) between the linear regressions of log-log 

transformed data (fecal pellet content and salp gut content (log(chl-a, phaeopigments, 

total pigments, carbon)) at the two different ambient chl-a concentrations (high vs. low) 

with salp body length (log(OAL), mm)) as continuous covariable. All relations are 

significant with p <0.0001 for the covariable (length). 

 



Feeding response of Salpa to a diatom bloom 
 

104 

Differences between marker pigment ratios, carbon to pigment and carbon to nitrogen 

ratios for the two food conditions were tested for significance (<0.05). We used t-test to 

compare differences between means and, if normality and equal variances were not 

achieved in the data set, we compared medians with non-parametric Mann-Whitney-U 

test (MWU-test). For comparability, all values are given as means ± standard deviation.  

 

Multivariate statistical analysis was applied to the percent fatty acid composition of the 

total lipids of S. thompsoni samples. The Bray-Curtis index was used to calculate 

similarity matrix which was the basis for the cluster analysis (hierarchical 

agglomerative, complete linkage).  
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3 Results 

3.1 Incubation experiments 

Salp behaviour. Salps were caught with the Bongo net for experiments at eight 

stations including four low chl-a stations (<1 μg L-1) and four high chl-a stations (>1 μg 

L-1) (table 1). The salps transferred from the cod end into containers did not show 

distinct signs of clogging, even from stations with in situ phytoplankton concentrations 

exceeding 2.9 chl-a μg L-1. Yet, in salps caught at bloom conditions, small copepods 

(nauplii, Oithona spp.) or large and spiny diatoms (Thalassiotrix antarctica, 

Chaetoceros ssp.) were more often found attached to the tunica or in the body cavity 

than at low phytoplankton concentrations. No differences in recovery time after capture, 

or swimming behaviour in the containers were observed between salps kept in low or 

high phytoplankton concentrations. In our observations, despite high food 

concentration, no food boli were formed at the salp’s oesophagus openings. 

Hourly fecal pellet production. During the cruise, a total of 80 time series were 

conducted to determine defecation from aggregate salps (n = 77) and solitaries (n = 3). 

The fecal pellet production was not dependent on individual size (7 to 116 mm OAL), 

chain size (from 1 to 22 ind.) or generation stage (aggregate or solitary). Also did the 

individual defecation rate not change with low or high feeding conditions (Figure 1; n.s. 

with M-W-U test). In the first four hours of the experiments, the defecation rate was 

highly variable due to an acclimation period following the transfer into the aquaria 

(0.67± 0.28, n = 69). After acclimation, S. thompsoni aggregates produced pellets at a 

relatively constant rate of 0.56 ± 0.21 FP ind-1h-1. The defecation rates decreased (0.39 ± 

0.21 ind.-1h-1, n = 33) for animals kept over 12 hours in containers without water change 

and consequently with depletion in food. 
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Figure 1. Salpa thompsoni. Hourly fecal pellet production (values are mean ± standard 
deviation as error bars) at ambient station chl-a concentration during EIFEX cruise 
2004. “Low” and “high” ambient chl-a is defined as �1 μg chl-a L-1 and >1 μg chl-a L-1 
(0-150 m), respectively. Incubations of salps at low chl-a (n = 48) were exerted at 
stations before and at fertilisation (t0, start) and in unfertilised waters of the eddy. 
Incubations at high chl-a stations (n = 29) were carried out at bloom stations in the iron 
fertilised water of the eddy.  
 

Fecal pellet content. The pigment and carbon content of fecal pellets increased with salp 

body length (Figure 2 and Figure 3). For the sample sets of fecal pellets collected in 

each experimental container, we observed no significant trends in carbon content, 

pigment content and composition for the fecal pellets produced over 8 hours of the 

experiments. The pellets were collected at regular time intervals (1 - 2 hours). Thus all 

samples collected during this time period were used for establishment of relations.  

 



Feeding response of Salpa to a diatom bloom 
 

107 

Salp body length (log(OAL), mm))
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Figure 2. Salpa thompsoni. Chlorophyll content of fecal pellets (μg chl-a FP-1) as a 
function of body length at low and at high ambient chl-a (see Figure 1). Values are log-
log transformed for statistical comparability of linear regressions. Dotted trendlines 
include fecal pellets produced by solitary generation (see Table 2). 
agg aggregates; sol solitaries 
 
 
Fecal pellet size and content increased with the size of the salp. Individual pigment 

egestion rates increased from 0.2 to 2.3 μg pig ind.-1night-1 in aggregate salps from 10 to 

30 mm body length at low food situations (Table 2). In solitary salps of 40 mm length, 

defecation accounted for 4.3 μg pig ind.-1night-1. Fecal pellet content reflected food 

conditions and contained significantly higher chlorophyll and phaeopigment 

concentrations egested under high food conditions than pellets egested at low food 

conditions (Figure 2 and Table 2, ANCOVA, with p <0.0001). 

 



 

 

Table 2. Calculated Salpa thompsoni ingestion and egestion rates given for exemplary sizes of the aggregate and solitary form at low and high chl-a conditions (as 
defined in Table 1). Ingestion rates are based on gut fluorescence data, estimated values determined by HPLC are given in brackets. Egestion rates are based on 
fecal pellet contents and defecation rates. Size dependent relations of gut contents, fecal pellet contents, and defecation rates, and pigment to carbon conversion 
factors derived from our data are given below; superimposed numbers refer to equation numbers of calculations of rates given in the methods  

    
Ingestion rates7,8 
(I, ind-1night-1) 

Egestion rates9 
 (E, ind-1night-1)  

Assimilation rates10 

(A, ind-1night-1) 

Body length 
Dry 
mass3,4  

Bio 
mass5,6 Pigments  Carbon Pigments  Carbon    

 
Pigments Carbon  

(OAL 
,mm) 

(TL1,2, 
mm) (mg)  (mg C) (μg pig) (μg C) 

%body 
C (μg pig)

% 
ing  (μg C) 

% 
ing 

%body 
C  (μg pig) (μg C) 

ration (% 
body C) 

Low chl-a                  
agg                   

10 16 8  0.5 1.4    (0.6)  141 31 0.2 15  25.5 18 6 1.2 116 26 
20 35 46  3.0 5.1    (2.8)  515 17 0.9 19  82.1 16 3 4.1 433 14 
30 55 133  9.3 10.2    (6.4)  1042 11 2.3 23  162.4 16 2 7.9 880 9 

sol          
40 42 27  2.2 16.5   (11.2)  1676 75 4.3 26  263.7 16 12 12.1 1412 63 
80 86 244  14.9 65.7   (54.0)  6677 45 n.d.   847.3 13 6 5830 39 

100 108 496  27.6 85.6   (93.6)  8702 32 n.d.   1233.7 14 5 7468 27 

High chl-a         
agg            

10 16 8  0.5 1.8     (1.2)  104 23 0.5 25  25.5 25 6 1.4 78 17 
20 35 46  3.0 8.3   (10.6)  468 15 2.1 26  82.1 18 3 6.2 386 13 
30 55 133  9.3 19.0   (35.5)  1072 12 5.0 26  162.4 15 2 14.0 910 10 

sol          
40 42 27  2.2 33.4        (-)  1885 85 4.8 14  263.7 14 12 28.6 1621 73 
80 86 244  14.9 165.1       (-)  9310 62 13.8 8  847.3 9 6 151.3 8463 57 

100 108 496  27.6 230.6       (-)  13002 47 19.4 8  1233.7 10 5 211.2 11768 43 
  

- continues next page - 



 

 

 

- Table 2 continued - 
Gut content GC (Figure 6a,b)   Fecal pellet content FPC(Figure 2) 

GCchl fluorometric measurements (HPLC)  FPCchl fluoreometric measurements  

 low log(chl-a)= 2.011*log(OAL)-3.081 log(chl-a)= 2.290*log(OAL)-2.721 low log(chl-a)= 2.0927*log(OAL)-3.9177 

 high log(chl-a)= 2.290*log(OAL)-3.073 log(chl-a)= 2.930*log(OAL)-2.931 high log(chl-a)= 1.8668*log(OAL)-3.2809 

GCpig fluorometric measurements (HPLC)  FPCpig  
 low log(pig)= 2.1870*log(OAL)-2.5209 log(pig)= 2.4665*log(OAL)-3.1379 low log(pig)= 2.2711*log(OAL)-3.7897 
 high log(pig)= 2.4968*log(OAL)-2.71 log(pig)= 3.4218*log(OAL)-3.8057 high agg log(pig)= 2.1556*log(OAL)-3.3087 
      high sol log(pig)= 1.5258*log(OAL)-2.5922 

GCcarbon  fluorometric measurements FPR (Figure 3) 
 low POC:pig 101.7 ± 8.4   low & high (μg C ind.-1night-1)= 0.5287*(OAL)1.6840 
 high POC:pig 56.4 ± 8.6     

agg aggregate,  sol solitary,  ind individual,  ing ingestion, GC gut content, FPC fecal pellet content, OAL oral-atrial length , FPR fecal pellet production rate
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Thus, estimated egestion rates at high food conditions were about twice as high as at 

low food conditions (0.5 to 5.0 μg pig ind.-1night-1 for aggregate salps from 10 to 30 

mm body length). Fecal pellets defecated by one large solitary (116 mm) kept at high 

food conditions contained less pigments per length of salp than fecal pellets produced 

by the smaller aggregates (7 to 33 mm body length). Estimated egestion rates for a large 

solitary (100 mm) at high food conditions amounted to 19.4 pig ind.-1night-1.  

 

Carbon content of the egested fecal pellets in contrast to the pigment content, did not 

change significantly with the food concentration (ANCOVA, p = 0.63 for low chl-a (n = 

131) and high chl-a (n = 60)). S. thompsoni aggregates and solitaries defecated between 

5.4 to 1592.2 μg C ind.-1night-1 (Figure 3), accounting for 1.1 to 8.4% of body carbon (n 

= 65, mean 3.4 ± 1.8 s.d.), only few showed higher values of >13% of body carbon (n = 

5 pellets). The carbon to nitrogen ratio (per weight) of the fecal pellets ranged in general 

from 5 to 10, but few with exceptionally high values of >15 (n = 12). The mean C to N 

ratio slightly increased from 8.0 ± 4.0 (median = 7.0; n = 120) at low food 

concentrations to 9.3 ± 3.8 (median = 8.3) at high food concentrations (MWU-test, p = 

0.001). Concordantly, the mean carbon to pigment ratio for feces produced at low food 

concentrations was significantly higher (66.5 ± 20.6; median = 67.6) than the mean ratio 

at high food conditions (37.9 ± 10.8; median = 36.4; M-W-U test with p <0.001). 
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Figure 3. Salpa thompsoni. Nightly carbon defecation rate as function of body length 
with a defecation rate of 0.56 FP h-1. Allometric relation (see Table 2) is based upon all 
data combined (low and high, aggregates and solitaries), insert shows the same figure 
and trendline but with extended x- and y-axis to include the large solitary at high food 
conditions 
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3.2 Field study 

3.2.1 Study site 

At stations sampled directly before or after iron release (“start”) prior to the build-up of 

bloom conditions, and in unfertilised area of the eddy chlorophyll-a concentrations 

remained below 1 μg chl-a L-1 throughout the experiment (Table 1, Figure 4a).  
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Figure 4. Chlorophyll distribution (0 – 150 m, μg chl-a L-1) in the EIFEX eddy during 
Feb- Mar 2004 for a) outside and b) inside the fertilised area. The isoline of 1 μg chl-a 
L-1 is indicated and separates low and high chl-a stations. 
 

 

The average chl-a concentration decreased from 0.76 μg chl-a L-1 at the initial state to 

0.46 μg chl-a L-1 at the end of the experiment in the upper 50 to 100 m (Table 1). 

Particulate organic carbon (POC) concentration decreased from about 93 at the initial 

a)

b)



Feeding response of Salpa to a diatom bloom 
 

113 

state to 50 μg C L-1 at the end of the survey period in the upper water column (Table 1). 

Fertilisation of the eddy centre with iron initiated a diatom bloom. Chlorophyll reached 

concentrations above 1 μg chl-a L-1 ten days after initial fertilisation at all stations in the 

fertilised part of the eddy (table 1). At the peak of the bloom, chl-a in such water 

reached concentrations of over 2.5 μg chl-a L-1 down to 80 m depth (Figure 4b). After 

37 days, the fertilised patch spread over ~ 500 km², chlorophyll concentrations slightly 

decreased to about 1.5 μg chl-a L-1 down to 110 m water depth. POC concentration in 

the fertilised waters increased from 100 μg C L-1 to 165 μg C L-1 in the second week 

after fertilisation. Thereafter, values decreased to about 130 μg C L-1 four weeks after 

the initial fertilisation (Table 1).  

 

3.2.2 In situ feeding

Salp gut contents. The gut content of S. thompsoni, for specimens caught at low 

and high chl-a stations during EIFEX, mirrored the available particle composition 

occurring in the water column. Stomachs contained well preserved items as diatom 

frustules, acantharia and foraminifera, but also crushed material as well as remnants of 

copepod body parts or small fecal pellets from other organisms (Figure 5a- c). S.

thompsoni was apparently able to ingest also large and spiny algae present in the eddy 

waters, including Chaetoceros chains of 1 mm length and single “needles” of 

Thalassiothrix antarctica up to over 1 mm long. Such items were also found in salp 

fecal pellets directly produced after capture of the animals. At bloom conditions, the 

produced feces broke easily apart and contained lots of undigested algal material 

(Figure 5d).  

 

 
 
 
 
 
 
 
 
 
Figure 5. (a-c) Gut content of S. thompsoni, scanning electron microscope (SEM), a) 
overview, b) details of gut content: foraminifera and chains of Fragilariopsis 
kerguelensis, d) small fecal pellet. d) Fecal pellet of S. thompsoni from a bloom station, 
light microscope (LM)  

 

50 µm 50 µm 20 µm 500 µm 

a) b) c) d) 
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Salp gut pigments. Gut pigment contents of freshly caught salps were 

determined at five low chl-a stations and five high chl-a stations, both located inside the 

eddy. Salp gut fluorescence was positively correlated with body size of both, the 

aggregate and the solitary forms reaching a maximum value of 3.1 μg chl ind.-1 and of 

28.4 μg chl-a ind.-1, respectively (Figure 6a).  Maximum pigment concentrations were 

22.7 μg pig ind.-1 and of 157.7 μg pig ind.-1 in aggregates and solitaries, respectively. 

Furthermore, the chl-a content of the salp guts increased with increasing in situ chl-a 

concentrations and was significantly higher at high chl-a stations than at low chl-a 

stations, as estimated by fluorometric determination and by HPLC measurements 

(Figure 6a, Table 2, ANCOVA p<0.0001). The average gut chl-a concentration per salp 

body mass at low chl-a stations and at high chl-a stations for aggregate salps was 0.19 ± 

0.07 μg chl-a mgC-1 and 0.34 ± 0.24 μg chl-a mgC-1, respectively.  
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Figure 6. In situ salp gut chlorophyll from a) fluorometric measurements b) HPLC 
pigment measurements as a function of body length at low and high chl-a stations (as 
defined above) at night. Values are log-log transformed for statistical analysis of linear 
regressions (see Table 2).  
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Also the phaeopigment gut content and thus total gut pigment content in the salp guts 

were significantly higher at high chl-a stations (Table 2, ANCOVA, p <0.0001). The 

average gut chl-a concentration per salp body mass at low chl-a stations and at high chl-

a stations for aggregate salps was 1.46 ± 0.48 μg pig mgC-1 and 1.92 ± 0.85 μg pig 

mgC-1. For solitary salps, average gut pigment content per body mass was 2.85 ± 2.16 

μg pig mgC-1 and 5.68 ± 1.4 μg pig mgC-1 at low chl-a stations and at high chl-a 

stations, respectively. 

 

HPLC pigment analyses detected in general higher chl-a concentrations in the salp guts 

than the analyses carried out by means of the fluorometric method (Figure 6b, 

ANCOVA, p <0.001). In contrast, phaeopigment concentrations per body length 

determined by HPLC analyses are slightly lower than the ones estimated by means of 

the fluorometric method. In consequence, ingestion rates for aggregates at low food 

conditions estimated by HPLC pigment measurements were lower. For high food 

conditions, approximately equal phaeopigment concentrations were determined by the 

two methods applied (table 2).  

 

The ratios between degradation products and chl-a by weight in the salp guts seemed 

not to be dependent on size of the salps. Highest variability was measured in smallest 

salps (both in HPLC and in fluorometer measurements) but without a clear trend related 

to body size. However, the ratio of phaeopigments to chl-a was significantly altered by 

food conditions and decreased from 4.96 ± 2.19 to 3.30 ± 1.57 in salp guts from low and 

high chl-a stations, respectively (MWU-test, p <0.001). Similarly, the more detailed 

detection of pigments by HPLC analyses revealed a significantly lower ratio of the most 

prominent degradation products, phaeophytin-a and pyrophaeophytin-a (“phytins”) and 

chl-a in salp guts from high chl-a stations compared to ratios found at low chl-a stations 

(Figure 7, MWU test- with p <0.001). The contribution of the phaeophorbides, the 

second most abundant degradation group, to the total degradation products in the guts 

increased with increasing food concentrations.  

 

Especially the diatom marker fucoxanthin was highly preserved in the guts in 

comparison with chl-a (by weight), with a ratio averaging 4.33 ± 2.98 (median = 4.0) 

inside the guts compared to the ratio of 0.43 ± 0.05 obtained for waters samples from 

low food environments. At bloom stations, the ratio of fucoxanthin to chl-a decreased to 
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2.51 ± 1.61 in the salp guts (median = 2.1; MWU-test, p = 0.029), but slightly increased 

in the water column to 0.56 ± 0.03. Furthermore, at bloom stations, salps contained 

various chlorophylls (c1, c2 +c3) that were not detected, or detected only at in very low 

concentrations, inside the guts of salps from low chl-a stations (Table 3). 
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Figure 7. Ratio of phytins (sum of pyrophaeophytin-a and phaeophytin-a) to chlorophyll 
a in the salp guts over the course of EIFEX experiment. The boundary of the box closest 
to zero indicates the 25th percentile, a line within the box marks the median, and the 
boundary of the box farthest from zero indicates the 75th percentile. Error bars above 
and below the box indicate the 90th and 10th percentiles if present. 
 
 
Thus, the consumption of prymnesiophytes (main marker 19-hex. and chlorophyll c3) 

and pelagophytes (19-but.) was identified in the guts at bloom stations and only to a 

lesser extent in the guts at low chl-a stations. Furthermore, some less prominent marker 

pigments, like chl-b or peridin, indicating the presence of chlorophytes or 

dinoflagellates, respectively, were identified in the water column both at low chl-a and 

at high chl-a stations. In the salp guts, only chl-b was found at very low concentrations 

and peridin was missing (all stations).  



 

 

Table 3. Contribution of marker pigments and of chlorophyll and degradation products in the water column (0 - 100 m) and in the guts of Salpa 
thompsoni guts during Feb - March 2004 in Polar Frontal Zone. Salp samples are separated in aggregate and solitary form (only one solitary sample was 
available from a low food station) 

  Low chl-a stations    High chl-a stations 

  Water col. (4 St.) Agg (n = 36)  Sol (n = 1)  Water col. (4 St.) Agg (n = 13) 
Marker pigments (100%)                
haptophytes %Chl c3 10.9 ± 0.5 0    14   12.5 ± 0.1 5.1 ± 4.9 
mainly diatoms %Chl c1+2 21.7 ± 1.3 5.9 ± 2.9  22.2   27.4 ± 0.9 11.1 ± 5.0 
dinoflagellates %Peridin 2.3 ± 1.9 0    4   2.8 ± 0.4 0   

pelagophytes %19-But 8.1 ± 2.4 5.2 ± 3.2  5.2   3.7 ± 0.6 4.5 ± 3.2 
diatoms %Fucoxanthin 30.6 ± 4.1 79.3 ± 8.5  35.8   41.5 ± 4.5 72.5 ± 10.4 
prymnesiophytes %19-Hex 24.1 ± 3.3 8.9 ± 6.8  16.7   11.2 ± 2.7 6.8 ± 4.4 
chlorophytes %Chl-b 2.3 ± 0.7 0.7 ± 1.5  1.1   1.0 ± 0.2 0.1 ± 0.2 
                 

Chlorophyll a              
and markers of degradation (100%)               

biomass indicator %S Chl a 92.4 ± 1.4 17.6 ± 6.8  36.8   88.9 ± 2.1 21.9 ± 6.6 
degradation %Phorbid a 3.9 ± 1.7 14.9 ± 5.5  14.8   6.4 ± 2.3 20.4 ± 6.6 
degradation %pPhorbid a 1.2 ± 0.2 12.1 ± 5.5  4.1   1.5 ± 0.4 16.9 ± 7.6 
degradation %S Phytin a 1.6 ± 0.2 36.9 ± 6.7  33.8   1.9 ± 0.5 30.7 ± 7.4 
degradation %pPhytin a 0.9 ± 0.4 18.5 ± 4.7  10.6   1.2 ± 0.5 10.2 ± 4.0 
                                      

water col. water column (0-100 m; integrated values); St. stations, included stations are indicated in table 1; Agg aggregates, Sol solitary, 19-but = 19butanoyl-oxy-
fucoxanthin, 19-hex =  hexanoyl-oxy-fucoxanthin, S Chl a = sum of chl-a, pPhorbid = pyrophaeophorbide, pPhytin pyrophaeophytin 
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Salp fatty acid composition. Total lipids were low in S. thompsoni and comprised 

1.3 ± 0.31% and 2.0 ± 0.69% of dry weight of salps from low (n = 11) and from high 

chl-a stations (n = 3), respectively. Fatty alcohols were low in all salp samples. The 

fatty acid composition was dominated by long-chain polyunsaturated membrane fatty 

acids 20:5(n-3) (EPA) and 22:6(n-3) (DHA), short chain saturated compounds (16:0 and 

14:0) and with decreasing contribution of monounsaturated fatty acids 18:4(n-3), 

18:1(n-9), 18:1(n-7) and 16:1(n-7). The contribution of these most prominent fatty acids 

accounted for 75% of total fatty acids, all other fatty acids did not exceed 2.5% each. A 

cluster analysis based on the percentage composition of all identified fatty acids of the 

total lipids grouped animals from low food conditions within one group. A second 

group formed at the 75% dissimilarity level with all animals from high food conditions; 

this group also included one animal from station 514 (low ambient chl-a concentration).

 

Special biomarker ratios are proposed as indicator of dietary input (Graeve et al. 1997; 

Stübing et al. 2003). The salps from the second group had a higher [16:1(n-7) + 18:1(n-

7)] /18:4(n-3) and higher 20:5(n-3)/22:6(n-3) (= EPA/DHA) ratio that pointed towards a 

mixed diet with a higher contribution of diatoms versus the clearly flagellate based diet 

of salps from low chl-a stations (lower values) (Figure 8). However, also the higher 

ratios were still lower than expected for a truly diatom dominated food (>2 for both 

ratios). Furthermore, contribution of other diatom markers like 16:4(n-1) did not exceed 

1% at both food conditions. Long-chain mono-unsaturated fatty acids 20:1(n-9), 20:1(n-

7), 22:1(n-11), 22:1(n-9) are considered as typical component of wax esters synthesised 

by herbivore calanoid copepods (Graeve et al. 1994a; Kattner and Hagen 1995) and 

accounted in total for 2% and 1.7% in salps from low and high chl-a stations, 

respectively.  
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Figure 8. Salpa thompsoni. Fatty acid ratios of 20:5(n-3)/22:6(n-3) (= EPA/DHA) 
versus ratio of [16:1(n-7) + 18:1(n-7)] /18:4(n-3) (= diatom markers / flagellate marker) 
(as % of total fatty acids) at low chl-a stations and at high chl-a stations as defined 
above.  
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4 Discussion 

4.1 Direct feeding response to elevated food concentrations 

In our study, we intended to define threshold levels of naturally occurring particle 

concentrations during a phytoplankton, since high particle loads during blooms are 

assumed to cause “clogging” of Salpa thompsoni. Salps evolved a feeding mechanism 

that combines locomotion, respiration, and feeding and seems perfectly adapted to low 

food environments (Harbison and McAlister 1979; Andersen 1985; Madin and Kremer 

1995). They filter particles out of the water by screening the water flow pumped 

through the body cavity with a fine mucous net continuously produced by the endostyle 

(Fedele 1933; Madin 1974; Bone et al. 2000). The entangled particles are winded up 

together with the feeding net and ingested. The feeding nets of salps even retain food 

particles <2 μm, although less efficient than larger particles (Andersen 1985; Caron et 

al. 1989; Kremer and Madin 1992). Hence, in oligotrophic areas, the salp’s diet might 

mainly consist of auto- and heterotrophic nanoplankton and microplankton (Caron et al. 

1989; Vargas and González 2004). If too large and too many particles are enwrapped in 

the net, the large “food bolus” formed cannot be ingested and blocks the oesophagus 

(Harbison and Gilmer 1976). Abrupt contraction of the body muscles or backward 

swimming might dislodge the bolus (Deibel 1985; Harbison et al. 1986; Madin 1990). 

Continously high particle concentrations eventually result in starvation of the salps 

(Harbison et al. 1986; Pakhomov et al. 2003).  

 

In our study, salps caught at bloom stations did not show signs of harmful clogging of 

their oesophagus. Also large and spiny algae such as the diatom Thalassiothrix

antarctica with a cell length up to 1 mm (determined by microscopic inspection) were 

were found in salp feces, revealing that also large particles were ingested by the animals 

and obviously egested without problems. Such a phenomenon was also recorded 

previously for oceanic salps feeding on particles of about 1 mm (Foxton 1966; Madin 

1974). In our experiments, we offered particles naturally occurring in surface waters and 

at ambient concentrations to salps collected from the field. Following salp behaviour 

over at least 8 hours, we observed no signs of clogging and did not find any food “boli” 

formed in the salp’s body cavities.  
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Zooplankton associated to salps may harvest and consequently clean the mucous nets by 

feeding the attached particles (Harbison and Gilmer 1976). In the field, a relationship 

between S. thompsoni and the copepod Rhincalanus gigas that enters the salp’s body 

cavity and “cleans” the food strand at high particle concentrations has been suggested to 

reduce the clogging effect in the salps (Perissinotto and Pakhomov 1997). In the EIFEX 

study, the most abundant size class of salps was between 10 and 20 mm body length 

(body cavity: ~ 5 - 15 mm, oral opening: ~ 1.5 - 4 mm). This small body size of the 

salps rules out clearing salp clogging by R. gigas (body length: 7.5 - 10 mm, Razouls 

1994). Although we regularly found the commensal amphipod Vibilia antarctica 

clutched to the tunica of salps, and also observed it occasionally feeding on the food 

strand, these observations were restricted to large salps, and nearly exclusively to the 

solitary form. Thus, we conclude that net cleaning by zooplankton was of minor 

importance for salps.  

 

The density of S. thompsoni in the Southern Ocean is reported to be significantly 

reduced under chl-a concentrations above 1 to 1.5 μg chl-a L-1 (Loeb et al. 1997; 

Atkinson et al. 2004; Kawaguchi et al. 2004; Tanimura et al. 2008). We also observed a 

decrease of salp abundance during the EIFEX bloom, compared to the initial state and 

to the non-fertilised areas. Decreasing abundanes coincided with reduced migration into 

upper water layers (von Harbou et al. in prep, study III). This migration behaviour likely 

enhanced the drift of salps out of the bloom area and might be one reason for the 

decrease in local abundance. Although there was no evidence for clogging of salps 

during EIFEX, low food quality or discontinuous feeding during the bloom situation 

potentially affected salps negatively. However, we determined higher pigment contents 

in salp guts at high food concentrations in this study, so that a reduced ingestion can be 

excluded. Furthermore, we observed a faster maturation in salps at bloom conditions in 

the EIFEX eddy, which might be related to a gain of supplementary energy provided by 

higher food concentrations (von Harbou et al. in prep., study III). Hence, data might 

also suggest that salps even profited from the bloom. 

 

In the following, two questions will be discussed: First, what impact did the food 

quality of the diatom bloom had on the digestion efficiency of S. thompsoni? And 

consequently, could the salps profit from the higher food supply by a higher energy 

gain?  
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4.2 Changes in digestion efficiency with food composition 

4.2.1 Ambient phytoplankton composition 

In surface waters, nanoplankton (2 - 20 μm) contributed about 60% to the total chl-a at 

the initial state of the eddy waters prior to fertilisation. In the size fraction >20 μm, 

diatoms and Phaeocystis dominated (Smetacek et al. 2005; Hoffmann et al. 2006). 

Diatoms comprised the large species Chaetoceros dichaeta and Ch. Atlanticus, both 

forming chains of more than 1 mm length connected by long thin spines (Assmy et al. 

2008). Other chain-forming diatoms with heavily silicified shells including Pseudo-

nitzschia lineola or Fragilariopsis kerguelensis and various discoid diatoms also 

contributed to the total diatom fraction (P Assmy, pers. comm.). Towards the end of our 

survey, diatoms decreased in abundance and caused the slight decrease of chlorophyll 

concentration in the non-fertilised area. No other major changes in phytoplankton 

community composition were observed (Hoffmann et al. 2006). Protozoan zooplankton 

including thecate dinoflagellates and tintinnid ciliates also decreased in abundance over 

the survey period (Smetacek et al. 2005).  

 

Large Chaetoceros species and other large chain forming diatoms which dominated 

already at the beginning of the experiment, profited most from the iron fertilisation. 

Their total cell number increased almost three fold in concert with a five fold increase in 

diatom chl-a (Smetacek et al. 2005, Hoffmann et al. 2006). The second most abundant 

algal group was formed by Phaeocycstis (Hoffmann et al. 2006). Apart from the 

phytoplankton, some fraction of the protozooplankton such as acantharia and tintinnid 

ciliates also increased their abundance relative to the non-fertilised areas (Smetacek et 

al. 2005).  

 

4.2.2 Qualitative estimates of the salp diet 

Salp gut content composition. Salps do not possess mechanisms to crush the 

highly silicified material of diatoms and the thecates of dinoflagellates. In the stomachs 

of S. thompsoni, the most prominent items generally noticed by microscopy (LM and 

SEM) are diatoms and their shells (this study; Foxton 1966; Tanimura et al. 2008). The 

various species found in the guts during our study were in good accordance with the in

situ phytoplankton composition. Guts and fecal pellets from bloom stations contained 
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high amounts of chain-forming and spiny Chaetoceros species. We do not know, to 

which degree the ingested material will finally be digested and may contribute to salp 

assimilation. Here, also species-specific differences may exist. Also the contribution of 

other soft-bodied items and organisms to salp food remains unknown.  

 

Salp fatty acid composition. The fatty acid composition of salps is an additional 

means to understand their feeding history. The use of fatty acid markers has often been 

applied in studies on trophic ecology of Antarctic krill (e.g. Phleger et al. 2002; Stübing 

et al. 2003). Salps have lower lipid contents compared to crustacean zooplankton, and 

do not possess lipid storage structures as other gelatinous zooplankton like medusae 

(Hagen 1988; Huntley et al. 1989; Jeffs et al. 2004). Thus, we did not separate lipids 

into lipid classes. Most lipids recorded from Salpa thompsoni are stable polar lipids 

related to membrane structures (Hagen 1988; Phleger et al. 1998; Jeffs et al. 2004). 

Although no single fatty acid is specific for a single organism, a C-16 and C-18 

polyunsaturated fatty acid (PUFA) mixture is interpreted as a characteristic profile of 

diatoms and dinoflagellates, respectively (Virtue et al. 2000; Dalsgaard et al. 2003; 

Thurber 2007). In our study, S. thompsoni showed elevated concentrations of DHA and 

18:4 (n-3), which are both known as flagellate markers (Graeve et al. 1994b; Dalsgaard 

et al. 2003). However, prymnesiophytes, of which Phaeocystis occurred in the EIFEX 

eddy, and zooplankton feeding on Phaeocystis can be rich in these fatty acids as well 

(Virtue et al. 1993; Perissinotto et al. 2007). 

 

Inside the bloom, fatty acid profiles of salps showed a slightly higher proportion of the 

fatty acids 16:1(n-7) and 18:1(n-7), and a higher EPA contribution to total fatty acids. 

These fatty acids were attributed to diatom based diets in polar copepods (Graeve et al. 

1994a; Dalsgaard et al. 2003). Since the differences in 16:1(n-7), 18:1(n-7), and EPA 

between salps inside and outside the bloom were not very large, our results probably 

indicate a mixed food source for salps at the bloom site. This assumption is supported 

by the fact that flagellate markers did not significantly decrease in salps collected in the 

bloom.  

Since there are no data available on rates of fatty acid incorporation by salps and on the 

time delay of fatty acid incorporation from the food into the salp’s biomass, we cannot 

rule out that our investigation covered a time period that was not long enough to allow 

further discrimination between a bloom- and a non-bloom diet. Studies on other polar 
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zooplankton have shown that the incorporation of fatty acids deriving from specific 

diets is detectable after 2 weeks, and replacement of specific markers by a complete 

shift in the diet was completed after 6 weeks in copepods (Graeve et al. 1994b). Fatty 

acid profiles of krill furcilia stages were significantly altered after 20 d of different diets 

(Stübing et al. 2003). Albeit these uncertainties our data show both ingestion and 

digestion of diatoms by S. thompsoni. We conclude that the salp’s nutrition was initially 

based on flagellates in both areas but that an increasing proportion of diatoms 

contributed to the assimilated food at the bloom sites. 

 

Gut pigment content. The analyses of pigments by HPLC gave supplementary 

information on the salp food spectra and potential alterations during digestion. Marker 

pigments allow us to identify phytoplankton groups and are used to qualify and quantify 

algae group composition in the water column (reviewed in Kleppel 1988; Millie 1993). 

In copepod guts, marker pigments detected by HPLC analysis allowed qualitative 

conclusions on their ingested food (Head and Harris 1994; Schnetzer and Steinberg 

2002). In our study, most pigments determined in the water column were also found in 

high concentrations in the salp guts. As mentioned above, the salps cannot discriminate 

or exclude particles due to their unselective filtering net. Therefore, salp guts mirror 

fairly well in situ particles composition (Caron et al. 1989; Vargas and Madin 2004; 

Tanimura et al. 2008). The dinoflagellate marker peridin, and the chlorophyll markers 

chl b and the less specific chlorophylls (c1 - c3) were not detectable in salp guts or at 

very low concentrations, although they accounted for 2 to more than 21% of total 

marker pigments in the ambient waters. Furthermore, the contribution of the diatom 

marker fucoxanthin was considerably higher inside salps compared to the surrounding 

water column (table 3). Since salps feed non-selective (Madin and Deibel 1998), 

different compositions of pigments in the guts and in the water column, indicate that 

some particles are degraded faster than others. Especially at low food situations, we see 

a more advanced digestion of chlorophyll a, chlorophyll b and chlorophylls c1- c3 

compared to high food areas. One of the apparently slowly degraded markers is 

fucoxanthin, which showed a higher percentage contribution to total gut pigments at 

non-bloom stations than at bloom stations. Accordingly, the ratio of fucoxanthin to chl-

a was higher at non-bloom stations, although absolute concentrations were lower. We 

can thus follow that diatoms contribute largely to the ingested food, but only to a minor 

part to the assimilated diet, since they remain largely indigested in the guts. These 
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findings further support the results from the fatty acid profiles, revealing a low 

contribution of diatoms to the salp’s diet.  

 

Digestion efficiency of salps is difficult to evaluate directly. However, the high 

contribution of well-known chl-a degradation products, especially of phaeophytin a, in 

the salp guts indicate digestion of chl-a. Also in North Pacific waters, phaeophytin was 

the most abundant degradation product of chl-a followed by phaeophorbides in the guts 

of the salp Cyclosalpa bakeri (Madin and Purcell 1992). In the EIFEX eddy, the total 

concentration of degradation products in S. thompsoni guts was slightly higher in the 

bloom. The ratio of degradation products to chl-a (by weight) was higher in samples of 

low chl-a, further indicating an advanced digestion efficiency.  

 

The comparison of the two methods that were applied during our study to determine 

chlorophyll and phaeopigments in salp guts indicates differences in the digestion 

efficiency at high and low food situations. Chlorophyll concentrations determined by 

means of HPLC resulted in slightly higher values than those obtained by the 

fluorescence method. This might be explained by the overlapping of the fluorescent 

bands of several chlorophylls and their derivatives (Trees et al. 1985). 

 

 For total pigments, however, the fluorescence methods resulted in higher values, but 

only at low food environments. In the fluorometric method, all fluorescent signals of 

chlorophyll degradation products are pooled and converted to the same molar basis 

despite the variation of the molar ratios of the various degradation products of 

chlorophyll a (Gieskes and Kraay 1986). The degradation products of chl-a determined 

by means of HPLC with available standards for calibration were phaeophytin a, 

pyrophaeophytin a, phaeophorbide, pyrophaeophorbide a and chlorophyllide a. 

However, we are aware of much more fluorescent degradation products in the guts 

which could not be assigned to defined standards. Thus, at low food concentrations with 

advanced digestion of food into unknown degradation products, the combined content 

of total pigments in the guts determined by the fluorometer was slightly higher than the 

combined content of phaeopigments and chl-a determined by HPLC measurements. 

However, despite these small differences between the two methods applied in this 

study, both methods showed the same trends and reflected higher food availability by 

higher chlorophyll a contents in the salp guts chlorophyll a content. We therefore feel 
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confident to discuss changes in the salps’ fecal material, which have only been carried 

out with the fluorometric method. 

 

Fecal pellet content. To estimate the influence of food quality on the digestion 

efficiency, we compared the quality of salp fecal pellets in relation to the ingested food. 

Therefore, we evaluate ratios of carbon to pigments and carbon to nitrogen in the water 

and in salp feces in our study and compare them with several studies on different Salpa 

species from other oceanic regions (Table 4).   

 

Salps screen out the suspended matter of its environment and partly degrade the 

chlorophyll of ingested cells into phaeopigments and non-fluorescent compounds. The 

egested fecal pellets are therefore enriched in carbon, resulting in higher carbon to chl-a 

and lower carbon to pigment ratios in the pellets relative to the ambient water (Table 4). 

  

With increasing food-uptake, the digestion efficiency of salps decreases and more intact 

cells are egested. Therefore, pellets produced during blooms are relatively enriched in 

chl-a, and fewer pigments are degraded to non-fluorescent compounds (this study, 

Phillips et al. 2009, Pakhomov et al. 2006, see Table 4). During the EIFEX bloom, chl-a 

accounts for up to about 1.2% of carbon in feces of high food area, but only for about 

0.68% in feces of low food areas. From visual examination, pellets produced under 

bloom conditions were greenish, flocculent and easily broke apart. Production of loose 

and dense pellets has been reported before, but was not related to the quality of the diet 

(Pakhomov 2004). Highest concentrations of chl-a were found in pellets of  Salpa

fusiformis, which accounted for 6% of total fecal pellet carbon and originated from 

salps in phytoplankton concentrations of 0.7 to 3μg chl-a L-1 (Bathmann 1988).  



 

 

Table 4. Chlorophyll a concentration and particulate carbon ratios in surface waters and in fecal pellets of several Salpa species in different oceanic regions 

 
  Surface waters     Salp feces          

   ratio (by weight)   ratio (by weight)       

Location Species 
Chl-a   
(μgL-1) C: Chl-a C: pig C: N   C: Chl-a C: pig  s.d. C: N s.d.  Source 

SO Polar Frontal Zone S. thompsoni 0.39 - 0.76 115 - 141 98 -115 4.8 - 6.4  147 66 ± 21 9.3 ± 3.8 This studya 

SO Polar Frontal Zone S. thompsoni 1.42 - 2.63 53 - 82 45 - 67 4.8 - 5.5  77 38 ± 11 8.0 ± 4 This studyb 

Antarctic Peninsula S. thompsoni 0.08 - 0.31 359 - 990 100 4.4   > 100 ±  6.7 ± 1 Phillips et al. 2009a  
 S. thompsoni 2.41; 3.7 61; 99 500 3.7 - 5.9   21 ± 8 4.9 ± 1.2 Phillips et al. 2009b  

Antarctic Peninsula S. thompsoni n.d.  105 7.3   273 ± 177 6.7 ±  Pakhomov et al. 2006c 

Antarctic Peninsula S. thompsoni   64.5 5.1   49 ± 10 5.6 ±  Pakhomov et al. 2006c 

Antarctic Peninsula S. thompsoni 2.3     133   7.3  Huntley et al. 1989 

North West Atlantic  S. aspera 0.03 - 1.06 103 -1550 7 - 16  111 >100  12.7 2.6 Madin et al. 2006 

North East Atlantic  S. fusiformis 0.75 - 3.0d     16.6   7.9  Bathmann 1988 

North West Atlantic S. maxima n.d.        11.1 2.9 Madin 1982 
                             
a reprenting low food conditions < 1μg chl-a L-1 or < 100 μg C L -1 
b representing high food conditions > 1μg chl-a L-1 or > 100 μg C L-1             
c ratios at surface                
d pig L-1                
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Differently from the consistent finding of decreasing chl-a degradation with increasing 

food-uptake, differences in the carbon to nitrogen ratios (C/N) of suspended food in the 

water and of fecal pellets are more difficult to explain (Table 4).   In general, the salp’s 

feces are relatively enriched in carbon in comparison to the suspended matter in the 

water. Salp fecal pellets contain remnants of the feeding net that is not completely re-

absorb during digestion and at least partially ejected together with the food particles 

(Bruland and Silver 1981; Phillips et al. 2009). The net is mainly made of 

polysaccharides and thus carbon-rich. Another factor for the increased C/N ratio of salp 

feces might be preferential nitrogen assimilation in relation to carbon assimilation 

during digestion (Bruland and Silver 1981). 

 

In our study, the average C/N ratio of particulates in the upper 50 m of the EIFEX water 

column was about five (by weight) and did not significantly change with food 

composition. In comparison, salp fecal material sampled in our study showed a higher 

and quite variable ratio, averaging 8 to 9 (Table 4). These ratios are well in accordance 

with, or even lower than ratios obtained for fecal pellets of S. maxima and S. aspera in 

the North West Atlantic (Madin 1982; Madin et al. 2006). However, these ratios are 

higher compared to fecal material egested by S. thompsoni in the Antarctic Peninsula 

regions during spring and summer (Table 4). In these areas, food might seasonally have 

a higher quality (i.e. higher nitrogen content) than compared to our study in the Polar 

Frontal Zone and thus might explain relatively higher nitrogen contents.  

 

We can conclude from the observation of salp gut and fecal pellet contents, and of fatty 

acids profiles, that the quality of the food plays an important role for the digestion 

capacity and efficiency of S. thompsoni and might considerably vary between regions 

and seasons. In our study, we compare the quality of the diet for salps in a non-bloom 

and a bloom situation of a naturally occurring phytoplankton composition in the Polar 

Frontal Zone in late summer. The bloom situation with increasing diatom abundance 

inside the fertilised area clearly led to a decrease in digestion efficiency for S.

thompsoni. Based on our results, diatoms seem to be food of low quality for salps. But 

total ingestion of salps is much higher with higher diatom concentration. In this 

scenario, salps would still profit from a food gain despite the reduced digestion 

efficiency assuming similar metabolic rates of the salps at high and low food 
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concentrations. Consequently, digestion efficiency not only depends on the quality of 

food but also on rates of ingestion and egestion. 

 

4.3 Energy gain dependent on food concentration 

4.3.1. Ingestion 

The quantity of pigments in the salp guts increase exponentially with salp length (Madin 

and Cetta 1984; Pakhomov et al. 2002; Madin et al. 2006). The observed gut contents 

reached a maximum ). Maximum pigment concentrations were 22.7 μg pig ind.-1 and of 

157.7 μg pig ind.-1 in aggregates and solitaries, respectively.  Gut pigment contents of 

aggregate salps obtained similar values in a study of S. thompsoni in the same size range 

in late austral summer in the Bellingshausen Sea, if comparing same size classes 

(Pakhomov et al. 2006). However, estimating daily ingestion rates, authors extrapolated 

ingestion over 24 hours and thus obtained ingestion rates twice as high as our estimated 

daily ingestion rates.  We suspect that assuming a continuous ingestion in the euphotic 

zone might overestimate actual ingestion in the field, as the salps during our study 

showed strong vertical migration out of the euphotic zone during the day in the entire 

eddy region (von Harbou et al. in prep., study I). Such a strong vertical migration 

behaviour of S. thompsoni was also observed in other studies in summer and fall 

(Nishikawa et al. 2001, Pakhomov et al. subm., study III). According to our 

assumptions, daily ingestion for vertical migrating salps that rest below the euphotic 

zone during the day were based on 8 to 16 hours feeding in the upper 100 m, according 

to the salp’s residence time in the euphotic zone (Wiebe et al. 1979; Madin et al. 2006). 

In the following, a maximal ingestion interval of 12 hours is therefore assumed for S.

thompsoni based on the daily vertical distribution of the salp population during EIFEX 

(von Harbou et al. in prep, study I). Nevertheless, we should keep in mind that we might 

even slightly overestimate continuous feeding over 12 hours in the euphotic zone at 

high chl-a stations, as salps showed a reduced residence in the upper 50 m during the 

night compared to low chl-a stations (von Harbou et al. in prep, study I). 

 

 In the present study, estimated individual pigment ingestion rates increased from 1.4 to 

10.2 μg pig ind-1night-1 (6 p.m. to 6. a.m.) for exemplarily chosen sized aggregates  of 

10 to 30 mm length (Table 2). A large solitary of 100 mm body size would ingest up to 
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85.6 μg pig ind-1night-1. At high chlorophyll stations, salp ingestion rates were higher 

and ranged from 1.8 to 19 μg pig ind-1night-1 in aggregates from 10 to 30 mm body size 

(Table 2). The ingestion rate of a solitary salp of 100 mm body length at high food 

concentrations was calculated as 230 μg pig ind-1night-1, nearly three times the ingestion 

of low food concentrations. At naturally occurring particles concentrations, salps do in 

general not adjust their filtration rate to the available particle concentration, so that 

higher ambient particles concentrations result in higher ingestion rates reflected by the 

higher gut content (Andersen 1985; Pakhomov and Froneman 2004). However, 

Perissinotto and Pakhomov (1998b) suspected a negative relation of ambient 

chlorophyll concentrations above 1 μg chl L-1 and salp gut pigment contents due to a 

severe clogging of S. thompsoni above this threshold concentration. We could not 

confirm this assumption as salp guts contents were higher at in patch situations. 

Although ingestion rates might not increase linear with ambient food, we could at least 

not define a threshold particles concentration in the EIFEX bloom. Therefore, we 

assume a non-disturbed ingestion also for high food situations. 

 

However, the estimated carbon ingestion of smaller salps was lower at bloom situations 

than at non-fertilised waters despite the higher pigment up-take. We used POC to 

pigment ratios of 101.7 ± 8.4 and  56.4 ± 8.6 for low and high chlorophyll stations, 

respectively, derived from measurements of POC and chl-a in the upper 100 m of water 

column (Table 2). Thus, without correction of pigment degradation, carbon ingestion of 

a 10 mm salp account for 31% and of 23% of body carbon at low and high chlorophyll 

stations, respectively. Larger aggregate salps obtained approximately equal rates of 

carbon ingestion at low and high food situations. Solitary salps ingested more food at 

high food situations in terms of carbon with a maximum value of 85% of body carbon 

for a 40 mm solitary salp at high food concentrations.  

 

Consistent with our results, nightly carbon ingestion of S. thompsoni in the 

Bellingshausen Sea accounted for 13 to 37% of body carbon at medium food 

concentrations of 0.9 ± 0.6 μg chl-a L-1 (Pakhomov et al. 2006). Equally, reported daily 

(24 hours) ingestion ratios of S. thompsoni varied from 8 to 45% of body carbon, 

(summarized in Pakhomov et al. 2002). Comparing these results from the Antarctic with 

other salp species, the slowly moving Cyclosalpa bakeri, ingested up to 61% of body 

carbon in 16 hours for an exemplarily body size of 50 mm, applying a pigment to 



Feeding response of Salpa to a diatom bloom 
 

132 

carbon conversion factor of 188, and a correction factor of 2.5 for pigment loss in the 

guts (Madin and Purcell 1992). Estimates of ingestion rates based upon filtration rates 

yielded much higher ingestion ratios of >100% of daily carbon weight for the closely 

related salp species Salpa fusiformis (Andersen 1985). Thus, ingestion rates based on 

pigment content might be underestimated because of restrictions from in situ gut 

fluorescence measurements (Madin and Kremer 1995).   

 

Measurements of pigments in the gut as an index of feeding has been used long time for 

zooplankton (Mackas and Bohrer 1976; Boyd et al. 1980), including salps (Jansa 1977; 

Madin and Cetta 1984), up until recently (Li et al. 2001; Pakhomov and Froneman 

2004; Madin et al. 2006). However, loss of up to 50% of pigments into non-fluorescent 

compounds might occur in salp stomachs and thus might lead to an underestimation of 

total ingestion (Madin and Purcell 1992; Madin and Kremer 1995). In S. thompsoni, 

pigment loss in the guts is reported to be variable and accounted for ~ 10% (Perissinotto 

and Pakhomov 1998ab). In addition, salps also utilise non-fluorescent food that includes 

heterotrophic microzooplankton and small zooplankton (Hopkins 1985; Caron et al. 

1989; Lancraft et al. 1991). Both factors may lead to a significant underestimation of 

salp ingestion when solely based upon pigment measurements (Madin and Purcell 1992; 

Pakhomov et al. 2006). However, for estimates of carbon budgets in order to compare 

the two food situations, results are still valuable. 

 

4.3.2 Egestion 

Average fecal pellet production of 0.56 FP ind.-1h-1 observed for the aggregate and 

solitary form in our experiments was relatively high and did not change in between the 

two food situations. In other studies hourly defecation rate of S. thompsoni was 

estimated to amount 0.05 FP ind.-1h-1 in late austral summer (Pakhomov et al. 2006) or 

0.19 FP ind.-1h-1 in mid summer (Phillips et al. 2009). In the latter study, chl-a 

concentrations were much lower (0.08 to 0.31 μg L-1) than throughout our survey period 

and this might explain their reduced production. Fecal pellet production increased on 

average to 0.3 FP ind.-1h-1 Phillips et al. (2009) at ambient chl-a concentrations of 2.4 

and 3.7 μg L-1 and incubation periods of 8 to 10 hours. Thus, such defecation rate is 

only about half the production observed in our study carried out in the Polar Frontal 

Zone. Ambient water temperatures between -0.6 to 3.4°C had no discernable effect on 
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egestion rates (Phillips et al. 2009), and are comparable to the ~ 4°C water temperature 

encountered during the EIFEX cruise. Both data sets were gathered in late austral 

summer with a comparable demographic population structure and a comparable size 

range of aggregates used in the experiments (Phillips et al. 2009; von Harbou et al. in 

prep.; study I). Differences in the food quality indicated by the different ratios in carbon 

and nitrogen discussed above might have caused the differences in digestion time and 

thus defecation rates. The relatively high contribution of diatoms to the total chlorophyll 

at our “low” chl-stations might already influence S. thompsoni to quickly egest the 

indigestible food and thus increase pellet production rates.  

 

The calculated nightly egestion of pigments based on our fecal pellet pigment data and 

the determined high defecation rates more than doubled from 

2.3 to 5.0 μg pig ind.-1night-1 from low to high food conditions, respectively, in 

aggregates of 30 mm size (Table 2). Estimated egestion rates of large solitaries (100 

mm) account for 19.4 μg pig ind.-1night-1 at high food conditions. Differently from 

pigment content, the carbon content of the egested fecal pellets only increased with size, 

but was not different in between high and low chl-a stations. These measurements might 

confirm our calculated carbon ingestion rates which only slightly increased for large 

salps. Nightly carbon egestion of 10 and 30 mm salps accounted for 25.5 μg C ind.-

1night-1 and 162.4 μg C ind.-1night-1, respectively. Estimated carbon defecation by large 

solitary salps was 1234 μg C ind.-1night-1 (Table 2). However, estimates of solitary 

ingestion and egestion rates have to be considered with restrictions as our results were 

quite variable. Confinement in containers negatively effects solitaries much more than 

aggregates, the latter swimming in chains or as singles alongside the container walls. 

The solitaries, in contrast, bump regularly against the container walls and consequently 

often reverse their swimming direction which interrupts a continuous feeding. In 

addition, the tunica of solitaries is injured by such swimming mode and overall fitness 

of the individual is significantly reduced after a few hours. Therefore, the role of 

solitary S. thompsoni for the ecosystem is difficult to assess based on observations from 

culture experiments.   

 

The estimated carbon defecation at night accounted for about 2 to 12% of body carbon. 

Calculated daily defecation rates based on continuous defecation of S. thompsoni over 

24 hours ranged from 0.5 to 20% (Huntley et al. 1989; Pakhomov et al. 2002; 
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Pakhomov et al. 2006; Phillips et al. 2009). However, such continuous defecation seems 

unlikely and potentially overestimates daily egestion.  As mentioned above, the 

thoroughly study of Phillips et al. (2009) indicated a significant decrease in production 

rate and carbon content of fecal pellets if ambient food concentration were significantly 

reduced. One of our incubation experiment was extended to 20 hours, in which fecal 

pellet production significantly decreased with decreasing food concentrations due to the 

feeding of the salps. Salps kept in filtered seawater (0.2 μm) produced fecal pellets at 

low numbers for over 36 hours, but those fecal pellets consisted only of the digested 

food strands (own observation, Figure 5d). However, we could not use the decreased 

rates from those long-term experiments for establishment of diurnal defecation rates as 

the healthiness of the salps decreased significantly over longer periods of confinement. 

However, defecation rate was not dependent from food concentrations in our incubation 

experiments over 8 hours. Accordingly, other than ingestion, egestion is not restricted to 

the euphotic zone and seems not to follow a distinct diel pattern (Phillips et al. 2009; 

Pakhomov and Froneman 2002).  We thus assume that fecal pellet egestion is not a 

linear function of food concentration, and continues at depth but with decreasing rates at 

prolonged periods in food depleted waters.  

 

4.3.3 Individual salp energy budget

Assimilation rates. In the unfertilised areas of the eddy, aggregate salps in the 

size range from 10 to 30 mm body length egested from 15% to 23% of ingested 

pigments during the night (Table 2). In terms of carbon, a slightly smaller range was 

estimated: carbon egestion approximately accounted for 18% to 16% of ingested carbon 

(Table 2). At high food conditions, decomposition of pigments was lower, and about 

25% of ingested pigment were egested. Also carbon assimilation was reduced, but not 

considerably:  egestion accounted for 15 to 25% of ingestion.  

 

Thus, from assimilation rates we might deduce only a very weak reduction in digestion 

efficiency for the diatom rich food at high food conditions. In comparison to previous 

reports, S. thompsoni of 13 to 30 mm length were estimated to defecate between 10 - 

55% of the ingested pigments (Pakhomov and Froneman 2002; Pakhomov et al. 2006). 

Carbon egestion as ratio of ingestion accounted for about 26% in salps from the 

Bellingshausen Sea (Pakhomov et al. 2006), similar to our results. We thus conclude, 
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that the salps during EIFEX had a similar pigment turn-over compared to previous 

reports. Overall, the carbon assimilation efficiency in both situations, calculated as  

1-(egestion/ingestion), ranged from 75 to 87%, “a reasonable estimate for omnivorous 

zooplankton” (Phillips et al. 2009).    

 

Daily net assimilation. The calculated net carbon assimilation during night, 

based on carbon assimilation rates, were low in both food situations, accounting for up 

to 26 % and 17 % of body carbon at low and high food situations for small aggregate 

salps (10 mm)  and decreased with size (table 2). Solitary salps showed higher 

assimilation rates, reaching a daily net assimilation rate of 73% body carbon for a 

solitary at high food situations (40 mm body size). Daily net carbon assimilation of 

salps (based on carbon ingestion minus the minimum carbon requirements through daily 

defecation and daily respiration) were estimated to account for 10% of small salps (10 

mm) at low food situations. In high food situations, the daily net carbon assimilation 

accounted for only 1% for the small salps. For 30 mm salps, both food situations 

resulted in a daily net carbon assimilation of 2%. Solitary salps reached a respective 

value of approximately 60% by high ingestion rates at high food situations.  

 

Our assumptions might be biased because we calculated carbon ingestion by using POC 

to pigment conversion factors averaged for particles concentrations found in the water 

column (0 to 100 m). The lower conversion factor at the bloom situation derives from 

the increasing pigment concentration at bloom stations. If we use the mean carbon to 

pigment ratios (by weight) determined for feces collected during the experiments (Table 

4),  the daily carbon ingestion of salps from low food areas reach only 54 to 76% from 

those at high food areas.  A different conversion would thus suggest a slight food gain 

for salps within the bloom. However, actual measurements of the carbon to pigment 

ratio in the guts would probably give values somewhere between the determined ratios 

in the water column (“undigested food”) and in fecal material (“digested food”). 

 

Hence, we can assume that the food gain at high food conditions was probably small in 

the smaller size class of salps. With increasing length, salps might have profited more 

from the higher food concentrations. One explanation might be the slower gut passage 

time of larger salps which results in a longer digestion time and thus allow a higher 

digestion efficiency of refractory food items by enzymatic processes. However, we 
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cannot determine further metabolic costs. Although we did not observe any differences 

in salp behaviour in our incubation experiments of salps at ambient surface 

concentrations, in the field, swimming and thus feeding might be reduced if more 

particles adhere inside salp body cavity. It is likely that the feeding net is not be 

continuously deployed under such conditions and flushing would be necessary at more 

regular intervals (Madin 1974). Certainly, we can state that gain and harm of high 

concentration of food is probably dependent on specific threshold levels depending on 

size class and generation of the salps. A negative threshold of too high food 

concentration with too low food quality for salps was apparently not reached in our 

study. However, the benefit of the higher phytoplankton concentrations seems minor for 

the salps smaller than 30 mm through the reduced food quality of the diatoms in the 

bloom.  The less abundant larger salps of over 30 mm, though, might have profited from 

the energy surplus by a faster maturation of embryos (see von Harbou et al. in prep., 

study I).  

 

4.4 Consequences in the field 

In this paper we combine experimental derived ingestion and egestion rates with in situ 

data of salp biomass and POC in the water column. The aim was to determine removal 

(grazing) rates of POC and subsequent carbon flux either directly mediated by the salps 

or via their fecal pellets in the upper water column during EIFEX.  

 

Grazing pressure. The grazing impact of the salp population inside the EIFEX 

eddy was low. S. thompsoni was present in medium to low densities from 4 to 218 ind.-

1m-2 in the upper water column (Table 1, only stations with salp catches are listed). 

Hence, the total pigment ingestion of the salps present in the euphotic zone during the 

night accounted for only 0.02 to 2.7% of the pigment standing stock at low ambient 

phytoplankton concentrations. The grazing impact of salps was even lower with 

increasing diatom concentrations and did not exceed 1.6% of pigment standing stock 

per night. These calculations assumed that salps were uniformly distributed in the top 

50 m each night. However, detailed studies of vertical salp distributions during EIFEX 

showed that salps, especially larger aggregates, tended to avoid the upper 50 m water 

column and rather concentrated in depth day and night (von Harbou et al., in prep. study 
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I). With the Bongo nets, we avoided to sample deeper than 50 m to reduce damage of 

the salps in the nets caused by high phytoplankton and zooplankton concentrations in 

the cod ends. We thus might at times underestimate the population density of salps and 

their grazing impact on primary production in the euphotic zone, especially in the 

EIFEX bloom with high chl-a values down to at least 100 m (Figure 4).  

 

An alternative approach to determine carbon turnover rates mediated by salps in the 

euphotic zone is to estimate the minimum carbon ingestion requirements by the salps 

present. We combined daily respiration (at 4°C) by salp weight (μg C mg DW-1 d-1) 

with the daily individual carbon defecation rates (μg C ind.-1 d-1; derived from night 

defecation plus day defecation (=½ night defecation)) to obtain a minimum daily 

ingestion requirement. As for grazing estimates, the minimum ingestion requirements of 

the salp population in the EIFEX eddy compared to the POC standing stock in the water 

column were marginal (Table 1).  

 

Salps alone or combined with other zooplankter might at some times exert a grazing 

pressure of about 32 to 37% in early summer (Pakhomov and Froneman 2004; 

Tanimura et al. 2008) or up to 72% of the primary production in midsummer in 

Southern Ocean waters (Li et al. 2001). Salp swarms occasionally even exert a grazing 

pressure of over 100% of the primary production (Dubischar and Bathmann 1997; 

Perissinotto and Pakhomov 1998a,b). However, with decreasing salp abundance in late 

summer and fall, their grazing impact on population level is often negligible (Reinke 

1987; Huntley et al. 1989; Nishikawa et al. 1995; Tanimura et al. 2008). Pakhomov et 

al. (2002) in their review article concluded that “the general abundance of S. thompsoni 

is too low to exert a significant control over the phytoplankton growth and that their 

general grazing impact is moderate through most of the Southern Ocean”.  

 

Accordingly, the salps in the EIFEX eddy were low in numbers and not able to suppress 

the fertilised and growing phytoplankton through feeding (no/little “top-down control”). 

Although the bloom might have positive effects on salp reproduction by enhancing 

maturation of embryos (von Harbou et al., in prep., study I) the salp reproduction did 

not profit to such an extent that a large salp bloom developed concordantly with the 

ongoing diatom bloom. In contrast, salp abundances inside the phytoplankton bloom 

decreased relatively to the non-fertilised area. In general, it has been assumed that the 
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salps need to build up huge standing stocks to suppress the onset of a phytoplankton 

bloom that would harm their feeding mechanism (Zeldis et al. 1995; Le Fèvre et al. 

1998; Perissinotto and Pakhomov 1998a,b). Salp’s rapid growth and reproduction 

would then allow them to out-compete the crustacean zooplankton by a faster response 

to the increased food conditions (Alldredge and Madin 1982; Fortier et al. 1994; Madin 

et al. 2006). Eventually, salp’s high grazing pressure results in such low phytoplankton 

stocks that in turn dampen successful growth and reproduction of the competitive 

grazers (LeFèvre et al. 1998; Loeb et al. 1997). We could show that present EIFEX 

bloom conditions (phytoplankton species composition and biomass) did not harm the 

salps immediately e.g. through clogging, but the salps experienced a moderate to low 

quality food environment during our experiment. In this respect, salps during EIFEX 

were less important in the top-down control of phytoplankton growths compared to i.e. 

copepods (Krägefsky et al. subm., Appendix III). This situation might change though 

with type and quality of food, and thus, might be different in various regions of the 

Southern Ocean. Accordingly, although the estimated grazing impact of the salp 

population on the present phytoplankton bloom was marginal, salps might nevertheless 

alter the epipelagic food web through the ingestion of microzooplankton, such as 

heterotrophic flagellates. The fatty acid profiles of salps clearly indicated a high up-take 

of flagellate food (which can, however, not be differentiated in heterotrophic or 

autotrophic flagellate signals). Flagellates are in turn important grazers of the small 

phytoplankton, also during iron fertilised blooms (Landry et al. 2000; Calbet and 

Landry 2004). 

 

Carbon export. The carbon export via fecal pellets during the EIFEX situation is 

difficult to assess. Usually, it is assumed that salps, especially migrating species, play an 

important role in channelling carbon fixed in the euphotic zone into deeper waters (e.g. 

Le Fèvre et al. 1998; Andersen 1998). The salps produce large, rapidly sinking fecal 

pellets with high sinking rates, e.g. fecal pellets of S. thompsoni might sink as much as 

200 to 1400 m day-1 (Phillips et al. 2009). Furthermore, salp feces are relatively slowly 

altered by bacterial degradation (Caron et al. 1989; Yoon et al. 1996). Deep downward 

migration during the day exerted by S. thompsoni with continuous defecation would add 

to such downward flux (Nishikawa and Tsuda 2001; Voronina et al. 2005). Salp swarms 

in many ocean areas thus are assumed to contribute significantly to vertical particle 

(carbon) flux (Wiebe et al. 1979; Bruland and Silver 1981; Huntley et al. 1989; 
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Dubischar and Bathmann 2002; Ducklow et al. 2006; Madin et al. 2006). The suggested 

high fall out of fecal material was confirmed by studies of sediment traps retrieving salp 

pellets even from great depth (Matsueda et al. 1986; Bathmann 1988; Morris et al. 

1988; Ramaswamy et al. 2005). Assuming high sinking rates of salp pellets out of the 

mixed layer also during our study, we estimate a carbon export via salp fecal pellets 

from 0.2 to a maximum of 5.3 mg C night-1 and from 0.1 to a maximum of 11.2 mg C 

night-1 in the upper water column at low and at high food concentrations, respectively 

(Table 1). Carbon flux decreased with decreasing salp abundances and biomass over the 

course of the experiment. As seen for the grazing impact, salp densities during EIFEX 

were too low to significantly contribute to the carbon export out of the mixed layer.  

 

Samples from two different types of sediment traps deployed at 240 m and at 260 m 

depth during EIFEX study contained  no intact salp feces and thus seem to confirm the 

above made calculations (own observation; for description of traps, see Smetacek 2005, 

p. 35). Low salp densities and thus low pellet densities might be one reason. 

Furthermore, the salp pellets produced under bloom conditions tended to be flocculent 

and easily broke apart. Generally, egested zooplankton pellets are dense and sink fast in 

oligotrophic areas, whereas pellets produced under bloom conditions are less dense 

(Pomeroy and Deibel 1980; Bruland and Silver 1981; Caron et al. 1989; Urban et al. 

1993). However, flocculent fecal material might nevertheless be incorporated in sinking 

marine snow and contribute to carbon export (Alldredge 1992). Yet, it might likewise 

be grazed and remineralised in the euphotic zone (e.g. Turner 2002; Iversen and Poulsen 

2007), contributing more to the processes in the water column than flux to the benthos. 

The egested particles of salps contained lots of undigested, fluorescent phytoplankton 

cells of various sizes (own observation) and thus probably constitute a valuable food 

source.  

 

4.4 Conclusions  

Grazing effect of the salps and carbon flux mediated through salp feces remained low 

throughout the survey period due to low salp abundances. During EIFEX, salp 

abundance decreased over the survey period in the entire eddy region, yet, abundance 

decrease was stronger inside the fertilised area (von Harbou et al. in prep., study I). 

Based on our study, we can exclude salp clogging as simple factor for the observed 
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reduced abundance. In this respect, S. thompsoni is different from the non-migrating, 

warm-water species Pegea confoederata that is commonly cited for general behaviour 

of salps. The latter species is characterized by high growth rates and a short-life cycle 

which both are apparently highly vulnerable to short-term starvation that might occur in 

waters with too high particle concentrations (Harbison et al. 1986). Although different 

salp species possess apparently the same feeding modes (Madin and Deibel 1998; Bone 

et al. 2000), in direct comparison to Pegea confoederata, S. thompsoni has a larger 

mouth opening, an apparently lower metabolism, much slower life cycle and shows 

adaptive vertical migration behaviour.  Thus, S. thompsoni is much more robust and 

obviously less vulnerable to clogging of the oesophagus. Yet, several studies, including 

the EIFEX survey (von Harbou et al. in prep., study I) demonstrated a negative (long-

term) correlation of S. thompsoni abundance and surface chlorophyll-a concentrations 

(Perissinotto and Pakhomov 1998b; Hosie et al. 2000; Kawaguchi et al. 2004; Ross et 

al. 2008). The data of our study might elucidate some of the underlying factors. 

 

During EIFEX, S. thompsoni guts reflected the higher particles concentrations present in 

the fertilised water in their guts. Assimilation of ingested carbon (based on pigment 

ingestion rates) accounted for roughly 20% of body carbon in aggregate salps and was 

higher in solitaries. Main contributors to the diet were flagellates. Furthermore, our 

results gave clear indication that S. thompsoni was able to ingest and moderately digest 

diatoms. However, high food up-take results in a reduced digestion and assimilation 

efficiency of the individual salp. Moreover, the diatoms contributing to the EIFEX 

bloom apparently constituted a minor food quality for the salps which therefore could 

not fully profit from the higher food concentrations. Reduced ingestion due to a reduced 

residence in the euphotic zone might furthermore dampen the benefit of a higher food 

supply. In summary, we cannot support a single simple mechanism explaining the 

apparent restriction of Salpa thompsoni to oligotrophic areas but might suspect several 

different factors depending e.g. on food quantity and quality but also on population size 

structure and seasonal conditions.   
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Abstract 

 Four grid surveys were carried out in the top 200 m layer of the Lazarev Sea during fall 

2004, summer 2005-06, winter 2006 and summer 2007-08 onboard the RV Polarstern 

as a part of the German SO-GLOBEC. The distribution, abundance and biology of two 

species of salps, Salpa thompsoni and Ihlea racovitzai, were investigated. With the 

exception of fall 2004, I. racovitzai dominated the salp community although being 

represented by modest densities (<20 ind.1000 m-3). S. thompsoni was scarce during the 

summers of 2005-06 and 2007-08 and almost absent from the region during winter 

2006. Nevertheless, it was modestly numerous during fall 2004 reaching densities of up 

to 33 ind.1000 m-3 in the southwestern stations of the grid. The data from this study 

were the first on the seasonal population structure and life cycle of I. racovitzai and 

showed that this species followed the generalized pattern typical of S. thompsoni, i.e., 

sexual/asexual reproduction and spawning during fall. Ihlea racovitzai densities were 

lowest during summer, increased during fall and peaked in winter. Numerous offspring 

were produced by I. racovitzai during fall, just before the area became ice covered. 

Conversely, S. thompsoni appeared not to be able to complete its life cycle in the 

Lazarev Sea, with a high occurrence of stage X (unfertilized) aggregates present. 

Highest S. thompsoni densities in summer and fall, and its disappearance in winter are 

indicative of a population of the expatriate origin that is sustained by advection. 

 

Key words: LAKRIS, Lazarev Sea, German SO-GLOBEC, pelagic tunicates, Salpa

thompsoni, Ihlea racovitzai, biology, life cycle. 
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1 Introduction 

Salps are pelagic tunicates commonly found in the open waters of the world ocean with 

the exception perhaps of the Arctic region (Madin and Deibel 1998). Herbivorous, 

pelagic tunicates are known to be efficient filtrators that are successfully adapted to 

oceanic environments with low particle concentrations (Madin and Deibel 1998). 

Southern Ocean tunicate fauna is not diverse and are there only two valid species of 

Antarctic pelagic tunicates, Salpa thompsoni and Ihlea racovitzai. These are widely 

distributed throughout the Southern Ocean south of the Antarctic Polar Front (Foxton 

1964; 1966; 1971; Casareto and Nemoto 1987). While S. thompsoni is documented 

mainly from the low latitudes of the Southern Ocean (40 – 55°S), it was recently 

recorded in coastal waters around the Antarctic continent (Kawamura et al. 1994; Loeb 

et al. 1997; Pakhomov et al. 2002; Atkinson et al. 2004). Unlike S. thompsoni, I.

racovitzai is a high Antarctic species and generally has not been found north of the APF 

(Foxton 1971). Overall, salps are considered to be the third most important metazoans, 

in terms of their total dry and carbon biomass after, Antarctic krill Euphausia superba 

and copepods in the Southern Ocean (Voronina 1998).  

 

Salps have the ability to undergo explosive population development, outcompeting 

other zooplankton grazers and dramatically altering the high Antarctic pelagic food 

webs (Dubischar and Bathmann 1997; Loeb et al. 1997; Walsh et al. 2001). 

Furthermore, salps are efficient re-packagers of small particles into fast sinking faeces 

thus acting as important players in the Southern Ocean biological pump channelling 

biogenic carbon from surface waters into the ocean’s interior and seafloor (Drits and 

Semenova 1989; Le Févre et al. 1998; Moline et al. 2000; Walsh et al. 2001; Phillips et 

al. 2009). The generalized annual salp life cycle, best known for S. thompsoni, includes 

an alternation between sexual and asexual reproductive modes. There is a marked 

change in the salp vertical distribution between modes, residing in the deep-sea during 

the asexual mode and in the epipelagic during the sexual mode, the latter characterized 

by strong diel migration behavior (Foxton 1966; Nishikawa and Tsuda 2001). To date 

however, we know little about the life cycle of I. racovitzai (Foxton 1971; Casareto and 

Nemoto 1986; Esnal and Daponte 1990).  
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Our knowledge of S. thompsoni large-scale distribution, biology and life cycle is based 

mainly on the classical work of Foxton (1966) summarizing enormous data sets of the 

Discovery expeditions collected at the first half of the last century. Recent data showed 

that S. thompsoni has increased in abundance in the southern part of their range over the 

past few decades, which raises the question of how this influential species may impact 

the trophic ecology and biological pump in the high Antarctic (Atkinson et al. 2004). 

There is evidence that there may be changes in salp reproduction rates at high latitudes 

(Casareto and Nemoto 1986; Chiba et al. 1999; Pakhomov et al. 2006). If so, it is 

critical to assess these changes and how they effect salp population dynamics if we are 

to understand how salps will respond to different climate change scenarios and model 

their contribution to high Antarctic ecosystems, e.g. to the biological pump (Walsh et al. 

2001). The main aims of this study were build upon a unique opportunity provided by 

the German SO-GLOBEC surveys in the Lazarev Sea that for the first time since the 

Discovery expeditions provided year around observations on the biology and life cycles 

of two common salp species in the high Antarctic setting. Such observations are crucial 

for description of the I. racovitzai annual cycle, for comparison of S. thompsoni life 

cycle in low and high Antarctic realms and understanding behavioural reactions of salp 

species in the high Antarctic realm under the different climate change scenarios. 

 

 

2 Material and Methods 

Samples were collected during four expeditions to the Lazarev Sea onboard RV 

Polarstern conducted during fall of 2004 (ANT XXI/4), summers of 2005-06 (ANT 

XXIII/2) and 2007-08 (ANT XXIV/2), and winter of 2006 (ANT XXIII/6) (Table 1a). 

The cruises were carried out under the Lazarev Sea Krill Study (LAKRIS) which was a 

German contribution to the SO-GLOBEC. The dates of sample collection for each of 

the LAKRIS voyages are presented in Table 1a, and the generalized grid of stations is 

shown on Figure 1. The actual station grids are plotted on Figure 2 and 4. In addition to 

the grid sampling during the cruises, several opportunistic stations were completed to 

sample the midwater layer (down to 3000 m) within the grid and in the region of 51 – 

55°S located south of the Antarctic Polar Front (APF). This sampling was carried out 

during the summers of 2005-06 and 2007-08 as well as winter 2006 (Figure 1 and Table 

1b).  
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At each station vertical profiles of temperature, salinity and density were derived from 

measurements made by lowering a Sea-Bird Electronics SBE 911plus CTD 

(Conductivity, Temperature and Depth sonde) to a minimum depth of 1000 m. The 

CTD and peripheral instruments were attached to a Sea-Bird SBE 32 Carousel multi-

bottle water sampler holding 24 12-liter bottles. The performance of the water sampler 

was controlled by use of a laboratory standards thermometer of type SBE 35. Salinity 

derived from the CTD measurements was re-calibrated after the cruise by comparison to 

salinity samples, taken from the water bottles, which were analyzed by use of a 

Guildline-Autosal-8400A salinometer adjusted to IAPSO Standard Seawater with 

accuracy generally better than 0.001 units on the practical salinity scale. The final 

accuracy of the recalibrated CTD salinities is estimated as typically 0.005. The 

temperature sensor was calibrated at the factory roughly half a year prior and after the 

cruise to accuracy generally better than 0.0001 °C. At each grid station, water samples 

for total chlorophyll-a (Chl-a) were collected at 8 standard depths in summer and winter 

cruises. Despite water was collected at standard depths, surface chl-a samples were not 

collected from the same depth in each season. Therefore for the correlation analyses, the 

“surface” Chl-a were taken from 10, 5, 20 and 10 m in fall 2004, summer 2005-06, 

winter 2006 and summer 2007-08, respectively. Chl-a was extracted from 500-4000 ml 

aliquots in 90% acetone for 24 h in the dark at –20°C. Concentrations were calculated 

from fluorescence readings on a Turner Design 10AU fluorometer before and after 

acidification with HCl (Mackas and Bohrer 1976).  

 

Salps were collected using a rectangular midwater trawl type RMT-8+1 harnessed with 

4.5 mm and 0.3 mm mesh nets. A flowmeter was mounted at the mouth of RMT-8 to 

access volume filtered. Net tows were made at a speed of ~2.5 kn and completed as 

double oblique hauls in the upper 200 m of the water column. Salps were picked fresh 

from the entire sample and processed at sea. Occasionally, however, the entire sample 

was preserved (all midwater RMT-8 and surface RMT-1 samples) in a ~ 4 - 5% 

buffered formaldehyde seawater solution and returned to the laboratory for processing. 

At sea or in the laboratory, the salps were counted, separated into aggregate and solitary 

forms and measured for total (from tip to tip) and body (oral-atrial distance (length) = 

OAL) length to the nearest millimetre according to Foxton (1966). The maturity stages 

of S. thompsoni have been previously described in several papers (e.g. Foxton 1966; 

Casareto and Nemoto 1986; Chiba et al. 1999; Daponte et al. 2001). Following these 
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descriptions, the maturity stages of aggregates was determined according to the 

morphological characteristics of the embryo inside an aggregate body. Five different 

stages (from 0 to 4) were classified according to gradual growth of the embryo. At stage 

0, the ovarian sac is spherical with no sign of embryo development. By stage 4, the 

embryo, often >4 mm in length, resembles in all features the early oozoid (see pictures 

in Foxton 1966 and Daponte et al. 2001). Stage ‘spent’ was identified by the presence of 

a placenta scar, which indicated that the embryo has been released. Finally, we observed 

some embryos with abnormal development, for example, no embryos (failed 

fertilization) or disrupted embryo development. Following Chiba et al. (1999), we 

classified such stages as ‘X’. 

 

The developmental stages of S. thompsoni solitary forms were previously described by 

Foxton 1966; Casareto and Nemoto 1986 and Daponte et al. 2001 and determined 

according to the morphology of the stolon. No description of developmental stages for I. 

racovitzai was available at the time of the LAKRIS study. Therefore they were only 

measured for total and OA length and separated onto aggregate and solitary forms. 

Large I. racovitzai (OA length >20 mm) were counted, sexed and measured from RMT-

8 samples, while small salps (OA length <20 mm) were analyzed from both the RMT-

and RMT-1 nets. Unfortunately, the RMT-1 samples were not available from fall 2004 

due to preservation problems. It should be noted that S. thompsoni, due to its scarcity 

throughout the winter 2006 grid was collected from all available sampling gears, 

including Multinets and midwater (down to 2500 m) RMT-8’s.   

 

After log10(x+1) transformation of salp density data two analyses were performed. 

Firstly, Spearman rank correlation analysis was performed to test the effect of latitude, 

chlorophyll a, temperature and salinity on observed salp densities during each survey. 

Secondly, we used ANOVA to test the effect of time of day and survey on observed 

salp densities. Time of day was divided into there periods: night, twilight and day. 

Where a significant effect of time of day or season was detected Newman-Keuls 

multiple range tests were used to test between group differences. All analyses were 

performed using Statistica 6.0. 
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Table 1a. Sampling dates and number of RMT-8+1 grid stations carried out during 
four LAKRIS surveys 

Voyage Season Dates of sampling No of 
stations 

 ANT XXI/4 Fall 6-26 April, 2004 93 

ANT XXIII/2 Summer 
November 25, 2005 - January 3, 
2006 78 

ANT XXIII/6 Winter June 26 - August 12, 2006 51 

ANT XXIV/2 Summer December 7, 2007 - January 26, 
2008 50 

 

 

 



 

 

Table 1b. Opportunistic (mostly mesopelagic) stations occupied in the Lazarev Sea and adjacent regions during summer 2005-06, summer 

2007-08 and winter 2006 

 

Cruise   Station No  Date   Time (UCT) Latitude Longitude Depth sampled 

 

Summer 2005-06 30   Nov 25, 2005  06:35  51o10.80’S 6o22.70’E 0-1000 m 

   34   Nov 26, 2005  17:44  54o54.63’S 2o49.47’E  0-1000 m 

   62   Dec 13, 2005  18:24  59o58.01’S 2o32.72’E  0-1000 m 

   93   Dec 23, 2005  15.18  64o48.33’S 2o49.81’W 0-1000 m 

   127   Jan 3, 2006  14:40  67o38.28’S 15o1.42’W 0-600 m 

 

Summer 2007-08 13   Dec 5, 2007  20:07  52o2.31’S 0o1.20’W  0-200 m 

   39   Jan 1, 2008  07:36  64o28.8’S 2o51.9’E 500-2000 m 

   64   Jan 21, 2008  10:45  62o59.91’S 0o0.83’E 500-2500 m 

   68   Jan 23, 2008  08:03  59o59.8’S 0o3.40W 500-2500 m 

   84   Jan 26, 2008  11:51  52o12.12’S 0o0.06’E 500-2000 m 

 

Winter 2006  506   Jul 23, 2006  11:40  61o58.48’S 0o1.56’W 0-2000 m 

   529   Aug 10, 2006  15:18  60o1.31’S 0o0.93’W 0-3000 m 

   532   Aug 13, 2006  01:34  59o54.31’S 2o52.7’E 0-3000 m 
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Figure 1. Location of LAKRIS survey area in the Lazarev Sea with generalized grid station 
positions. Open triangles, diamonds and squares represent additional stations occupied during 
summer 2005-06, summer 2007-08 and winter 2006, respectively (Table 1b). 
 



 

 

 

 
 
Figure 2. Actual distribution of stations sampled in the Lazarev Sea during four cruises: A – fall 2004; B – summer 2005-06; C – summer 2007-08; D – winter 2006. 
Isopleths show the temperature distribution at Tmax layer. Regions of highest potential temperatures (1.3°C > Tpot > 1°C) are indicated by orange lines and are 
denoted h. Regions of intermediate temperature (1°C > Tpot > 0.8°C) are encircled by pink lines and denoted i. The lowest temperatures in the temperature maximum 
layer (0.5°C > Tpot) are denoted l and are encircled by yellow lines. WGC - Weddell Gyre Centre (marked by the bold red line); CC – Coastal Current; ASF – 
Antarctic Slope Front. 
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3 Results 

3.1 Oceanographic description of the investigation area 

Sea ice during the summer cruise of 2005-06 melted away completely in the 

investigated area. During summer 2007-08, the study area was also largely ice free with 

some ice coverage remaining south of 68°S. In fall, the ice had begun to grow 

northwards with significant amounts of sea ice occurring south of 68°S. North of 68°S, 

the predominantly young ice cover had formed only days to weeks before the sampling. 

In winter 2006, the study area was completely covered by sea-ice except leads and small 

polynyas that were most numerous in the Maud Rise region. The ice edge during the 

2006 sampling period was situated north of the grid at approximately 57°S. 

 

The northern boundary of the Weddell Gyre, which is demarcated by the Weddell Front, 

is situated at about 56°S along the Greenwich Meridian (Fahrbach et al. 1994; Schröder 

and Fahrbach 1999). To the east, the Weddell Gyre extends approximately to 20-30oE 

(Gouretski and Danilov 1993; Schröder and Fahrbach 1999). The region east of the 

Lazarev Sea is thus known as the area of intensive interactions of the cold Weddell 

Gyre waters with the warm Antarctic Circumpolar Waters (Schröder and Fahrbach 

1999). It appears that the overall physical setting of the Lazarev Sea is largely 

determined by the interactions of the cold Weddell Gyre in the north, by mixed waters 

of Weddell Gyre and Antarctic Circumpolar Waters in its middle part and by coastal 

westward flowing current near the continent (Gouretski and Danilov 1994; Schröder 

and Fahrbach 1999). The largest part of the Lazarev Sea is therefore characterized by a 

westward inflow of warm water from the Antarctic Circumpolar Current with the 

westward setting southern branch of the Weddell Gyre (Schröder and Fahrbach 1999). 

In the Lazarev Sea, the Weddell Gyre Centre line (a transition to westbound flow) was 

located just north of the northern edge of the grid at ca. 59-60oS during most of the 

cruises. During summer 2007-08 the Weddell Gyre Centre (WGC) was located between 

61° and 62°S (Figure 2b). The inflowing water mass of circumpolar origin is termed 

either Warm Deep Water (WDW) (Carmack 1974) or Upper Circumpolar Deep Water 

(UCDW) (Orsi et al. 1993). It forms a temperature maximum layer between 200 and 

400 m. The result of water mass advection thus is most clearly revealed by the 

distribution of temperature at the depth of the temperature maximum. The temperature 
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distribution at those depths is the basis of the isopleths in Figure 2. Regions of highest 

temperatures in the temperature maximum layer, e.g. potential temperatures (1.3 °C > 

Tpot > 1 °C), are indicated by orange lines and are denoted h. Regions of intermediate 

temperature (1 °C > Tpot > 0.8 °C) are encircled by pink lines and denoted i. The lowest 

temperatures in the temperature maximum layer (0.5 °C > Tpot) are denoted l and are 

encircled by yellow lines. Tpot were mostly >0.4 °C, hence well above 0.0 °C indicating 

that WDW was the predominating water mass in the Lazarev Sea. All four surveys 

revealed similar overall oceanographic setting in the Lazarev Sea, with little seasonal 

and inter-annual differences (Figure 2). The temperature maximum descended very 

steeply at the Antarctic Slope Front (ASF) and disappeared to the south of that front. 

South of the ASF very cold water of Tpot < -1 °C extends down to below 500 m depth 

(Figure 2). Besides the Antarctic Coastal Current (CC) only one other persistent strong 

current was found in the northern part of the Lazarev Sea. It was represented by a jet 

(MRJ) restricted to the northern topographic slope of Maud Rise (Figure 2). Mesoscale 

eddies forming in the lee of the seamount appeared to propagate in a south-south-

easterly direction. Beyond the CC and MRJ, the flow was rather sluggish and mostly 

associated with mesoscale eddies. The most prominent seasonal hydrographical pattern 

was apparent from the mixed layer depth, which never exceeded 50 m (range 4 - 49 m) 

in summers 2005-06 and 2007-08, whereas it ranged between 12 and 204 m in autumn 

2004 and between 30 and 453 m in winter 2006. Mean sea surface temperatures were 

the lowest (-1.81 °C) during winter 2006 and the highest (-1.16 to -1.19 °C) during the 

summers 2005-06 and 2007-08 (Figure 3). 
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Figure 3. Average time of day of the net sampling (based on the categories: 0 = night, 1 = 
twilight, 2 = daylight), surface chlorophyll-a biomass (mg.m-3), and sea surface temperature 
during each survey. Bars represent one standard deviation. Surface Chl-a samples were from 10, 
5, 20 and 10 m in fall 2004, summer 2005-06, winter 2006 and summer 2007-08, respectively 
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Hours of illumination (sun above the horizon) ranged from ~ 22 in summers to 4 in 

winter. As would be expected with the surveys operated around the clock, the majority 

of samples were completed in daylight in summer and conversely, in winter the majority 

of samples were collected in darkness (Figure 3). Surface Chl-a biomass was highest in 

summer seasons averaging ~ 1.5 mg.m-3 and reaching up to 8.2 mg.m-3 during summer 

05/06 and averaging 0.88 mg.m-3 and reaching up to 2.77 mg.m-3 during summer 

2007/08 (Figure 3). Autumn Chl-a biomass averaged 0.24 mg.m-3 with a maximum of 

0.73 mg.m-3, while the lowest Chl-a biomass was recorded in winter, averaging 0.04 

mg.m-3 with a maximum of 0.1 mg.m-3 (Figure 3). 

 

3.2 Ihlea racovitzai distribution, density and biology 

Ihlea racovitzai was quite prominent during all four surveys (Figure 4). It was 

encountered in 51 - 64% of samples during summers 2005-06 and 2007-08 and fall 

2004 and on every station during winter 2006 (Table 2). Outside the grid, no I.

racovitzai were encountered in samples conducted between 51°S and 55°S (see Table 

1b). Although found across the grid, I. racovitzai showed substantially lower frequency 

of occurrence and densities at the southern grid stations during both summers, while this 

pattern was not obvious during both fall and winter surveys (Figure 4). This species was 

significantly positively correlated with the latitude in summer 2005-06 and summer 

2007-088, accounting for 22 and 47% of variation in abundance for these surveys, 

respectively (Table 3).  
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Figure 4. Seasonal distribution and abundance of Ihlea racovitzai in the Lazarev Sea during LARKRIS surveys.  

  A: fall 2004; B: summer 2005-06; C: summer 2007-08; D: winter 2006. 
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Table 2. Abundance (ind.1000 m-3), frequency of occurrence in samples (FO) and 
aggregate to solitary ratios (agg/sol ratio) of Ihlea racovitzai and Salpa thompsoni in the 
Lazarev Sea during four cruises between 2004 and 2008. Abundance calculated either 
using data from all stations or from station with salps only 
 
   Abundance, ind.1000 m-3 (±1SD)   FO 
 agg/sol 
   all stations only with salps min max (%) ratio 
 
Ihlea racovitzai 
 
Summer 2005-06 
Grid, 0-200m  0.23±0.45 0.46±0.55  0.03 2.04 50.6 0.09 
 
Summer 2007-08 
Grid, 0-200m  0.53±1.15 0.84±1.36  0.03 7.71 64.0 0.03 
 
Fall 2004 
Grid, 0-200m  0.50±0.74 0.89±0.79  0.05 3.73 55.9 0.19 
 
Winter 2006 
Grid, 0-200m  
RMT-8  2.33±2.10 2.42±2.09  0.10 11.5 96.1 no agg 
RMT-1+8  43.9±32.1 43.9±32.1  9.29 148.8 100 no agg 
 
Salpa thompsoni 
 
Summer 2005-06 
Grid, 0-200m  0.21±1.51 1.43±3.83  0.03 13.4 14.8 8.42 
55oS, 0-1000m 1.08       100 84.0 
51oS, 0-1000m 1.07       100 6.00 
 
Summer 2007-08 
Grid, 0-200m  0.04±0.13 0.28±0.27  0.03 0.76 12.0 31.0 
52oS, 0-200m  8.35       100 18.3 
52oS, 500-2000m 4.13       100 1.21 
 
Fall 2004 
Grid, 0-200m  2.04±5.29 3.71±6.72  0.04 32.9 54.8 122.6 
 
Winter 2006 
Grid, 0-200m  0.04±0.13 0.16±0.24  0.01 0.89 25.0 no agg 
Grid, 0-2000m  0.05±0.03 0.05±0.03  0.01 0.08 100
 no agg   
 
 
 
 



 

 

Table 3. Spearman rank correlations between salp densities (ind.1000 m-3) and environmental parameters in the Lazarev Sea. T10, 
T200 and T300: sea water temperature at 10, 200 and 300 m depth, respectively; T0200 and T0300: depth averaged sea water 
temperature in the top 200 or 300 m respectively; DTmax: depth of the temperature maximum; S10, S200 and S300: sea water 
salinity at 10, 200 and 300 m depth, respectively; S0200 and S0300: depth averaged sea water salinity in the top 200 or 300 m 
respectively; STmax: depth of the salinity maximum 

 Salpa thompsoni  Ihlea racovitzai 

Environmental 
variables 

Summer 
2005-06 Fall 2004 

Summer 
2007-08 

Winter 
2006 

 
 

Summer 
2005-06 Fall 2004 

Summer 
2007-08 

Winter 
2006 

Latitude    0.42**  0.222*  0.474**  

Chl a  -0.37**  0.446**  ND -0.29* 0.439**  
Chl a integrated  ND  0.372**    0.396**  

T10  -0.476**        
T200  -0.424**        
T300  -0.389**        
T0200  -0.471**        
T0300  -0.462**        
DTmax  -0.379** 0.352*   -0.261*  -0.359*  

S10  -0.441**  -0.36**  -0.29**    
S200  -0.43** -0.339*       
S300  -0.425**        
S0200  -0.44**      -0.462**  
S0300  -0.441**    0.222*  -0.405**  
DS max 0.223* -0.487** 0.4036**       
   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

* p < 0.05; ** p < 0.01; ND – no data   

Table 4. Results of ANOVA of time of day and season. F and p values indicated. Significant differences between categories was 
determined using a Newman-Keuls multiple range test, and are indicated by different letters. Values in table are average abundance 
(ind.1000 m-3) 

 F; p Night Twilight Day F; p Summer 
2005-06 

Fall 
2004 

Summer 
2007-08 

Winter 
2006 

Salpa thompsoni 3.46; 0.03 1.42y 1.703y 0.259x 5.49; < 0.01 0.212x 2.036y 0.0191x 0.343x 

Ihlea racovitzai 20.52; < 0.01 1.755y 0.508x 0.195x 18.67, < 0.01 0.233x 0.499x 0.395x 2.28y 
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Despite being found in more than 50% samples, abundances of I. racovitzai were low 

and never exceeded 8 ind.1000 m-3 during both summers and fall. Maximum abundance 

of I. racovitzai during winter reached however 11.5 and 148.8 ind.1000 m-3 in RMT-8 

and RMT-8+1 samples (Table 2). Although the mean abundance of I. racovitzai was 

lowest during summer 2005-06, it was not significantly different from summer 2007-08 

and fall 2004. The mean density of I. racovitzai was 2.5 - 5 folds and significantly 

higher in winter than in summers and fall in RMT-8 samples, and up to two orders of 

magnitude higher in RMT-8+1 samples (Tables 2 & 4). This was due to the large 

number of small individuals (<20 mm in length, see below) present in RMT-1 samples. 

Small individuals of I. racovitzai were not found in RMT-1 samples during both 

summers, and as a consequence could not have affected the RMT-8 densities during this 

season. Although no RMT-1 samples were available for fall, it is possible that combined 

fall RMT-8+1 salp densities would have been higher than in just RMT-8 samples. 

 

There were significant differences by one order of magnitude in I. racovitzai densities 

between daytime and nighttime samples (Table 4) that are reflected in the salp 

distribution maps as apparent horizontal variations between every 2 to 4 consecutive 

stations (Figure 4). The frequency of occurrence of I. racovitzai in nighttime samples 

was over 90% (100% in winter) pointing to a very strong vertical migration behavior of 

this species. During summer 2007-08, I. racovitzai densities were positively correlated 

with Chl-a concentrations that explained over 40% of the salp density spatial variation. 

However, a negative relationship (29% of variation) was found between I. racovitzai 

densities and Chl-a in fall 2004 (Table 3). Temperature at different layers did not affect 

I. racovitzai density distribution, with the exception of a significant negative correlation 

with DTmax, indicative of subsurface warmer water intrusions (Table 3). I. racovitzai 

densities were significantly negatively correlated with salinity integrated over 0 - 200 

m, which accounted for 46% of the distributional variation during summer 2007-08. 

Finally, I. racovitzai densities were correlated differently to 0 - 300 m integrated salinity 

between seasons, being positively correlated in summer 2005-06 and negatively 

correlated in summer 2007-08 (Table 3). 

 

During the summers of 2005-06 and 2007-08, the length frequency distribution of I.

racovitzai was very similar with size group 15 - 30 mm overwhelmingly dominating 

RMT-8 samples (Figure 5). During both years, however, numerous modal peaks were 
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observed between 30 and 70 mm as well (Figure 5). In fall 2004, two main modal 

groups were evident. The first modal group included specimens of 10 - 15 mm in 

length, whiles the second modal group, although with several peaks, largely consisted of 

salps ranging in length between 30 and 50 mm (Figure 5). During winter 2006, a strong 

young cohort with modal size of 10 - 16 mm emerged, while a second very wide modal 

group of 35 - 65 mm in length was also quite prominent (Figure 5). 

 

Overall, it appeared that I. racovitzai population was overwhelmingly dominated by 

solitary forms year around (Table 2). The ratio of aggregate to solitary forms was the 

lowest (0.03 - 0.09) during summers 2005-06 and 2007-08. During fall 2004, this ratio 

increased to 0.19 due to the increasing appearance of aggregate forms, while only 

solitary forms were encountered during winter 2006 (Table 2).  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5. Length frequency distribution and mean grid density of Ihlea racovitzai in the Lazarev Sea during LAKRIS surveys.  
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3.3 Salpa thompsoni distribution, density and biology 

Salpa thompsoni was present at 55% of stations during fall 2004 (Figure 6a, Table 2). 

Similar to I. racovitzai, daytime catches of S. thompsoni were significantly lower than 

nighttime and twilight catches (Table 4) suggesting very strong vertical migration of 

this species. As a consequence S. thompsoni were present in >90% of nighttime/twilight 

samples. During summer 2005-06 and 2007-08, S. thompsoni were sampled at <15% of 

stations (Figure 6b, c). Finally, during winter 2006 S. thompsoni was caught in 25% of 

RMT-8 tows (Figure 6d). Spatially, S. thompsoni were widely distributed over the entire 

grid in fall 2004, while during both summers salp catches were associated with three 

main areas: the northernmost grid stations, stations in the vicinity of the Maud Rise, 

north or northwest of it, and at the southernmost grid stations (Figure 6). During fall 

2004 and summer 2005-06, some of the highest S. thompsoni catches (up to 33 ind.1000 

m-3) were observed at the southern stations along 6°W (Figure 6a, b). This transect was 

not sampled during winter 2006 and summer 2007-08 seasons. During winter 2006, S.

thompsoni was only present in the northern part of the grid and west of Maud Rise 

(Figure 6d). The catches of S. thompsoni during winter were mostly associated with 

deep RMT-8 or Multinet samples (Figures 1 and 6d). Indeed, the highest catch (12 

ind.1000 m-3) of S. thompsoni on the northernmost station along 2°W was obtained 

using Multinet that caught two salp embryos in the 1500 - 2000 m depth strata. 

 

Overall, the mean abundances of S. thompsoni were low (0.04 - 0.21 ind.1000 m-3) and 

not significantly different between the summers of 2005-06, 2007-08 and winter 2006 

(Tables 2 and 4). The highest mean density of S. thompsoni (2.04 ind.1000 m-3), which 

was significantly different from other surveys (Table 4), was observed in fall 2004 

(Table 2). Only fall S. thompsoni densities (1.1 - 8.3 ind.1000 m-3) were comparable 

with densities observed at stations carried out north of 55°S in summer 2005-06 and 

2007-08 (Table 2).  
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        Figure 6. Seasonal distribution and abundance (ind.1000 m-3) of Salpa thompsoni in the Lazarev Sea during LAKRIS surveys.  
          A: fall 2004; B: summer 2005-06; C: summer 2007-08; D: winter 2006. 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Length frequency distribution and mean grid density (ind.1000 m-3) of Salpa thompsoni aggregates in the Lazarev Sea and 51-55oS during LAKRIS 
surveys. Epi: epipelagic stations; Meso: mesopelagic stations; Grid: grid stations. 
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Due to the limited number of S. thompsoni catches, it was difficult to establish 

relationships between environmental parameters and S. thompsoni abundance during 

summer and winter. Nevertheless, there was strong positive relationship with latitude, 

explaining 42% of the variation in abundance between stations in winter (Table 3). In 

addition, during winter 2006 positive relationships were established between 

surface/integrated Chl-a and S. thompsoni concentrations accounting for 37 - 45% of the 

salp variation (Table 3). During summer 2007-08, S. thompsoni densities positively 

correlated with the depth of the temperature and salinity maxima and negatively with 

salinity at 200 m depth (Table 3). The fall 2004 data set was the most comprehensive, in 

terms of the frequency of S. thompsoni occurrence. Significant negative relationships 

between S. thompsoni densities and Chl-a, salinity and temperatures explained 38 - 49% 

of the density variation (Table 3). 

 

During the summers of 2005-06 and 2007-08 the length frequency distribution of S.

thompsoni aggregates at grid stations was similar in general with the size group of 10 - 

15 mm and 7 - 12 mm OAL, respectively, overwhelmingly dominating in the RMT-8 

samples (Figure 7). A second, less abundant modal aggregate group of 20 - 25 mm was 

observed in summer 2007-08 (Figure 7). During summer 2005-06 two distinct modal 

groups of aggregates (7 and 11 - 14 mm) dominated at 51°S, while modest modal peaks 

were also observed between 15 and 25 mm OAL. At 55°S, S. thompsoni aggregates 

overall were larger, with several strong modal peaks between 15 and 30 mm OAL and 

with a maximum aggregate OAL of 60 mm (Figure 7). During summer 2007-08, in the 

mesopelagic layer at 52°S, a single strong modal group (9 - 12 mm OAL) was observed 

with a long tail of aggregates between 15 and 57 mm (Figure 7). At the same station in 

the epipelagic (0 - 200 m) layer, S. thompsoni aggregates closely resembled the length 

frequency distribution observed during summer 2005-06 at 55°S (Figure 7). During fall 

2004, several modal peaks of S. thompsoni aggregates were found between 8 and 37 

mm OAL (Figure 7). At ice free stations, S. thompsoni was characterized by the 

presence of two distinct cohorts at 20 mm and 28 - 30 mm. Unlike open water stations, 

S. thompsoni aggregates in the ice covered, coastal region had at least six distinct modal 

peaks between 9 and 36 mm OAL (Figure 7). No aggregate forms of S. thompsoni were 

caught during the winter 2006 survey. 
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S. thompsoni aggregate stage development during both summer grid surveys was very 

similar with early developmental stages (0 - 1) predominating and approximately 25% 

of all aggregates assigned to stage X (Figure 8a, b) Majority of stage X aggregates had 

no embryo likely pointing to failed fertilization. A different picture was observed in the 

stations north of 55°S. Specimens with the stage X never exceeded 2% of total 

population and overall the aggregate population was advanced in development with 

stages 1-2 and 5 often predominating (Figure 8a, b). During the fall 2004 grid survey, 

aggregates in the open waters were advanced in development with stages 3 and 5 

dominating samples. Almost 20% of all aggregates were of stage X (Figure 8c). S.

thompsoni aggregates collected at the ice covered, coastal region were mostly of stage 1 

and 2, and only about 15% of specimens were of stage X (Figure 8c). 
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Figure 9. Length frequency distribution and mean grid density (ind.1000 m-3) of Salpa 
thompsoni solitaries in the Lazarev Sea and 51-55oS during LAKRIS surveys. Epi: epipelagic 
stations; Meso: mesopelagic stations; Grid: grid stations.   
 

Figure 8 –left page-. Developmental stage composition of Salpa thompsoni aggregates in the 
Lazarev Sea and 51-55oS during LAKRIS surveys. Station numbers refer to Table 1b. 
A:  S05-06:51S – summer 2005-06 at Sta. 30; S06-06:55S – summer 2005-06 at Sta. 34; S05-
06: grid – summer 2005-06 all grid stations;  
B: S07-08: 52S-M – summer 2007-08 at Sta. 84; S07-08: 52S-E – summer 2007-08 at Sta. 13; 
S07-08: grid – summer 2007-08 all grid stations; 
C: F04: grid-S – fall 2004 south-western grid stations only; F04: grid-N – fall 2004 remaining 
grid stations; F04: grid – fall 2004 all grid stations. 
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Solitary forms of S. thompsoni were not numerous and it was not always possible to 

depict their length frequency distribution. During both summer grid surveys solitaries 

were generally larger than 50 mm in OAL and represented matured specimens of stages 

4 and above (Figures 9 and 10a, b). This was also the case with solitaries collected 

during summer 2005-06 at 51° and 55°S (Figures 9 and 10a). During summer 2007-08 

at 52°S, however, S. thompsoni solitaries were generally small, <60 mm OAL in the 

epipelagic layer and < 40 mm OAL in the mesopelagic layer (Figure 9). While 

developmental stage composition of solitaries in the epipelagic layer was mainly 

advanced (4 and 5 stages), mesopelagic aggregates were dominated by specimens at 

developmental stage 1 (80% of total) (Figure 10b). During fall 2004, in the open waters 

solitaries were generally smaller than 53 mm in OAL with a strong mode at 11 mm 

(Figure 9). Solitaries with developmental stages 0 to 2 were found, while a single 

solitary specimen caught in the ice covered, coastal region was 76 mm OAL and at the 

advanced (5A) stage of development (Figure 10c). Finally during winter 2006 grid 

survey, S. thompsoni solitaries never exceeded 50 mm in OAL (Figure 9). However, 

solitaries caught in the epipelagic layer were slightly larger (main mode 40 - 50 mm 

OAL) and more advanced in development (stages 1 and 2) compared to solitaries 

collected in the mesopelagic layer (mode 19 - 30 mm OAL and stages 0 and 1) (Figure 

10d).        

 
Only solitary stages of S. thompsoni were caught during winter 2006 survey. During fall 

2004 aggregate forms overwhelmingly dominated in the grid with an aggregate to 

solitary form ratio of about 120 (Table 2). The aggregate to solitary form ratio ranged 

from 8 to 31 in the summer surveys and at 52°S epipelagic station in summer 2007-08. 

The lowest aggregate to solitary ratios of 1.2 – 6 were found in mesopelagic samples 

collected at 51 - 52°S in 2005-06 and 2007-08 (Table 2).  

 

Figure 10 -right page-. Developmental stage composition of Salpa thompsoni solitaries in the 
Lazarev Sea and 51-55oS during LAKRIS surveys. Station numbers refer to Table 1b. 
A:  S05-06:51S – summer 2005-06 at Sta. 30; S06-06:55S – summer 2005-06 at Sta. 34; S05-
06: grid – summer 2005-06 all grid stations;  
B: S07-08: 52S-M – summer 2007-08 at Sta. 84; S07-08: 52S-E – summer 2007-08 at Sta. 13; 
S07-08: grid – summer 2007-08 all grid stations; 
C: F04: grid-S – fall 2004 south-western grid stations only; F04: grid-N – fall 2004 remaining 
grid stations; F04: grid – fall 2004 all grid stations; 
D: W06: grid-M – winter 2006 at stations 506, 529 and 532; W06: grid – winter 2006 all grid 
stations. 
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4 Discussion 

The life cycle of Salpidae is characterized by an alternation of generations of solitary 

forms reproducing asexually through budding and aggregate forms reproducing sexually 

(Foxton 1966). Besides that general statement, however, there is very little known about 

the life cycle of Ihlea racovitzai. The literature on this species, since its validation as a 

separate species by Foxton (1971), was largely limited to a few articles that either 

described its horizontal and vertical distributions (e.g. Casareto and Nemoto 1985; 

Pakhomov 1994; Pakhomov et al. 1994; Nishikawa et al. 1995) or the embryo and 

stolon development of the solitary form (Esnal and Daponte 1990; Daponte and Esnal 

1994). This situation could be partially explained by this being a very fragile species 

that does not handle preservation well (e.g. Casareto and Nemoto 1986; Esnal and 

Daponte 1990). In addition, I. racovitzai is usually not a very numerous species and 

attention in recent decades was given to the more conspicuous S. thompsoni (e.g. 

Huntley et al. 1989; Daponte et al. 2001; Pakhomov et al. 2002; Atkinson et al. 2004). 

Unlike, I. racovitzai, the life cycle of S. thompsoni has been generally well described in 

the classical work by Foxton (1966) based on the Discovery Committee collections 

between 1920s and 1940s.       

 

4.1 Ihlea racovitzai biology 

Collections obtained during the LAKRIS program provided a unique opportunity to 

describe for the first time the year around distribution dynamics of I. racovitzai and 

follow its life cycle. Based on the seasonal sampling, I. racovitzai appeared to be a 

species with moderate abundances in the Lazarev Sea. The highest concentrations of 

this species did not exceed 20 ind.1000 m-3 during summer and fall and reached up to 

149 ind.1000 m-3 during the winter season (Table 2). The same range, generally <20 

ind.1000 m-3, is known from previous publications (Foxton 1971; Casareto and Nemoto 

1986; Esnal and Daponte 1990; Pakhomov 1994; Nishikawa et al. 1995). Two previous 

records from the Lazarev Sea region yielded very similar densities of I. racovitzai to 

those observed during LAKRIS surveys (Pakhomov et al. 1994; Perissinotto and 

Pakhomov 1998a; b). A bloom of I. racovitzai (ca 31,025 ind.1000 m-3 and 2,537 
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gWW.1000 m-3) has only been documented once, in the Prydz Bay region, Indian sector 

of the Southern Ocean (Ikeda et al. 1984).  

 

Previous records on the vertical migrations of I. racovitzai are somehow inconsistent. 

During summer seasons, Foxton (1971) found I. racovitzai mainly in the top 100 m 

layer with virtual absence of this species in the deeper layers. Near the Antarctic 

continent south of Australia in January 1984, Casareto and Nemoto (1986) recorded this 

species down to 600 m and they found a weak migration pattern with largely uniform 

day and night distributions. However, near the Antarctic Peninsula in March 1989, 

Pakhomov (1994) recorded a strong vertical migration of I. racovitzai between the 

surface layers at night to below 200 m (down to 600 m) during the day. The LAKRIS 

collections indicated very strong, year around, vertical migrations of at least large (>20 

mm OAL) solitary forms. It appeared that large solitary forms continued migrating even 

in winter, under conditions of extensive sea ice cover and low light levels. It is difficult 

to explain such behaviour and perhaps it could have been a mechanism to avoid 

predation. We know little about the potential predators of I. racovitzai but preliminary 

data on their elemental composition (e.g. protein content) indicate that this species 

could be valuable food source for overwintering organisms (Dubischar et al. in prep., 

chapter VII). The small solitary specimens of I. racovitzai did not show a vertical 

migration pattern during the winter and stayed close to the surface around the clock. It is 

worth noting that small specimens are highly transparent and virtually invisible in the 

water, and as a consequence they may be less susceptible to predation (Pakhomov E.A., 

personal observations).     

 

The LAKRIS data showed that I. racovitzai avoid areas with warmer water influence 

(Table 3). This species has indeed been characterized as a cold water species found 

south of the Antarctic Polar Front and largely concentrating in waters south of 55°S 

(Foxton 1971). During the LAKRIS surveys, I. racovitzai was never been caught north 

of the grid stations. A study just west of the Lazarev Sea conducted during summer 

1990, recorded I. racovitzai in association with colder water masses of the Weddell 

Gyre origin (Pakhomov et al. 1994). Similarly, I. racovitzai was found to be a common 

species in the cold waters of the southern part of the Cooperation (Prydz Bay Region) 

and Cosmonaut Seas (Indian sector) during summer seasons 1984-1989 (Pakhomov 

1989; 1993; Hunt et al. 2007). Although during summer I. racovitzai showed a positive 
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relationship with the latitude, we believe that this was mostly in response to the longer 

duration of daylight in the southern part of the grid, and hence more time spent at depth 

by this species.  

 

The LAKRIS findings largely confirmed that I. racovitzai has an annual life cycle with 

most individuals likely living one year. However, our data suggest that some individuals 

may survive through the next summer but mostly vanish by the fall. Overall, I.

racovitzai follow the generalized Salpidae life cycle description with two alternating 

generations. During summer, aggregate forms of I. racovitzai are mostly absent. This 

however is different from the observations made by Casareto and Nemoto (1986) who 

found aggregate forms dominating in their net samples during mid-summer. In their 

study, aggregates were numerous through the entire water column with their length 

varying between 10 and 15 mm OAL. During the LAKRIS summer cruises (mainly 

December sampling) we only sampled the top 200 m layer and the RMT-8 nets could 

have failed to retain small aggregates. However, only a few aggregates were found in 

RMT-1 samples suggesting that they were either in the deeper layers or still not 

numerous during the early summer period. In fall, the number of aggregates (note: in 

RMT-8 samples) was an order of magnitude higher than in summer. Unfortunately, we 

did not have the opportunity to investigate fall RMT-1 samples and it is possible to 

speculate that the proportion of aggregates might have been substantially higher. Also, 

based on only RMT-8 samples, during fall a strong cohort of young solitaries (9 - 12 

mm OAL) appeared suggesting an intensive spawning of I. racovitzai in the Lazarev 

Sea. The summer cohort of 20 - 30 mm OAL solitaries had grown to a wide cohort of 

30 - 50 mm OAL by fall. Winter was characterized by an absence of aggregate forms 

suggesting that the spawning of I. racovitzai is over. A strong cohort of young solitaries 

(ca. 10 - 20 mm OAL) appeared in both RMT-1 and RMT-8 samples, while larger 

solitaries (40 - 65 mm OAL) were still present at densities some two orders of 

magnitude lower then young solitaries.     

 

It appears that I. racovitzai has a similar spawning pattern to S. thompsoni, i.e. it 

spawned mainly during fall producing a numerous offspring just before the area became 

ice covered. However, the depth of the distribution of young solitaries is different in the 

two species.  I. racovitzai young solitaries concentrated in the upper layers, while S.

thompsoni embryos were found mainly in the midwater layers (Foxton 1966). There is 
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some similarity to another high Antarctic species, Euphausia superba, which although 

reproduces in spring/early summer, has larval stages overwintering at the furcilia stage 

(Daly 1990, 2004; Meyer et al. 2002). The E. superba furcilia however are known to 

utilize sea ice primary production and use sea ice for protection from predators (Daly 

1990; Siegel et al. 1990). I. racovitzai is an herbivorous species, making it somewhat 

puzzling that it does not utilize the sea ice biotope in the way that Antarctic krill furcilia 

do. Comparison of winter and summer length frequency distributions of I. racovitzai in 

the Lazarev Sea suggests that although a dramatic reduction in the abundance of young 

solitaries occurs they still manage to grow from ca 10-20 mm OAL in winter to about 

18-28 mm OAL in early summer (Figure 5). Preliminary measurements of the gut 

pigments during winter 2006 revealed high feeding activity of young individuals which 

contrasted with very low Chl-a concentrations in the water (<0.1 mg.m-3, Pakhomov 

2008). The feeding ecology of I. racovitzai is a topic of a separate study (von Harbou et 

al. in prep., chapter VI). We can only speculate that salps are either very efficient at 

finding microlayers of elevated Chl-a concentrations or likely utilize sinking 

algae/phytodetritus from under ice freezing/defreezing friction processes (Pakhomov 

2008).   

 

4.2 Salpa thompsoni biology 

Unlike I. racovitzai, the life cycle of S. thompsoni has been previously described 

(Foxton 1966). The majority of data used by Foxton (1966) for the life cycle 

reconstruction of S. thompsoni were collected within its typical distribution range, 

between 45° and 55°S. According to Foxton, S. thompsoni aggregates predominate 

(high abundances and aggregate/solitary ratio >50, and up to 140 in December) between 

November and February. The aggregate/solitary ratio drops to <15 during the winter 

months (July - September). In surface samples, small aggregate forms (10 - 20 mm 

OAL) are, however, found year around. It was noted that (a) early spring (September) 

and summer (March) appeared to be months of remarkable increase in S. thompsoni 

densities, particularly its aggregates; and (b) there was a close relationship between the 

densities of solitaries and aggregates indicating active release of bud chains (aggregates) 

by solitary forms (Foxton 1966). There was a tendency for large aggregates to migrate 

to deep waters particularly during March and April. Solitaries, represented by small 
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(<10 mm OAL) specimens, were also almost completely absent from the upper layers 

by fall. Foxton (1966) suggested March-April as active embryo release periods that 

mainly occur in the subsurface layers. Small solitaries overwinter in the deep layers and 

probably grow to 10 - 20 mm OAL by September when they appear near the surface, to 

30 - 40 mm OAL by November and to 40 - 50 mm OAL by February (Foxton 1966).  

 

The LAKRIS surveys provided the opportunity for the first year round description of S.

thompsoni biology from the high Antarctic. The general life cycle described above for 

S. thompsoni in its primary habitat (45 - 55°S) was well confirmed by the limited 

collections carried out north of the LAKRIS grid survey between 51° and 55°S in epi- 

and mesopelagic realms. However, different patterns were observed in the high latitude 

LAKRIS survey grid. During both (2005-06 and 2007-08) summer seasons small sized 

(<20 mm OAL) aggregates at an early stage of development dominated the RMT-8 

samples. Aggregate/solitary ratios were close to the winter values reported by Foxton 

(1966). Whether this was representative or not is questionable though, as densities of 

both forms were very low. During fall 2004, aggregates were significantly more 

numerous compared to the summer samples, increasing the aggregate to solitary ratio to 

>100. However, during winter 2006 not a single aggregate form was collected during 

the LAKRIS grid in the top 3000 m. Only a few small solitaries were encountered, 

mostly at an early developmental stage and restricted to the subsurface (midwater) 

layers.  

 

Although we had only a single winter sampling period, the absence of aggregate forms 

and very low solitary form densities, restricted to the midwater (warmer) layers, 

suggests that the S. thompsoni population in the Lazarev Sea is not self-sustaining. The 

indications are that the S. thompsoni enters the Lazarev Sea as expatriates through 

advection, possibly in the warm deep Antarctic Circumpolar Current (ACC) Waters. If 

this was the case then the Lazarev Sea S. thompsoni population would have to be re-

seeded on an annual basis. There is at least indirect evidence to support this hypothesis. 

High numbers of aggregates with stage X suggests that many eggs remained unfertilized 

in the Lazarev Sea. Salps are known to be protogyne hermaphrodites, i.e. they develop 

as females first. Therefore, the chain of females should be fertilized by another chain of 

males, being by definition in a more advanced stage of development. However, it 

appears that salps do not develop in the Lazarev Sea at the same rate as they develop in 
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the area north of the LAKRIS grid surveys, possibly due to colder temperatures 

(Pakhomov et al. 2006). Low densities of salps might be further detrimental to the 

fertilization process because it decreases the chance of two chains meeting and the 

motile sperms released in the water by male aggregates reach an unfertilized ovae in 

young chains (Purcell and Madin 1991). Indeed, although the level of development of 

aggregates during fall 2004 was more advanced in the northern grid stations, there was a 

good correlation between low salp densities and a higher occurrence of aggregates of 

stage X. Conversely, in the south-western stations substantially higher salp densities 

coincided with a lower incidence of aggregates of stage X compared to the north. It is 

also possible that high fall embryo mortality could further be responsible for the 

interruption of the S. thompsoni life cycle in the Lazarev Sea. Foxton (1966) noticed 

that there is an enormous mismatch between the number of developing embryos inside 

aggregates, even in the usual S. thompsoni distribution range, and free leaving embryos 

in the water column. Extensive fall mortality has been suggested and tentatively 

explained by either starvation or high predation pressure (Foxton 1966).  

 

German research revealed that the intensity of ACC water advection into the Lazarev 

Sea may vary significantly between years (Fahrbach et al. 2004; Smedsrud 2004). In the 

same study, it has also been postulated that the mid 1990s were the years when the 

waters of the Lazarev Sea were warmest compared to the years before and after that 

period, and this was ascribed to higher warm water intrusions into the area (Smedsrud 

2004). It appears that the degree of mixing between Weddell Gyre and the ACC waters 

could be critical in determining the seeding rate of S. thompsoni into the Lazarev Sea. A 

positive correlation has been established between the S. thompsoni densities and warm 

water intrusions in previous studies (e.g. Perissinotto and Pakhomov 1998b; Nicol et al. 

2000; Pakhomov et al. 2006). In the present study, a significant positive correlation 

between S. thompsoni and warmer waters was only observed during summer 2007-08. 

Although a negative correlation was observed between the S. thompsoni density and 

water temperature in fall 2004, warm deep water covered most of the survey area during 

this survey (Figure 2) and the average maximum sea water temperature was 

significantly higher (1.263 °C) than in all other surveys: 1.168, 1.139, and 1.187 °C 

during summer 2005-06, winter 2006, and summer 2007-08, respectively. S. thompsoni 

was widespread, more developed and had the highest densities of all surveys during the 
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fall cruise, and the relationship of salp densities to temperature had most likely broken 

down.  

 

Further evidence for the Lazarev Sea S. thompsoni population being an expatriate one is 

the extreme variability in abundance documented in the region. For example, very high 

densities (>900 ind.1000 m-3) of S. thompsoni were observed during summers 1989-90 

and 1994-95 (Pakhomov et al. 1994; Perissinotto and Pakhomov 1998a; b). However, S.

thompsoni was scarce in the Lazarev Sea during summers 1992-93, 1997-98, 2005-06 

and 2007-08 (Pakhomov et al. 2000; Pakhomov 2004; this study). High variability in 

salp densities may be a result of higher and lower advection rates of the salp ‘seeding’ 

population into the region which then was able to develop and perhaps flourish during 

the summer but was not able to survive the winter months.  

 

The appearance of a more abundant and developing (e.g. fall 2004) S. thompsoni 

population in the south-western LAKRIS grid stations is notable. There is no similar 

salp development at the northern grid stations making this population quite unique. 

These stations are situated in the cold water regime of the coastal current. The volume 

and core temperature of the WDW during the fall cruise however suggested a more 

southerly catchment area of this water than during other surveys. Due to the 

climatologic mean geographic distribution of S. thompsoni with its strong south-north 

gradient, it is plausible to assume that this species might have been advected into the 

Lazarev Sea in large numbers during or prior to the fall cruise. Some of these may have 

intruded into the coastal current further upstream, e.g. east of the investigated area, 

where a direct intrusion of the ACC waters into the coastal current had been previously 

observed (Schröder and Fahrbach 1999). At this stage, however, it cannot be resolved in 

detail how different pathways of advection (direct intrusions, warm-core eddies…) may 

affect the salp distribution and development and this aspect certainly require further 

attention in the future. All data needs to be collected during the same year or it could be 

confounded by the possibility of different amounts of advection between years. It is 

possible though that salps which are advected into the area in spring and summer, 

develop for population to peak in fall, before crashing over winter. In the future, all data 

need to be collected from the same year. 
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4.3 Concluding remarks 

The present study showed that both I. racovitzai and S. thompsoni have a generalized 

life cycle of sexual/asexual reproduction and spawning during fall in the Lazarev Sea. 

However, substantial differences exist between these two species of salps. I. racovitzai 

is adapted to survive in the cold waters of the coastal seas surrounding the Antarctic 

continent. At the same time, S. thompsoni is likely an intruder into the area. At this 

stage, there is no evidence that this species has a self-sustained population in the 

Lazarev Sea but rather its occurrence in the Lazarev Sea is dependent on “seeding” 

populations of solitaries advected into the area from the north with the warm ACC 

waters. It appears that under current oceanographic conditions the Lazarev Sea is right 

at the edge of S. thompsoni distributional range, and that populations here are 

ephemeral. Recently, it has been suggested that S. thompsoni may have shifted further 

south in its circum-Antarctic range (Pakhomov et al. 2002; Atkinson et al. 2004). The 

findings of the present study put in the circum-Antarctic context may suggest that 

southward shift in the population distribution is not yet permanent. Future warming of 

the Southern Ocean (de la Mare 1997; Levitus et al. 2000) may result, however, in self-

sustained S. thompsoni populations being established in the coastal seas around the 

Antarctic continent. This in turn might have significant ecological repercussions for the 

high Antarctic food web functioning (Pakhomov et al. 2002; Atkinson et al. 2004, 

2008). 
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Abstract  

Seasonal feeding dynamics of the two Southern Ocean salp species Ihlea racovitzai and 

Salpa thompsoni were investigated during three grid surveys in the Lazarev Sea in fall 

2004, summer 2005-06, and winter 2006 as part of the LAKRIS study, embedded in the 

German SO-GLOBEC programme. Pigment concentrations in the salp guts of both 

species showed strong positive correlations to ambient surface chlorophyll 

concentrations. No clogging of the salps was observed at elevated ambient chlorophyll 

concentrations in summer. Yet, gut chlorophyll concentrations had a much smaller 

range than ambient chl-a concentrations, i.e. salps were able to highly concentrate 

ingested material in low food environments. Estimated individual daily respiratory 

needs accounted for 2% and 32% of daily carbon assimilation in medium sized I.

racovitzai in summer and winter, respectively. For S. thompsoni, estimated daily 

respiratory needs of a 25 mm individual accounted for 1% and 20% of daily carbon 

assimilation in summer and winter, respectively. Total grazing impact of the salp 

populations on the phytoplankton standing stock was low during all three cruises due to 

generally low abundances of both salp species. Although diatoms were found in high 

numbers in visually analysed salp stomaches, we assume, based on the contribution of 

fatty acid biomarkers in the salps, a high year round contribution of flagellates to the 

diet of both salp species with a comparatively lower contribution of diatoms. 

Furthermore, our study reveals different overwintering strategies of the two salp species 

as Ihlea racovitzai seems to feed actively on phytoplankton throughout the year whereas 

S. thompsoni supposably hibernates in depth with less feeding in upper waters.  

 
 

1 Introduction  

Organisms living in polar marine ecosystems are suspected to a high seasonal food 

supply. A variety of strategies have evolved to enable organisms to survive low winter 

productivity, of which lipid storage is considered to be one of the most fundamental 

among mesozooplankton (Falk-Petersen et al. 2000). Several Southern Ocean copepod 

species accumulate lipid stores in form of wax esters and/ or triacylglycerols in the 

productive season and either hibernate at depth with reduced metabolism relying on 

internal energy reserves like Calanoides acutus, or continue feeding under the ice like 
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the copepod Calanus propinquus (Bathmann et al. 1993; Pasternak and Schnack-Schiel 

2001; Schnack-Schiel et al. 2007). Adult Euphausia superba, hereafter krill, switch to 

omnivorous feeding when algal food is scarce and use lipid storages mainly in forms of 

triacylglycerols, but also phospholipids and shrinkage of tissue size to survive the low 

food season (Hagen et al. 1996; Hagen et al. 2001; Ju et al. 2004).  

Pelagic tunicates such as salps, doliolids and appendicularians are common 

members of subpolar and polar herbivorous zooplankton (Boysen-Ennen and 

Piatkowski 1988; Park and Wormuth 1993; Pakhomov et al. 1994; Alcaraz et al. 1998; 

Voronina 1998; Wexels Riser et al. 2002; Hunt and Hosie 2005). Their abundances may 

reach bloom concentrations in the short reproductive polar summer season, observed for 

appendicularians in Arctic waters (Ashjian et al. 1997; Fenaux et al. 1998), and for the 

salp species Salpa thompsoni and Ihlea racovitzai in Antarctic waters during summer 

and fall (Ikeda et al. 1984; Casareto and Nemoto 1986; Chiba et al. 1998; Voronina et 

al. 2005).Despite their success in polar regions, tunicates to not accumulate lipids. The 

body lipids of tunicates usually account for only < 8% of dry weight, mostly in form of 

polar lipids which are important structural components of tissues (Deibel and Lee 1992; 

Pond and Sargent 1998; Phleger et al. 2000; Dubischar et al. 2006; Perissinotto et al. 

2007).  

 

Thus, we expect tunicates in polar regions to have life cycle strategies that differ from 

those of lipid storing crustacean zooplankton. Low metabolic costs together with 

efficient feeding mechanisms make them perfectly adapted to highly oligotrophic areas 

and apparently independent from lipid storages (Deibel and Lee 1992; Deibel 1998; 

Madin and Deibel 1998). In the Antarctic, salps have been reported present and feeding 

in the epipelagic during winter (Torres et al. 1984; Boysen-Ennen et al. 1991; Lancraft 

et al. 1991; Hopkins et al. 1993), as well as hibernating at depths below 750 m (Foxton 

1966; Lancraft et al. 1991; Pakhomov et al. subm., study III). Feeding of S. thompsoni 

in summer and fall has been studied in several regions of the Southern Ocean 

(Dubischar and Bathmann 1997; Perissinotto and Pakhomov 1998b; Li et al. 2001; 

Pakhomov et al. 2002a; Pakhomov et al. 2006; Tanimura et al. 2008b). However, the 

few seasonal studies on S. thompsoni in Antarctic waters have focussed solely on 

population dynamics and distribution (Foxton 1966; Ross et al. 2008). The second 

Antarctic salp species, I. racovitzai, is even less studied than S. thompsoni, though 
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reports have underlined their periodic importance in the high Antarctic realm (Ikeda et 

al. 1984; Casareto and Nemoto 1986). Feeding estimates for this species are restricted to 

a short note by Perissinotto and Pakhomov (1998b).  

 

The German Lazarev Sea Krill Study (LAKRIS), conduceted between 2004 and 2006, 

provided the rare opportunity to study feeding dynamics of salps over three seasons and 

with large geographical coverage in the high Antarctic. This study aimed to used the 

data collected during LAKRIS to obtain insights in the seasonal feeding dynamics of the 

two Antarctic salps species Salpa thompsoni and Ihlea racovitzai with regard to 

changing food concentration (quantity) and food composition (quality) with special 

focus on the potential overwintering strategies of salps. In addition we assessed the 

grazing impact of salps in relation to their spatio-temporal distribution in the Lazarev 

Sea. Such data are needed for a better understanding of the processes governing salp 

population dynamics. Specifically, these data may assist our understanding of the 

mechanisms behind the southward extension of S. thompsoni observed in recent decades 

(Atkinson et al. 2004). As important pelagic grazers, the data from this study will also 

contribute to our understanding of the functioning of the winter Antarctic ecosystem, 

which, based on accumulating evidence, is more active thant traditionally believed.  

 

2 Methods  

2.1 Field survey and sampling 

Samples were collected during three expeditions to the Lazarev Sea on board RV 

Polarstern conducted in fall 2004 (ANT XXI/4), summer 2005/06 (ANT XXIII/2), and 

winter 2006 (ANT XXIII/6) (Table 1). Details of the sampling procedure of water 

samples and of salps are presented in Pakhomov et al. (subm., see study III). Briefly, 

sampling was carried out at grid stations along parallel meridional transects between 6° 

W and 3° E, and 60° to 70° S (Figure 1). Water samples for total chlorophyll-a 

measurements (chl-a) were taken with a Sea Bird SBE 32 carousel multi-bottle water 

sampler. In summer, the chl-a standing stock (mg m-2) was determined from water 

samples collected at 5, 20, 30, 50, 100, and 200 m depth. In winter, standard depths for 

water samples were at 20, 40, 80, 100, 150, and 200 m depth. Surface chl-a was 

determined in both seasons from the samples at 20 m depth. In fall, water sampling was 
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not carried out at all grid stations. Instead, surface surface chl-a concentration (~10 m 

depth) was determined by continuous measurements (30 sec integrals) with a flow-

through Turner system installed on board, and from water samples (10 m depth) from 

grid station whenever available. No chl-a standing stock was determined for the fall 

cruise. Chl-a of the water samples was extracted from 250 – 4000 ml aliquots in 90% 

acetone for 24 hours in the dark at -20°C. Concentrations were calculated from 

fluorescence readings on a Turner Design 10AU fluorometer before and after 

acidification with HCl (Mackas and Bohrer 1976).  

 

At each grid station, salps were collected using a rectangular midwater trawl type RMT-

8+1 harnessed with 4.5 mm and 0.3 mm mesh nets, respectively. Net tows were made at 

a speed of ~ 2.5 kn and completed as double oblique hauls in the upper 200 m of the 

water column. During the winter cruise, some additional samples were derived from 

vertical Bongo net tows (300 μm mesh) down to 300 m (n = 3 Ihlea racovitzai). On 

board, I. racovitzai and S. thompsoni from all nets were immediately sorted randomly 

into three subsamples. One was deep frozen (-80°C) for future biological, elemental, or 

fatty acid composition. Details of elemental analyses will be presented elsewhere 

(Dubischar et al. in prep., study V). Fatty acid analyses were carried out on total lipids 

of I. racovitzai (solitary form) and of S. thompsoni (both solitary and aggregate form) 

from various stations encompassing different water masses in summer, fall and winter 

(Table 2). The second subsample of salps was used immediately for on board gut 

pigment content extractions. The last subsample was processed at sea or fixed in 

formaldehyde for numerical and size frequency analyses, presented in Pakhomov et al. 

(subm., study III). 



 

 

 

 

Table 1. Seasonal gut contents of Ihlea racovitzai and Salpa thompsoni in the Lazarev Sea. Values are given as minimum and maximum values with median values in 
brackets. The ratio of gut phaeopigments to gut chl-a (phaeo : chl-a) is by weight. The ratio of gut chl a (μg chl-a Ind-1) to ambient surface chl-a concentration (μg L-1) 
(gut : surface chl-a) gives the “concentration factor”  

 Stations  Salps  Gut contents 

  surface chl-a   body size  gut chl-a gut pigments   
 
 

“concentration 
factor” 

Dates of 
sampling no. (μg chl-a L-1) species form n (mm) (μg chl-a Ind-1) (μg pig Ind-1) phaeo: chl-a gut : surf chl-a 

Summer        
Nov 25, 2005 - 
Jan 03, 2006 78 1.06 - 7.14 Ihlea sol 183 13 - 80  0.02 - 2.5 (0.3) 0.12 - 16.3 (2.1) 1.2 - 21.2 (6.4) 0.03 - 1.4 (0.2) 
(ANT XXIII/2)  1.32 - 3.02 Salpa agg 15 7 - 25  0.06 - 0.3 (0.2) 0.65 - 2.3 (1.8) 3.1 - 13.8 (5.6) 0.02 - 0.2 (0.1) 
  1.67 Salpa sol 1 72  0.7 (0.2) 5.0  11.9  0.4  
Fall           
April 06 - April 
26, 2004 93 0.06 - 0.73 Ihlea sol 337 8 - 60  0.01 - 3.2 (0.2) 0.06 - 17.9 (2.6) 2.6 - 27.0 (12.5) 0.04 - 9.5 (1.1) 
(ANT XXI/4)  0.02 - 1.09 Salpa agg 356 6 - 41  0.01 - 3.1 (0.2) 0.07 - 23.9 (3.3) 2.1 - 25.6 (12.9) 0.09 - 20.0 (1.5) 
  0.07 Salpa sol 1 48  0.1  1.7  12.6  1.7  
Winter            
June 26 -           
Aug 12, 2006 51 0.02 - 0.10 Ihlea sol 409 10 - 79  0.001 - 1.4 (0.3)  0.003 - 10.8 (2.4) 0.4 - 19.7 (7.1) 0.03 - 56.7 (6.1) 
(ANT XXIII/6)  0.05 Salpa sol 7 25 - 50  0.06 - 0.4 (0.2)  0.58 - 2.5 (1.4) 5.4 - 9.6 (7.7) 1.2 - 6.8 (3.1) 
no. number of stations;  n number of salp samples; sol solitary, agg aggregate form 



 

 

 

Table 2. Fatty acid samples of Ihlea racovitzai and Salpa thompsoni sampled in summer 2005/06; fall 2004 and winter 2006 in the Lazarev Sea at various stations. 
Net sampling depth and surface chl-a are given. If available, samples of one station were analysed in duplicate or triplicate (n). According to size and availability, 
samples contained 1 to 4 individuals of Agg aggregate or Sol solitary form 

Cruise Date Station Location  Ice coverage 
Depth 

(m) 
Surf chl-a 
(μg L-1) 

n 
samples

Ihlea
racovitzai

Salpa
 thompsoni 

Summer 06.12.05 42-1 69°59'S 3°01'W Coastal current - 0 - 200 1.26 1 1 Sol  
(ANT XXIII/2) 31.12.05 122-1 69°00'S 5°60'W Coastal current - 0 - 200 0.45 1  3 Agg 
 23.12.05 92-1 65°30'S 2°60'W Weddell water - 0 - 200 0.65 3 3, 2, 3  Sol  
 23.12.05 94-1 64°30'S 3°01'W Weddell water - 0 - 200 0.42 1 3 Sol  
 24.12.05 95-1 64°00'S 3°00'W Weddell water - 0 - 200 0.41 2 2, 2  Sol  
 12.12.05 58-1 61°60'S 2°59'E Northern area - 0 - 200 0.18 1  1 Sol 
 14.12.05 66-1 61°30'S 0°00'W Northern area - 0 - 200 0.42 2 1, 1 Sol  
 27.12.05 106-1 61°00'S 5°59'W Northern area  - 0 - 200 0.84 3 2, 2, 1 Sol  
 14.12.04 63-1 60°00'S 0°00'W North area - 0 - 200 0.69 3  1 Sol; 4, 5 Agg 

Fall 10.04.04 625-3 70°18'S 6°06'W Coastal current ice 9/10; 4 icebergs 0 - 200 0.34 3  1, 1, 1 Agg 
(ANT XXI/4) 10.04.04 622-1 69°20'S 6°00'W Coastal current 10/10 ice 0 - 200 0.15 3  1, 1, 1 Agg 
 12.04.04 633-1 68°00'S 4°01'W Ice edge drifting ice floats 0 - 200 0.26 4 1, 1 1, 1 Agg 
 15.04.04 649-1 65°00'S 1°60'W Weddell water - 0 - 200 0.09 6 1, 1 ,1 1, 1, 1 Agg 
 22.04.04 681-1 64°20'S 0°00'W Weddell water - 0 - 200 0.21 1  1 Sol 

Winter 13.07.06 497-2 66°57'S 0°00'W Weddell water 10/10 ice 0 - 40 0.09 3 2, 3, 2 Sol  
(ANT XXIII/6) 10.08.06 529-7 60°08'S 0°10'E Northern area 10/10 ice 0 - 2500 0.09 3  3, 2, 2 Sol 
 13.08.06 532-9 59°94'S 2°76'W Northern area 10/10 ice 0 - 2500 0.10 2 1, 2 Sol  
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2.2 On board incubation experiments 

Fecal pellet pigment content. During the winter cruise, I. racovitzai was 

collected alive for fecal pellet production experiments. A total of 10 fecal pellets of I.

racovitzai were collected individually either directly after release by salps kept in 20 L 

buckets filled with ambient surface water, or from the salp guts when the pellets were 

visible on their way out but not yet released. Unfortunately, fecal pellet production 

experiments were only successful for the first 1 to 2 hours, after which salps stopped 

moving. As a consequence, the fecal pellet composition should be considered as 

conservative estimates. Fecal pellets and guts of the defecating individuals were 

individually placed into plastic tubes filled with 10 ml of 90% acetone and processed as 

chl-a water samples.  

2.3 Laboratory analyses and data processing 

2.3.1 Impact of food quantity on salp feeding 

Individual ingestion rates. We aimed to evaluate the impact of the seasonally 

changing food concentration on the salp’s individual daily ingestion and assimilation 

rates and to estimate if the encountered food concentrations are sufficient for the daily 

minimum energy demands of an individual salp. Daily individual pigment ingestion 

rates were based upon size dependent average gut pigment contents (GCpig). GCpig were 

derived from measurements made on board using the gut fluorescence technique 

described in Mackas and Bohrer (1976). Salps were separated in aggregate and solitary 

forms immediately after capture and measured from tip to tip (total length) and from 

oral to atrial opening (OAL, body length) to the nearest millimetre according to Foxton 

(1966). Guts were cut out with scissors, placed in plastic tubes with 10 ml of 90% 

acetone and stored at -18°C for ~ 24 hours. After centrifugation (5,000 rpm), chl-a and 

phaeopigments were measured with a Turner Designs 10AU fluorometer, before and 

after acidification. Gut pigment contents were expressed as chl-a per individual (GCchl, 

μg chl-a ind.-1) and in terms of pigment equivalents per individual (GCpig, μg pig ind.-1) 

according to Strickland and Parsons (1968) as modified by Conover et al. (1986). A 

relationship between salp species, surface-chl-a and salp body size was established and 

used to calculate individual size dependent GCpig for each species. For a detailed 

description of the relationship (eq. 1a and 1b) see statistical analyses and results (Table 

3). 
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Table 3. Full interaction analysis of covariance for multiple linear model of a) gut chl-a content and b) gut 
pigment content of I. racovitzai and of S. thompsoni in the Lazarev Sea in fall 2004, summer 2005/06, and winter 
2006. Continuous variables of salp body length (OAL, mm) and surface chl-a concentration (μg chl-a L-1) were 
log10-transformed (logOAL, logsurf_chl) and adjusted to mean = zero (“centered polynomials”) in interaction 
terms of the model to make the test for the main effect independent of the test for the interaction term  
 

Equation for a) salp gut chl-a content and b) salp gut pigment content     

  
y = a + b1*x1 + b2*x2 + b3*x3 + b4*x4+ b5*x5 + b6*x6  (eq.1)  

 a) y  = log (μg chl-a Ind.-1)       
b)  y  = log (μg pig Ind.-1)     

                   

 a) Response of log(μg chl-a Ind.-1)    

 Analysis of Variance     

 Model   DF = 6; Fratio = 396.9;  p < 0.0001       
 Summary of Fit   number of observations n = 1309;  r² = 0.646     
          

 
Parameter Estimates

 Parameter  Estimate
Std

Error p  

 Terms   Intercept a = -3.037 0.063 <0.0001  
  x1 = logOAL b1 = 1.751 0.045 <0.0001  
  x2 = logsurf_chl b2 = 0.300 0.031 <0.0001  
  x3 = species b3 = 0.214 0.011 <0.0001  
         with ["Ihlea" = -1; "Salpa" = +1]     

 Interaction terms x4 = (logOAL -1.5075)*(logsurf_chl +0.0872) b4 = -0.947 0.069 <0.0001  

  x5 = (logOAL -1.5075)*species b5 = -0.235 0.045 <0.0001  
  x6 = (logsurf_chl +0.0872)*species b6 = -0.083 0.021 <0.0001  
         
 b) Response of log(μg pig Ind.-1)      

 Analysis of Variance       

 Model   DF = 6; Fratio = 310.4;  p < 0.0001       
 Summary of Fit   number of observations n = 1309;  r² = 0.589      
          

 
Parameter Estimates

 Parameter  Estimate
Std

Error p  

 Terms   Intercept a = -1.898 0.069 <0.0001  
  x1 = logOAL b1 = 1.703 0.050 <0.0001  

  x2 = logsurf_chl b2 = 0.316 0.023 <0.0001  
  x3 = species b3 = 0.269 0.011 <0.0001  
         with ["Ihlea" = -1; "Salpa" = +1]     
 Interaction terms x4 = (logOAL -1.5075)*(logsurf_chl +0.0872) b4 = -0.571 0.077 <0.0001  
  x5 = (logOAL -1.5075)*species b5 = -0.257 0.050 <0.0001  
  x6 = (logsurf_chl +0.0872)*species b6 = -0.080 0.023 <0.0001  
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A gut content turnover time t was calculated from the time needed to accumulate 

estimated GCchl with a given ingestion rate as 1��� IRGCt  (Table 4). This minimum 

time needed to accumulate the gut content does not include conversion of chl-a into 

phaeopigments or defecation. The hourly ingestion rates (IR, μg chl-a ind.-1 h-1) were 

calculated using the formula chlsurfFIR _�� ; where F is the size dependent 

clearance rate (ml animal h-1) and surf_chl the average surface chl-a concentration (μg 

chl-a L-1) of each cruise (including only those stations where salps were found). Here, F 

of both species was estimated from the following relationship 224.2)(1916.0 OALF ��  

established for S. thompsoni in feeding experiments where OAL is the salp’s body 

length (mm) (Kremer et al. in prep.). The maximum daily ingestion rate was then 

calculated by hrstGCdayindmgCIR carbonday 24)()()1..( 11 ���� �� . For a carbon based 

daily ingestion rate, we converted GCpig into carbon units using a carbon/chlorophyll 

ratio of 50 in summer samples with high primary production, and a ratio of 100 in fall 

and winter with lower primary production (see ratios given in Perez et al. 1994 for 

several studies in Weddell Sea waters; but also e.g. Alcaraz et al. 1998; Pakhomov et al. 

2006).  

 

An assimilation efficiency of ingested carbon of 64% is assumed based upon 

assimilation efficiency derived from pigment budgets of S. thompsoni (Pakhomov 

2004). Daily assimilation rates are related to body mass and daily respiratory needs of 

the salps applying a minimum daily carbon respiration of 2.33% of body mass for I.

racovitzai and of 2.09% of body mass for S. thompsoni determined at -1°C water 

temperatures (Ikeda and Mitchell 1982). Body mass (by carbon weight CW, mg C ind.-

1) was derived from individual body length using relationships derived for I. racovitzai 

and S. thompsoni in the Lazarev Sea (Dubischar et al. in prep., study V) with 
997.10046.0 OALCW �� for I. racovitzai and 782.10084.0 OALCW ��  for S. thompsoni 

where OAL is oral-atrial length (body length, mm). 

Grazing impact of salp populations. Estimates of grazing impact of I. racovitzai 

and S. thompsoni in the Lazarev Sea at different times of the year were determined 

using three different approaches (Table 5). a) One method combined gut pigment 

analysis from gut fluorescence measured on board for both species and gut evacuation 

rates from published laboratory grazing experiments with S. thompsoni to determine 
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individual ingestion rates. Those daily ingestion rates differ from the above calculated 

maximal ingestion rates as they include defecation. Alternatively, we used estimates of 

b) pumping rates for S. thompsoni and of c) energetic requirements of each species, also 

derived from the literature. As no data on I. racovitzai, and no winter data on S.

thompsoni concerning feeding rates are available to date in the literature, we had to base 

our calculations mainly on relationships derived for S. thompsoni during summer 

months. All individual rates were applied to length frequency data of salps during the 

LAKRIS surveys obtained in Pakhomov et al. (subm., study III) to obtain daily 

population rates (m-2day-1) (Table 5). 

 
a) Individual ingestion rates of salps IRind (μg pig ind.-1day-1) were estimated 

from hrskGCIR 24���  where GC is gut pigment content (μg pig Ind.-1; see above and 

eq.1b) and k is gut evacuation constant (h-1), extrapolated to 24 hours. The gut 

evacuation rate k is derived from gut passage time (GPT, hrs) with 

6.2)ln(93.21 ����� OALGPTk  reported by Kremer et al. (in prep.). Daily pigment 

ingestion rates of the salp populations IRpop (mg pig m-2day-1) are given as percentage of 

chl-a standing stock (μg pig m-2; 0 - 100 m). 

 
b) Pumping rates were calculated from experimentally derived pumping rates for 

S. thompsoni at 0°C (Reinke 1987). Daily pumping rates of the salp populations PR (L-1 

m-2day-1) are given as percentage of litres filtered of the upper water column (L m-2; 0 - 

100 m). 

 
c) Daily respiratory needs were calculated from % individual body mass as 

given for individual daily respiratory needs (Table 4). Respiratory needs R of the salp 

populations (mg C m-2day-1) were calculated as % of chl-a standing stocks (mg C m-2;   

0-100 m), which were transformed into phytoplankton carbon using the average 

carbon/chlorophyll ratio (by weight) of 50 at stations with surface chl-a concentrations 

>1 mg m-3 (summer), and a ratio of 100 at stations with surface chl-a concentrations <1 

mg m-3 (fall and winter) (Perez et al. 1994).  



 

 

Table 4. Individual ingestion and assimilation rates for Ihlea racovitzai and Salpa thompsoni at different seasons in the Lazarev Sea 

 
Body 
length 

Body 
mass1 

Clearance 
rate2 Season Surface   Ingestion rate3 Gut content4 

Gut 
turnover 

rate5 

Daily 
ingestion 

rate6
Assimilated 

Carbon7  
Respiratory 

needs8 

 OAL CW F  chl-a conc. IRchl GCchl t IRday Cass   

 (mm) (mg C) (L ind.-1h-1)  (μg chl L-1) (μg chl ind.-1h-1) (μg chl ind.-1 ) (h) 
(mg pig 
    ind.-1day-1)

(mg C  
      ind.-1day-1)

%Cass 
of CW  

%R of  
Cass  

Ihlea 15 1.03 0.08 Summer 1.80 0.14 0.09 0.6 0.033 1.04 100 2 
    Fall 0.24 0.02 0.02 1.2 0.005 0.34 33 7 
    Winter 0.05 0.004 0.007 1.8 0.001 0.09 8 28 
 25 2.85 0.25 Summer 1.80 0.44 0.20 0.5 0.107 3.43 328 2 
    Fall 0.24 0.06 0.08 1.3 0.015 0.95 90 7 
    Winter 0.05 0.01 0.04 2.9 0.003 0.21 20 32 
 50 1.14 1.15 Summer 1.80 2.07 0.65 0.3 0.537 17.18 1643 2 
    Fall 0.24 0.27 0.43 1.6 0.059 3.78 362 7 
    Winter 0.05 0.06 0.31 5.5 0.011 0.70 67 38 
                       
Salpa 15 1.05 0.08 Summer 1.80 0.14 0.30 2.1 0.043 1.39 133 2 
    Fall 0.24 0.02 0.10 5.2 0.007 0.45 43 5 
 25 2.60 0.25 Summer 1.80 0.44 0.54 1.2 0.140 4.47 427 1 
    Fall 0.24 0.06 0.28 4.8 0.019 1.22 117 4 
    Winter 0.05 0.01 0.17 13.9 0.004 0.27 26 20 
1 Body mass (carbon weight) CW = 0.0046(OAL)1.997 for I. racovitzai, CW= 0.0084*(OAL)1.782 for S. thompsoni with OAL as body length in mm (Dubischar et al. in prep., study V) 
2  Salp clearance rate determined from feeding experiments with CR (ml ind.-1h-1)= 0.192*(OAL)2.22 with OAL as salp body length (mm) (Kremer et al. in prep.) 
3 Ingestion rate IRchl (μg chl-a ind.-1h-1)= CRchl * surface chl-a  
4 Gut content GCchl (μg chl-a ind.-1) based on eq. 1a (Table 3) 
5 Gut turnover rate with t =GCchl*IR-1 
6 Daily pigment ingestion rate with IRday (μ pig Ind.-1day-1) = GCpig*24/t with GCpig based on eq. 1b (Table 3) 
7 Assimilated carbon Cass (μg C ind.-1day-1)= IRday*64%, given in Pakhomov (2004) 
8 Respiratory needs R (μg C ind.-1day-1)= 2.09% of CW for S. thompsoni and 2.33% of CW for I. racovitzai (Ikeda and Mitchell 1982, at -1°C) given as % of assimilated carbon Cass 
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Table 5. Summary of maximal grazing impacts of salps in the Lazarev Sea. Estimates are based on gut pigment contents, clearance rates and respiratory needs of 
the salps in the upper water column (0-100 m) at stations of highest salp abundance (St. 478) and highest salp biomass (St. 474), both represented by I. racovitzai 
in winter 2006 

 Stn. no. Salp stock  Phytoplankton stock Salp grazing  

  abundance1 biomass2  chl-a carbon3  by gut pigment content4 by pumping rates5 by respiratory needs6  

  ind. m-3 mg C m-2 mg chl m-2 mg C m-2 mg pig m-2 d-1 
% of 
stock L.m-2day-1 

% of 
water 

column mgC m-2 d-1
% of 
stock  

                  
Winter 478-8 0.144 14.6 4.9 492.9 0.0038 0.08 77.0 0.08 0.340 0.07  
2006 474-4  0.131 16.9 5.0 500.1 0.0043 0.09 89.2 0.09 0.394 0.08  
                             

Stn. no. station number 
1 Salp abundances from Pakhomov et al. (subm., study III) 
2 Biomass (carbon weight) was calculated from CW (mg) = 0.0046*(OAL)1.9972 for I. racovitzai with OAL = body length (Dubischar et al. in prep., study V)   
3 Total phytoplankton stock was converted to carbon units by using carbon/chlorophyll ratio of 100 (Perez et al. 1994)  
4 Grazing rates based upon IRind = GCpig *(2GPT) * 24hrs with individual gut pigment contents GCpig calculated from (eq.1b; this study) from station surf-chl-a and station length- 
frequency distribution, and with gut passage time GPT = 2.93*ln(OAL) with OAL = body length;  Kremer et al. (in prep.) for S. thompsoni 
5 Pumping rates from Reinke (1987) for S. thompsoni at 0°C  
6 Respiratory needs from Ikeda and Mitchell (1982) with 2.09% and 2.96% daily demand of body C of I. racovitzai and S. thompsoni, respectively, both at -1°C 
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2.3.2 Impact of food quality on salp feeding 

Visual examination of gut contents. For analysis by scanning electron 

microscopy (SEM), the gut was removed from the frozen salp and washed 6 times with 

deionised water to remove salt. Thereafter, the sample was cooked in a saturated 

solution of KMnO4, with the same volume of HCl added to remove organic material 

and again washed 6 times with deionised water. The sample was then mounted onto 

stubs and sputtered with gold-palladium (ca. 20 nm thickness). Images were taken with 

a Quanta FEG 200 /FEI ®. 

Fatty acid analyses. At the home laboratory, samples were freeze dried for 24 

hours in pre-weighted vials and dry weight was determined prior to lipid and fatty acid 

analysis. All subsequent work was performed on crushed ice and samples were stored at 

-80°C. As the total lipid content of small specimens is too low for separation of fatty 

acids, we pooled up to 5 individuals per analysis. Lipids were extracted from 

homogenised freeze-dried samples with dichloromethane/methanol (2 DCM : 1 MeOH 

by volume) according to Folch et al. (1957) and lipid weight determined gravimetrically 

(Hagen 2000). The fatty acid and alcohol compositions of the extracts were analysed by 

gas-liquid chromatography according to Kattner and Fricke (1986). Aliquots of the 

extracted samples were taken and to each sample tricosanoic acid in DCM/MeOH was 

added as internal standard to a concentration of 8% of estimated lipid weight. Lipids 

were hydrolysed in methanol containing 3% concentrated sulphuric acid at 80° C for 4 

hours, and the fatty acids converted to free fatty acid methyl esters and alcohols. After 

extraction with hexane, the fatty acids and alcohols were separated and quantified with a 

Hewlett-Packard 6890A gas chromatograph, equipped with a DB-FFAP column (30 m 

length, 0.25 mm inner diameter, 0.25 μm film thickness) using temperature 

programming and helium as carrier gas according to the method of Kattner and Fricke 

(1986). Free fatty acid methyl esters were detected by flame ionisation, and identified 

by comparing retention times with those obtained from marinole standard mixtures 

using the software KROMA2000. Individual fatty acids are expressed as mass 

percentage of total fatty acids ± standard deviation, omitting peaks below <0.1%. 

Unknown peaks were grouped.  
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2.3.3 Statistical analyses 

The ratios of chl-a to phaeopigment concentration in the salp guts (by weight) and the 

ratio of gut chl-a to surface chl-a (chl-a concentration factor, by weight) for each species 

and season were tested by two-way analysis of variance (2-way ANOVA) with 

subsequent HSD post-hoc test on differences between means (� = 0.05). Ratios were 

Box-Cox transformed prior to analyses to achieve homogeneity of variances and 

normality of variables. Data are given as median with minimum and maximum values.

 

For comparison of slopes and intercepts of gut chl-a and gut pigment content of salps,  

we run a full factorial analysis of covariance (ANCOVA) with ambient surface chl-a 

and species level as continuous and categorical independent factors, respectively, body 

length as covariate and gut content as dependent factor. Differences between means 

were tested with subsequent HSD post-hoc test (� = 0.05). Body length and gut content 

were log10-transformed prior to analyses to achieve linearity. Continuous variables in 

interaction terms of the ANCOVA model were adjusted to mean = zero ("centred 

polynomials") in order to make the test for the main effect independent of the test for 

the interaction term.  

 

The fatty acid profiles of salps were clustered by Bray-Curtis similarity analysis using 

complete linkage (Euclidean distances). Ratios and % area composition of marker fatty 

acids were compared using non-parametric Mann-Whitney-U test or 2-Way ANOVA 

with subsequent HSD post-hoc test to test for differences between season and species (� 

= 0.05). For comparability, all data are expressed as mean ± standard deviation. 
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3 Results  
3.1 Study area 

In general, the mixed layer of the Lazarev Sea is characterised by Weddell Gyre waters 

flowing in eastward direction in the north, by mixed waters of Weddell Gyre and 

Antarctic Circumpolar Waters in its middle part, and by a westward flowing current 

near the continent (Schröder and Fahrbach 1999). Furthermore, the study site is 

characterised by strong seasonal differences. Physical water mass characteristics of the 

Lazarev Sea during the three LAKRIS cruises are presented in detail in Pakhomov et al. 

(subm., study III). Briefly, in summer 2005/06, the investigation area was completely 

free of sea-ice. In fall 2004, sea-ice covered the sampling area south of 68°S and 

extended northwards during the sampling period. In winter 2006, the ice edge was 

situated north of the grid stations at approximately 57°S, and the study area itself was 

completely covered by sea-ice to the Antarctic continent at 70°S except ice leads and 

small polynyas, especially in the Maud rise area. Subzero surface temperatures persisted 

throughout all three cruises (from -1.16°C in summer to -1.81°C in winter). Hours of 

illumination (sun above the horizon) ranged from ~ 22 in summer to 4 hours winter. 

Consequently, the majority of samples was collected at daylight in summer, but at 

darkness during the winter cruise.  

 

The surface chl-a concentrations were highest in summer with an average of 1.8 μg chl-

a L-1 at stations where salps were present. Maximum values exceeding 5.0 μg L-1 were 

recorded at shelf stations, but even in open oceanic waters, surface chl-a reached high 

concentrations of up to 4.7 μg L-1(Figure 1; Table 1). In fall, surface chl-a 

concentrations were about one order of magnitude lower with 0.24 μg L-1 in average 

and with a maximum value of 1.1 μg L-1 at a station south of the ice-edge. At locations 

with new ice formation, surface chl-a concentrations were highly variable. The lowest 

chl-a concentrations were recorded in winter averaging 0.05 μg L-1. In the south (64° to 

69°S), chlorophyll concentration ranged from 0.02 to 0.04 μg L-1. Further north (64.5° 

to 60°S), chlorophyll concentrations were slightly higher and ranged from 0.04 to 0.1 

μg L-1 (Figure 1, Table 1). Integrated (0 to 200 m) water column chl-a levels varied 

from 40.9 to 219.3 mg chl-a m-2 (mean 99.07 ± 56.4) and from 2.4 to 12.3 mg chl-a m-2 

(mean 5.43 ± 2.41 mg chl-a m-2 ) in summer 2005/2006 and in winter 2006, 

respectively. 



Feeding dynamics of salps in the Lazarev Sea 

 209  

 3.2 Influence of food quantity on salp feeding 

Individual gut content. Gut pigment contents of Ihlea racovitzai and of Salpa thompsoni 

reflected only partly the seasonal differences of ambient chlorophyll biomass. For both 

species, median chl-a and pigment gut content were largely the same for all three 

cruises (Table 1). Ihlea racovitzai had maximum values of 3.2 μg chl-a ind.-1 and of 

17.9 μg pig ind.-1 in fall. The ratio of phaeopigment to chlorophyll (by weight) was 

highest in fall with a median value of 12.5. Summer and winter measurements yielded 

similar ratios of 5.6 and 7.1, respectively (Table 1). Similar to I. racovitzai, Salpa

thompsoni had maximum gut pigment values of 3.1 μg chl-a ind.-1 and of 23.9 μg pig 

ind.-1 in fall (Table 1). Median gut chl-a was 0.2 μg chl-a ind.-1 for all season. 

Phaeopigment to chlorophyll ratios in the guts of S. thompsoni were not different from 

those of I. racovitzai and showed the same seasonal pattern (post-hoc test of 2-way-

ANOVA, n.s. for species, significant for season with fall > winter & summer, p 

<0.001). 

Surprisingly, considerable amounts of chl-a were measured in I. racovitzai caught 

during winter, when chlorophyll concentrations in the surface waters did not exceed 

0.01 μg chl-a L-1. Even though maximum pigment concentrations in the guts of salps of 

similar body size were lower in winter than in summer and fall, median values of gut 

chl-a and gut pigment concentration were not different although only 3% of ambient 

summer chl-a concentration were recorded (Table 1).  

  

A “concentration factor”, defined as the volume of water filtered to attain the observed 

gut content at ambient chl-a concentrations, was calculated by dividing the chl-a content 

of salp guts (μg chl-a ind.-1) by ambient surface chl-a concentrations (μg chl-a L-1). 

Predictably, the highest concentration factors of chl-a were found in winter, with 

median values of 6.1 and 3.1 for I. racovitzai and S. thompsoni, respectively and lowest 

in summer with 0.2 and 0.1 for I. racovitzai and S. thompsoni, respectively. (Table 1).  

 

The results of the full factorial ANCOVA and of the multiple linear model of individual 

gut chlorophyll content and gut pigment content are seperately presented in Table 3, and 

visualised in Figure 2 for the two species and three different food environments. Each 

term and each interaction term of gut content, ambient chl-a concentration, and species 

level was highly significant (p <0.001; eq. 1a, b; Table 3). The random distributions of 
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residuals in both ANCOVA models of gut chl-a and gut pigment content indicate that 

the models’ accuracy is independent of the variables’ magnitude, i.e. both models had 

no obvious bias. The significant positive correlation between body size and gut chl-a 

and pigment content held for both species during all seasons, with the exception of 

winter S. thompsoni, for which only seven samples were available. The models 

presented in Table 3 were subsequently used to estimate population grazing rates in 

given situations.  

 

Overall, individual gut chl-a content predicted by eq. (1a), have a linear fit of r² = 0.646 

to measured gut chl-a contents (Table 3a; Figure 2a). A perfect fit of predicted values to 

measured values would achieve a regression of r² = 1, represented by the solid line in 

Figure 2a. Predicted values above the trendline represent an overestimation of gut 

contents by our equation applied. Predicted values below the trendline represent an 

underestimation of predicted gut contents. For I. racovitzai, predicted values represent 

very well the measured gut contents, especially at low and medium food concentrations. 

At high food concentrations above 1 μg chl-a L-1, smaller salps tend to ingest less, and 

larger salps tend to ingest more than predicted by our estimates. Gut contents of solitary 

S. thompsoni at low food concentrations (<0.01 μg chl-a L-1) and aggregate S.

thompsoni at high food concentrations (>1 μg chl-a L-1) do not match the estimated gut 

contents. Estimates for S. thompsoni are mainly influenced by the large data set 

obtained in fall, representing mostly medium food concentrations. The linear model (eq. 

1b) for individual gut pigment content by body size, ambient surface chl-a and species 

fits with r² = 0.589 (Table 3b). The measured gut pigment contents show a greater 

variability than gut chl-a contents. The phaeopigment signal has a stronger bias, e.g. 

through the fluorescence signal of the salp’s gut tissue (“background” fluorescence), 

and therefore predictability of the phaeopigment signal is reduced. Still, standard 

deviations of predicted values of gut pigments contents compared to the standard 

deviations of predicted gut chlorophyll contents are in the same range (Figure 2b). The 

predicted gut contents have a greater standard deviation, when sample numbers are low, 

i.e. for low and high gut contents (representing mostly smallest and largest individuals) 

(Figure 2).  
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Figure 2a. Predicted (eq. 1a) and measured gut chlorophyll-a content of Ihlea racovitzai 
(left panel) and Salpa thompsoni (right panel) in low (surface chl-a <0.1 μg L-1), 
medium (0.1 μg L-1 < surface chl-a >1 μg L-1) and high (surface chl-a >1 μg L-1) food 
situations in the Lazarev Sea. Shapes signify salp species, shading signifies food 
environment. The dotted trendlines indicate regression of predicted versus measured gut 
contents (r² = 0.646) and the solid trendlines indicate “estimated = predicted” (r² = 1.0) 
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Figure 2b. Standard error of predicted gut contents for chl-a and pigments. Symbols and 
shades as in Figure 2a 
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As stated for measured gut contents, the predicted gut contents per salp length were 

highest in summer and lowest in winter in both species (Figure 2a). S. thompsoni 

showed slightly higher gut contents per body length than I. racovitzai. However, S.

thompsoni populations were predominated by smaller aggregates in fall and thus in 

general, similar maximum values of I. racovitzai and S. thompsoni were measured and 

estimated for each season (Figure 2a, Table 1). In the majority of samples throughout all 

cruises, estimated and measured gut contents of I. racovitzai did not exceed 0.8 and 0.9 

μg chl-a ind.-1, respectively. Also in winter, I. racovitzai reached this upper range of gut 

chl-a concentration. For S. thompsoni, the upper estimated and measured gut chl-a 

content equalled about 0.6 and 0.4 μg chl-a ind.-1. Estimated gut pigment contents 

reached a maximum of  5 μg pig ind.-1 throughout the year and in both species, and thus 

agreed with maximum values of most gut analyses. Only the few medium-sized 

solitaries of S. thompsoni caught in winter had a lower upper estimate of gut pigments.  

 

Individual grazing estimates. Table 4 shows the individual ingestion and 

assimilation rates of I. racovitzai and S. thompsoni for each season based on gut content 

estimates derived from equation 1, and average ambient chlorophyll concentrations. By 

applying known clearance rates, an I. racovitzai of 50 mm body size in winter needed 

up to 5.5 hours to accumulate the estimated gut chl-a content in its gut, given the low 

ambient chlorophyll concentration (Table 4). Here, we ignored all possible break-down 

of chl-a into pigments or non-fluorescent products and assumed no defecation. The 

assimilated carbon in winter estimated from maximum pigment ingestion rates per day 

amounts to 0.7 mg C ind.-1day-1. Respiratory needs amount to 38% of the assimilated 

carbon. In summer with higher ambient chlorophyll concentrations given, the ingestion 

rate of the same sized 50 mm individual was estimated to be more than 30 times higher 

than in winter, assuming the same individual clearance rate. In consequence, the time 

needed to reach the estimated gut chl-a content was much shorter (only 0.3 h), and thus 

maximum daily ingestion rates were much higher. Assuming equal assimilation and 

respiration rates, only 2% of the assimilated carbon (17.2 mg C ind.-1day-1) would be 

needed for respiration in summer season (Table 4). Small and medium sized I.

racovitzai, here exemplarily represented by a 15 mm and a 25 mm individual, had lower 

estimated gut contents than the larger individuals. The time to accumulate the estimated 

gut contents was lower, with maximum values of 1.8 and 2.9 hours, respectively, in 

winter. However, in relation to their body mass, they assimilated less carbon than 50 
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mm individuals, so that portions of assimilation carbon needed for respiration were 

similar (e.g. up to 28% and 32% in winter).  

 

In comparison with I. racovitzai, S. thompsoni showed higher gut contents per 

individual body length, resulting in longer accumulation times. An individual of 25 mm 

would need up to 14 hours in winter to accumulate the estimated gut chl-a contents by 

known clearance rates and with given low ambient chl-a concentrations (Table 4). The 

salp assimilated 0.72 mg C ind.-1 day-1 per day and covered 20% of respiratory 

demands. Larger solitaries (>50 mm) of S. thompsoni were scarce during all LAKRIS 

cruises and are thus not represented in the table.  

 

Population grazing impact. Although we observed high individual grazing rates, 

we generally stated a low population grazing impact in the Lazarev Sea during our 

surveys. Overall, low abundances of I. racovitzai and of S. thompsoni were recorded 

during all LAKRIS cruises in fall 2004, summer 2005/06 and winter 2006 (Pakhomov 

et al. subm., study III). Therefore, we present estimated grazing impacts only for two 

stations during winter, where highest salp abundances (0.14 ind. m-3) and highest salp 

biomasses (16.9 mg C m-2) were recorded (Table 5). These catches were solely 

constituted of I. racovitzai. Salpa thompsoni reached much lower abundances with a 

maximum abundance of 0.03 ind. m-3 in fall (Pakhomov et al. subm., study III). 

However, with higher ambient phytoplankton concentrations in fall, grazing impact in 

the water column was negligible (<0.01% of standing stock). In winter, the chlorophyll 

a standing stock of the two presented stations amounted to approximately 5 mg chl-a m-

2 (0 - 100 m depth). When grazing rates were estimated from individual daily salp 

ingestion rates, values of 0.0038 to 0.0043 mg chl-a m-2 day-1 were achieved, 

accounting for 0.08 to 0.09% of the total chl-a stock (0 - 100 m) consumed per day by I.

racovitzai (Table 5). If the grazing impact was estimated based on pumping rates, the 

present salp population would filter 0.08 to 0.09% of the upper water column per day 

(0-100 m). If we apply minimum respiratory needs of the I. racovitzai at the two 

stations, rates ranged from 0.34 to 0.39 mg C 100 m-2day-1. These values were 

equivalent to 0.07 and 0.08% of the total carbon stock (based on integrated chl-a 

concentrations in the upper 100 m) (Table 5). 
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Fecal pellet pigment and carbon content of I. racovitzai in winter. During the 

winter cruise, fecal pellets (FP) produced by I. racovitzai (n = 10, 50 to 69 mm body 

length) contained between 5.2 to 45.7 ng chl-a FP-1 and 50.2 to 321.5 ng pig FP-1. Fecal 

pellet contents increased with increasing gut contents up to 4.5 μg pig ind.-1 (shown for 

pigment content in Figure 3) and corresponded to 6.3% (±3.3 s.d.) and to 6.8% (±2.3. 

s.d.) of gut chl-a and gut pigment content, respectively. Ratios of phaeopigments to chl-

a were not different in fecal pellets and in salps guts, averaging 8.5 ± 2.1 and 7.1 ± 0.9, 

respectively.  
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Figure 3. Pigment concentration of fecal pellets produced by Ihlea racovitzai (n = 10) in 
winter 2006, related to gut pigments of the defecating individual  
 

 

3. 3 Impact of food quality on salp feeding 

Salp gut contents by visual examination. Hard shelled items found in salp guts 

derived mainly from diatoms (Figure 4a-g). Various amounts of intact and broken cells 

were observed, e.g. large discoid diatoms like Thalassiosira and Asteromphalus spp.,

Fragilariopsis species like F. kerguelensis, F. cylindrus, F. rhombica and F. curta, 
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needles of Pseudonitzschia sp. (especially in northern stations), large fragments of 

Corethron spp., and spines of Chaetoceros spp. Several radiolarians, including 

spumelarians and phaeodarians like Protocystis spp. were regularly present in salp guts 

as well (Figure 4g). The silicoflagellate Dictyocha speculum was found in all seasons in 

the salp guts. In the stomachs investigated, no copepod fragments were found.  

 

 
Figure 4. Gut contents of Ihlea racovitzai and Salpa thompsoni from scanning electron 
microscopy. I. racovitzai: a)summer, b)fall, c)winter; d) Protocystis sp. and Dictyocha 
sp.;  S. thompsoni: e)summer, f) fall, g) winter, h) from depth <1000 m.  
 

Overall, gut contents of Ihlea racovitzai in summer, fall, and winter seemed to be very 

alike as obtained by visual examination (Figure 4a - c). In winter, the contribution of 

cell debris seemed to increase and cell fragments were smaller than in summer and fall. 

Furthermore, in winter, tintinnids were recorded more often whereas the contribution of 

Chaetoceros and Corethron species seemed to be smaller than in the productive 

seasons. Generally, in summer and fall, Salpa thompsoni and I. racovitzai showed 

similar gut content compositions with sometimes high contributions of broken 

Chaetoceros spines (Figure 4e, f). In winter, when S. thompsoni was mainly caught in 

deeper nets, guts of S. thompsoni seemed to contain less material, with smaller 

contributions of large diatoms but increasing contribution of broken cells and cell 

fragments (Figure 4g, h).  

200 μm
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Total lipids, fatty acids and fatty alcohols of salps. As expected, total lipid 

contents of salps increased with body length (Figure 5, n = 42). The total length of I.

racovitzai from 24 to 65 mm corresponded to lipid mass of 0.4 to 4.8 mg ind.-1. 

Individual S. thompsoni used for lipid analyses had a body length of 8 to 65 mm with 

corresponding lipid mass of 0.06 to 4.5 mg ind.-1. Details of elemental composition will 

be presented in Dubischar et al. (in prep., study V).
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Figure 5. Lipid mass versus body size of I. racovitzai (Ihlea, circles) and S.
thompsoni (Salpa, triangles) from the Lazarev Sea in summer (black), fall (grey), 
and winter (white) 

 

All salps were characterised by high amounts of long-chain polyunsaturated fatty acids 

(PUFAs) 22:6(n-3) (docosahexaenoic acid or DHA; 17.5 to 30.9%), followed by 

20:5(n-3) (eicosapentaenoic acid or EPA; 14.4 to 22.7%), elevated levels of shorter 

chains of saturated fatty acids (SFAs 16:0 and 14:0), and monounsaturated fatty acids 

[MUFAs, 18:1(n-9) and 16:1(n-7)], and finally of PUFA 18:4(n-3) (Table 6). These 

seven fatty acids accounted for more than two third of total fatty acid concentration and 

indicate a mixed phytoplankton diet of both salp species throughout the year. All other 

fatty acids did not exceed 5% each; fatty acids occurring in traces of less than 1.5% 

were grouped as “others” (Table 6). 



 

 

Table 6. Percentage composition (means ± s.d.) of the major fatty acids from total fatty acids of Ihlea racovitzai and Salpa thompsoni from the 
Lazarev Sea.  

 Fall 2004  Summer 2005/06         Winter 2006     
 I. racovitzai S. thompsoni I. racovitzai S. thompsoni I. racovitzai S. thompsoni 

Fatty acid (5) Sol (1) Agg (11)  Sol (12) Sol (2) Agg (3)  Sol (3) Sol (3)
    

14:00 8.0 ± 1.2 4.8  6.2 ± 0.6  6.3 ± 0.5 5.5 ± 0.7 4.4 ± 2.2  6.9 ± 0.5 5.2 ± 0.5 
16:00 11.2 ± 0.4 11.8  11.9 ± 0.9  11.4 ± 0.9 10.6 ± 0.4 11.8 ± 1.0  10.6 ± 0.3 12.5 ± 0.6 
18:00 1.1 ± 0.1 1.3  1.2 ± 0.2  1.0 ± 0.2 0.8 ± 0.5 1.4 ± 0.5  0.9 ± 0.2 0.8 ± 0.2 

sum saturates 20.3 ± 1.5 17.8  19.4 ± 1.1  18.7 ± 1.2 16.9 ± 0.2 17.7 ± 2.7  18.5 ± 1.1 18.4 ± 0.8 
           

16:1(n-7) 4.5 ± 0.9 2.8  4.8 ± 0.8  3.1 ± 0.6 4.2 ± 0.4 4.4 ± 1.4  4.2 ± 0.6 2.7 ± 0.3 
18:1(n-7) 0.9 ± 0.1 1.9  3.5 ± 0.7  1.1 ± 0.1 2.2 ± 1.5 2.4 ± 0.1  1.0 ± 0.1 2.1 ± 0.1 
18:1(n-9) 5.9 ± 1.2 7.7  5.4 ± 1.0  3.7 ± 0.5 3.9 ± 0.4 3.8 ± 1.0  3.3 ± 0.6 4.0 ± 0.3 
20:1(n-9) 2.5 ± 0.4 1.4  1.2 ± 0.2  2.3 ± 0.6 2.6 ± 1.2 1.5 ± 0.3  2.1 ± 0.4 0.6 ± 0.1 

sum monounsaturates 13.7 ± 2.5 14.6  15.0 ± 1.2  10.2 ± 1.2 13.0 ± 3.5 12.2 ± 2.2  9.4 ± 0.3 10.7 ± 1.6 
           

18:2(n-6) 2.4 ± 0.2 2.2  2.4 ± 0.5  2.1 ± 0.2 2.8 ± 0.1 3.1 ± 1.3  2.1 ± 0.4 2.1 ± 0.3 
18:4(n-3) 8.2 ± 1.8 5.6  5.8 ± 1.0  9.1 ± 3.1 10.3 ± 2.4 8.5 ± 4.2  10.4 ± 3.1 4.6 ± 1.4 
20:4(n-6) 1.1 ± 0.1 2.4  1.3 ± 0.4  1.0 ± 0.2 1.1 ± 0.3 1.0 ± 0.3  0.9 ± 0.3 1.1 ± 1.0 
20:5(n-3) 18.8 ± 1.9 14.4  17.9 ± 1.1  20.3 ± 1.3 18.8 ± 0.0 18.5 ± 1.2  18.2 ± 1.3 19.4 ± 0.4 
22:6(n-3) 22.9 ± 2.8 30.9  24.8 ± 1.9  25.2 ± 3.2 21.0 ± 4.9 22.2 ± 2.8  22.4 ± 3.5 27.8 ± 1.5 

sum polyunsaturates 53.5 ± 2.6 55.5  52.3 ± 1.7  57.7 ± 1.6 54.0 ± 2.9 53.3 ± 2.7  55.0 ± 1.3 54.0 ± 1.8 

Others 7.9 ± 1.2 6.0  8.3 ± 0.8  7.6 ± 0.9 9.2 ± 0.3 8.5 ± 1.5  8.5 ± 0.6 9.2 ± 0.9 
Unknown 4.6 ± 1.9 6.9  5.0 ± 0.8  5.9 ± 0.7 6.8 ± 0.8 8.4 ± 7.0  7.8 ± 2.4 8.6 ± 2.2 

Agg aggregate  Sol solitary generation, no separation of generations of I. racovitzai in fall. Number in parentheses denote sample size (n); others includes all 
components present at < 1.5%: 14:1(n-5), 15:0, 16:0, 16:1(n-9), 16-1(n-5), 16:2(n-4), 16:3(n-4), 16:4(n-1), 18:1(n-5), 18:2(n-4), 18:3(n-3), 18:3(n-6), 18:4(n-1), 
20:0, 20:1(n-11), 20:1(n-7), (20:2(n-6), 20:3(n-6) 20:3(n-3), 20:4(n-3), 22:2(n-6), 22:1(n-9), 22:1(n-11), 22:5(n-3)
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Figure 6. Fatty acid profiles of salps grouped by Bray – Curtis similarity 
(dlink/dmax*100) with complete linkage of single measurements. Groups are 
arbitrarily formed at 60% and 45% dissimilarity level, for further explanation see 
text 

 
 
Surprisingly, a cluster analysis of fatty acid compositions including those fatty acids 

with a percentage contribution >1.5% separated groups on the species’ level. No clear 

pattern emerges from samples of different seasons or geographical positions. A 

moderate grouping according to species was observed. For example, we determine 8 

groups (including 1 to 9 samples), separating at the 39% dissimilarity level, of which 5 

groups are composed by either I. racovitzai or S. thompsoni. At this level, all groups 

larger than 2 samples include more than one season. At the 22% dissimilarity level, we 

can separate 9 groups composed of I. racovitzai, 9 groups composed of S. thompsoni, 

and 2 mixed ones. Each of these groups is small, underlining the great resemblance of 

both species during all of our surveys.  
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The two most prominent markers EPA and DHA showed low ratios in both salps, 

ranging around 0.6 to 0.8 without significant changes between species or seasons 

(Figure 7).  
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Both the highest (1.1) and lowest ratio (0.47) of EPA to DHA were measured in solitary 

forms of S. thompsoni. The latter specimen consistently differed from the rest of the S. 

thompsoni group and also separated early in cluster analysis from all other samples 

(64%) (Figure 6). Therefore, it was not included in the comparison of  seasonal fatty 

acid marker distribution (Figure 8). In general, a value of <1 for the EPA to DHA ratio 

indicates a rather flagellate based diet, equal proportions characterise prymnesiophytes, 

and higher proportions of EPA are in general found in diatoms. Beside the relatively 

high contribution of EPA, uptake of diatoms is further indicated by moderate levels of 

16:1(n-7) and 18:1(n-7). However, further diatom markers like 16:3(n-4) and 16:4(n-1) 

contributed <1.5% to total fatty acids and diatom marker 16:4(n-1) was not detected in 

our salp samples. The fatty acid 18:4(n-3) that is usually derived from a flagellate diet 

Figure 7. Fatty acid biomarker ratio: 20:5(n-3) / 22:6(n-3) (= EPA/DHA) 
versus [16:1(n-7) + 18:1(n-7)] / 18:4(n-3) in I. racovitzai and in S.
thompsoni in summer, fall, and winter. Symbols as in Figure 5, dots indicate 
solitary salps 
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was found in higher proportions in salps (Table 6, Figure 7). Salpa thompsoni had a 

higher ratio of 16:1(n-7) to 18:4(n-3) than I. racovitzai, and for both species ratios in 

fall were higher than in summer and winter (Figure 6, p <0.001). In S. thompsoni, 

combined flagellate markers had highest contribution in summer, whereas both diatom 

and flagellate markers had lowest contribution in winter (Table 6, Figure 8, p <0.01). 

There was no statistical difference in seasonal flagellate marker or diatom marker 

contribution in I. racovitzai (Figure 8). 

Figure 8. Percentage contribution of fatty acid biomarkers: flagellate [(18:2(n-6) 
and18:4(n-3)]; diatom [% area of 16:1(n-7) and 18:1(n-7)]; copepod [20:1(n-9)] to total 
fatty acids in I. racovitzai (crossed bars) and S. thompsoni in summer (dark), fall (grey) 
and winter (white). Differences among values (means with standard deviation) are 
indicated as statistically significant with ***p <0.001, **p <0.01 and with *p <0.05 
within species (inside the bars) and between species (outside the bars)  
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Long-chain monounsaturated fatty acids of C20 and C22 are synthesised by polar 

herbivore copepods (Kattner and Hagen 1995) and were used as indicator of carnivory 

on copepods in copepods (Graeve et al. 1994a), amphipods (Graeve et al. 1997), 

ctenophores (Ju et al. 2004), and in krill (Ju and Harvey 2004). Interestingly, the 

copepod marker 20:1(n-9) showed significantly higher proportions in I. racovitzai as 

compared to S. thompsoni in fall and winter (p <0.001 ) (Figure 8).  

 

Furthermore, the percentage contribution of 18:1(n-9) and of 18:1(n-7) considerably 

varied among species and seasons in our study. In detail, the contribution 18:1(n-7) of I. 

racovitzai was low without changes throughout the three seasons. Percentage 

contribution of 18:1(n-9) was more variable with significantly higher contribution in 

fall, resulting in highest ratios of 18:1(n-9) to 18:1(n-7) in fall (p <0.0001; Table 6, 

Figure 9).  
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Figure 9. Latitudinal distribution of fatty acid biomarker ratio 18:1(n-9) / 
18:1(n-7) in I. racovitzai and S. thompsoni in summer, fall, and winter. 
Symbols as in Figure 7 
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Salpa thompsoni had an equal range of 18:1(n-9) fatty acid contribution compared to I.

racovitzai, and showed the same seasonal pattern with a higher contribution in fall. 

Here, the contribution of 18:1(n-7) in S. thompsoni increased with increasing 16:1(n-7) 

contribution and was consistently higher than in I. racovitzai. This resulted in 

significantly lower ratios for S. thompsoni throughout the year (p <0.0001; Figure 9). 

The solitaries of S. thompsoni had similar or higher ratios than aggregate S. thompsoni, 

with a maximum value of 4.1 (the latter being identified as “outlier” sample by cluster 

analysis, see above).

 

Only trace amounts of fatty alcohols were present in both I. racovitzai and S. thompsoni.  

 

 



Feeding dynamics of salps in the Lazarev Sea 
 

224 

4 Discussion 

4.1 Study area 

We expected that salp feeding dynamics in the Lazarev Sea would mirror the strong 

seasonal differences in the phytoplankton quantity and quality of the environment. 

During our study, ambient surface chlorophyll concentrations ranged from 0.02 μg chl-a 

L-1 in winter to up to 7.1 μg chl-a L-1 in summer. The phytoplankton primary production 

in the high Antarctic waters is remarkably low in winter due to low incident solar 

radiation which is further reduced by consolidated ice covered with snow (Smetacek et 

al. 1990; Nöthig et al. 1991). Although small heterotrophic nanoflagellates and bacteria 

contribute significantly to the biomass in winter in the Weddell Sea, the total biomass in 

the water is still significantly reduced (Garrison et al. 1991; Kivi and Kuosa 1994; 

Spiridonov et al. 1996). Chlorophyll concentrations rarely exceed 0.05 μg chl-a L-1 

under the ice, with only slightly higher values in leads and polynyas (Nöthig et al. 1991; 

Spiridonov et al. 1996). In spring, the phytoplankton production is enhanced by 

increasing penetrating light and release of micronutrients like iron through the melting 

of ice; and pelagic phytoplankton biomass is supplemented by release of the biomass 

formerly incorporated in the ice (von Bodungen 1986; Smetacek and Nicol 2005). 

Although nano- and picoplankton are generally dominating the phytoplankton by 

numbers throughout the year in the Lazarev Sea (Gleitz et al. 1994; Pakhomov et al. 

2002b; Froneman et al. 2004), phytoplankton biomass accumulates in spring and 

summer to bloom concentrations mainly by higher contribution of larger diatoms, 

especially in the Coastal Current on the Antarctic shelf (von Bodungen 1986; Gleitz et 

al. 1994). Also in the summer 2005/06, we observed higher surface chl-a concentrations 

in the Antarctic shelf area compared to stations further north. In fall, phytoplankton in 

Antarctic waters is heavily reduced through heterotrophic grazing, water mixing, ice 

formation, reduction in light regime and depletion of micronutrients (e.g. von Bodungen 

1986; Gleitz et al. 1994; Ducklow et al. 2006). In our study during the fall cruise, chl-a 

concentrations were relatively low (�0.2 μg chl-a L-1) at open water stations, and 

variable at stations with formation of ice reaching maximum values of 1.1 μg chl-a L-1. 

In those areas, numerous dark brown-coloured ice floes were observed. Locally 

restricted high pelagic chl-a concentrations could have resulted from continuous 

movements and rubbing of these ice floes caused by the wind and currents, which 
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abraded and released phytoplankton into the ambient water, and further by freezing/ 

defreezing friction processes (Meyer et al. 2009; Pakhomov et al. subm., study III). It 

was suggested by Meyer et al. (2009) that in fall, highest chl-a concentration are found 

in the southern region of the Lazarev Sea on the shelf where the ice is not thick enough 

to block out the light but stabilises the water column in contrast to northern, open waters 

with deep mixing. In winter, however, only extremely low phytoplankton biomass was 

found under the fast ice in the southern parts of the Lazarev Sea (<0.04 μg chl-a L-1, 64° 

to 69°S).  Further north (64.5° to 60°S), slightly higher phytoplankton concentrations of 

0.04 - 0.1 μg chl-a L-1 persist due to thinner ice and more incident solar radiation 

available for photosynthesis (this study, Meyer et al. 2009). 

 

4.2 Impact of food quantity on salp feeding 

Gut content concentrations. We estimated high daily individual ingestion rates for 

Ihlea racovitzai and Salpa thompsoni based on gut fluorescence measured on board. Gut 

contents of up to ~ 18 μg pig ind.-1 in I. racovitzai in fall are 10 times higher than the 

only other reported gut pigment concentrations of I. racovitzai, with up to 1.9 μg pig 

ind.-1 in food environments of 0.2 to 0.6 mg chl-a m3 (Perissinotto and Pakhomov 

1998b). Also, the reported average values of 0.8 μg pig ind.-1 for I. racovitzai of 1 to 5 

cm total body length are lower than median value of gut pigment content obtained in 

fall during our study (2.6 μg pig ind.-1, 0.8 – 6 cm body length).  

 

The values of gut pigments determined for S. thompsoni in this study in fall (0.07 -23.9, 

median 3.3 μg pig ind.-1) were similar to values of a study on S. thompsoni conducted in 

the Polar Frontal Zone earlier in the same year, when ambient surface chl-a 

concentration averaged 0.6 μg chl-a L-1 (von Harbou et al. in prep, study II). Similar gut 

pigment contents of S. thompsoni were also recorded in a study in the Bellingshausen 

Sea in fall 2001 with ambient chl-a concentrations of 0.2 to 2.4 μg L-1 (Pakhomov et al. 

2006). Our estimates of gut pigments for S. thompsoni of 10 to 40 mm body length are 

furthermore in very good agreement with gut contents obtained using the size dependent 

equation of gut pigments given in Pakhomov et al. (2002a), summarizing a number of 

studies of S. thompsoni carried out in spring, summer, and fall.  
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This study gives the first estimates of winter feeding in Antarctic salps. Salps are 

unselective filter feeders. They inhale particles with the water flow continuously 

pumped through the body cavity by contraction of their muscles (e.g. Madin 1974). The 

water flow is screened through a fine mucous filtering net which is continuously 

produced by the endostyle and moved forward by a band of cilia (Fedele 1933; Bone et 

al. 2000). Near the oesophagus, this net with all adhering particles is winded up and 

eventually ingested. The feeding mechanism is reduced in comparison to other tunicates 

to minimise metabolic costs, but not equipped with means of regulatory or selective 

food up-take (Madin and Deibel 1998). Thus, in winter, salps should have much lower 

gut contents than in summer depending directly on ambient food concentrations. We 

recorded still high concentrations of up to 10.8 μg pig ind.-1 in I. racovitzai and up to 

2.5 μg pig ind.-1 in S. thompsoni at low food concentrations (<0.5 μg chl-a L-1). Salps 

were apparently able to highly concentrate the food in low food environments. To the 

best of our knowledge, there are not similar studies on in situ feeding dynamics of salps, 

encompassing such large particle concentration ranges as encountered during our 

surveys. Other pelagic tunicates such as the appendicularian Oikopleura dioica have 

shown to be capable of concentrating food particles at low ambient food concentrations 

to levels sustaining its energy demands (Lombard et al. 2009). It has been discussed by 

Troedsson et al. (2005) that even at changing ambient food concentrations 

appendicularians might maintain gut contents at relatively constant levels by plasticity 

of their screening filters. First evidence in O. dioica has shown that they respond to 

different food levels with differential regulation of component proteins which are part of 

their filtering house (Bouquet et al. 2008). Whether such mechanisms might also allow 

salps to remain their ingestion levels at a constant level, remains unclear.  

 

So far, no attempt has been made to include the ambient chl-a concentration into 

estimates of gut contents for salps. Perissinotto and Pakhomov (1998b) proposed a 

negative correlation of salp gut pigment concentration and ambient chlorophyll 

concentrations in the order of 0.2 to over 3 mg chl-a m3. The authors explained the 

assumed negative correlation by severe salp clogging at ambient chlorophyll-a 

concentrations above 1 mg chl-a m3. We could not observe a negative impact of 

increasing chlorophyll a concentrations on the salp ingestion. In contrast, a highly 

significant positive correlation of ambient chl-a and individual gut pigment content in 

the range of encountered food concentrations (0.05 - 7.1 μg chl-a L-1) was determined. 
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The established equation for individual salp gut contents based on species, body size 

and ambient surface chl-a concentrations, could explain ~ 65% of variability of 

individual gut chl-a content and ~ 59% of variability of gut pigment content (Table 2). 

Therefore, we are confident that our predictions give a biologically meaningful estimate 

for an overall comparison of gut contents at each season. In the following, several 

factors, explaining bias and restrictions of our predicted gut content concentrations as 

well as the estimated individual grazing and assimilation rates will be discussed. 

 

We included available surface chl-a concentrations in our model. Generally, the 

chlorophyll concentration in the surface waters gives a good estimate of the food 

availability in the water column. However, with high variability of surface chl-a 

concentration, for example during our survey in fall, it might not always be the best 

indicator of total phytoplankton standing stock and primary production in the salp’s 

environment. Variability in gut content measurements during our study can further be 

explained by daily feeding patterns because samples for gut content measurements were 

obtained from various times at night and day. Both salp species exerted strong dial 

vertical migration throughout the year (except S. thompsoni in winter), leaving the 

euphotic zone during the “day” (even at times of complete darkness in winter) 

(Pakhomov et al. subm., study III). Although no clear dial feeding pattern for S. 

thompsoni was observed in earlier studies (Pakhomov and Froneman 2004), we expect 

that at least chlorophyll concentrations in the salp guts are dependent of their residence 

time in the euphotic zone with higher ambient surface chlorophyll concentrations than at 

depth.  

 

The measured and predicted gut contents per body length were lower in solitary I.

racovitzai than in aggregate S. thompsoni. Unfortunately, no measurements of gut 

pigments of aggregate I. racovitzai were available due to their low densities in fall, 

nearly absence in summer and absence in winter (Pakhomov et al. subm., study III). In 

contrast, S. thompsoni solitaries were rare throughout the year, and only aggregate S. 

thompsoni reached moderate abundance in fall in the Lazarev region during our study 

(Pakhomov et al. subm., study III). Thus, a direct conclusion of reduced gut content of I.

racovitzai compared to S. thompsoni cannot be drawn from our observations. However, 

we observed a clearly smaller digestive tract volume per body volume in I. racovitzai 
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than in S. thompsoni. A smaller gut volume would explain lower gut contents in I.

racovitzai compared to S. thompsoni, irrespective of the salp generation.  

 

The few measurements available for large solitary S. thompsoni indicate nevertheless 

that solitary salps seem to have lower concentration of fluorescent material in their guts 

compared to aggregate salps of the same body length. Solitaries have a different 

morphology and show less vertical migration which might result in lower filtration rates 

per length compared to the aggregate form (Foxton 1966; Reinke 1987; von Harbou et 

al. in prep., study II). Moreover, large solitaries are often infested by commensal 

amphipods, e.g. Vibilia antarctica, that profit from the concentrated food on the feeding 

net of the salp and consequently reduce the amount of ingested food by the host salp 

(own obs.; Harbison 1998). In contrast to our study, a direct relation of gut contents to 

body size irrespective of the salp’s generation was observed in earlier studies of S.

thompsoni (summarised in Pakhomov et al. 2002). However, in those studies total 

length of the salps was used. If the total length is normalised to body length (omitting 

the pointed tips in case of the aggregates, and using conversion factors given in von 

Harbou et al. (in prep., study II)), we also see a different relation of body length to gut 

content in smaller aggregates compared to larger solitaries. In our study, large solitaries 

>70 mm body length of both I. racovitzai and S. thompsoni did not significantly 

contribute to the salp populations, and thus a possible overestimation of gut contents for 

this large size class do not significantly influence our population grazing estimates.  

 

Gut turnover rates. It is difficult to obtain correct estimates of daily ingestion 

rates based on gut fluorescence measurements for each season as no gut clearance rate 

experiments were carried out during the cruises. The limited number of gut evacuation 

rates of S. thompsoni available in the literature were based on a few measurements made 

in summer only and suggested a gut passage time of GPT = 4 h (Perissinotto and 

Pakhomov 1998b; Pakhomov and Froneman 2004). Size dependent gut passage time 

has been determined for the temperate water salps Salpa aspera with GPT = 0.17* salp 

length (mm) (Madin et al. 2006) and for S. thompsoni with k-1 = GPT = 2.93*ln(OAL)-

2.6 (Kremer et al. in prep.). All experiments were carried out offering the salps high 

food particle concentrations. However, fecal pellet production rate experiments with S.

thompsoni showed that at poor food concentration <0.5 μg chl-a L-1, defecation rates 

were significantly reduced compared to high food environments (Phillips et al. 2009). 
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Here, we aimed to estimate the influence of the seasonally changing food concentrations 

on the salp’s assimilation rates and therefore chose to calculate the salps’ possible gut 

content turnover rates based on our gut content measurements. If we assume filtering 

rates independent of food concentration (Andersen 1985), the estimated gut turnover 

rates at high food concentrations were much higher (0.5 and 1.2 h in I. racovitzai and S.

thompsoni) than at low food concentrations (2.9 and 13.7 h, respectively). Comparing 

known size dependent gut passage time of S. thompsoni (Kremer et al., in prep.) with 

our estimates of gut content turnover rates (t), we obtain good agreement for S. 

thompsoni in fall (GPT = 5.3 h compared to t = 5.2 h for a 15 mm size animal). Our 

estimates of turnover rates of I. racovitzai are clearly higher than gut evacuation rates 

determined for S. thompsoni. From the above mentioned reduced sizes of the guts, we 

might expect a somewhat faster gut transition time in I. racovitzai. A single I. racovitzai 

captured in good conditions during LAKRIS summer cruise (ANTXXIII/2), and held in 

natural seawater at 0°C produced 13 fecal pellets in 3 hours, suggesting possibly high 

defecation rates (L. Guerney, pers. communication). However, so far we lack further 

information on I. racovitzai and therefore used conservative defecation rates of S. 

thompsoni for population grazing estimates. Moreover, to avoid overestimation of daily 

ingestion rates in winter, we doubled gut passage time, i.e., GPT *2 = 13.7 h for a 25 

mm S. thompsoni. 

 

Daily individual ingestion and assimilation rates. Our daily individual ingestion 

rates might overestimate general feeding in summer and fall, because we assume a 

constant feeding (i.e. 24 hours) at high chl-a concentrations in the upper ~20 m and high 

gut turnover times. However, values of estimated maximum daily pigment and carbon 

ingestions rates of 19 μg pig ind.-1day-1 and 1.2 mg C ind.-1day-1, respectively, of a 25 

mm sized S. thompsoni at medium food concentrations encountered in fall are in good 

agreement with daily pigment ingestion rates in fall reported in earlier studies from the 

Bellingshausen Sea, which equalled 14 μg pig ind.-1day-1 or 1.3 mg C ind.-1 day-1 for a 

30 mm sized S. thompsoni (Pakhomov et al. 2006). Slightly lower daily ingestion rate of 

5 μg pig ind.-1day-1 for a 25 mm size S. thompsoni aggregate are obtained if applying 

the size dependent daily pigment ingestion given in Pakhomov et al. (2002). Similarly, 

lower values averaging 0.4 mg C ind.-1day-1 were reported for S. thompsoni aggregates 

in Prydz Bay (Li et al. 2001), but body length or body mass relations of gut contents 

given are lacking in this latter study. Also in winter, we still record substantial pigment 
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ingestion by salps, amounting for a 25 mm S. thompsoni to about 0.4 mg C ind.-1day-1, 

equal of 16% of body carbon. In conclusion, we might say that all feeding studies on S.

thompsoni, including this study, so far support evidence of high individual daily 

ingestion rates (e.g. Pakhomov et al. 2004; Pakhomov et al. 2006). Furthermore, we 

suggest that ingestion rates of the high Antarctic species I. racovitzai are in the same 

order of magnitude than ingestion rates obtained by S. thompsoni. 

 

From the high individual ingestion rates we conclude that assimilation largely covers 

respiratory needs in summer and fall. In both seasons, only <10% of the estimated 

assimilated carbon are assumed to be respired by small, medium-sized and large salps. 

In winter, ingestion rates were lower in both S. thompsoni and I. racovitzai due to low 

food concentration in the water. Still, smaller and medium salps apparently covered 

respiratory demands by food up-take (<35%). Larger solitaries of I. racovitzai have the 

highest calculated respiratory demand compared to the estimated food up-take and 

could use up to 38% of assimilated carbon only by respiration. Hence, we might deduce 

that salps, especially the larger ones, might be food limited during the winter season, 

despite their ability to efficiently concentrate food in their guts as we shown by our 

calculations on maximum ingestion rates. Also, assimilation rates of ingested pigments 

might considerably vary with the ingested food concentration and food composition. In 

feeding experiments with Salpa fusiformis, assimilation efficiency (as % of ingestion) 

was about 32% if salps were feeding on the diatom Phaeodactylum tricornutum but 

doubled to 64% offering a flagellate diet (Hymenomonas elongata) (Andersen 1986). 

Accordingly, the filter feeding doliolid Dolioletta gegenbauri also showed a low 

digestion efficiency of 50% for the small diatom Thalassiosira weissflogii. Assimilation 

efficiency of this species, however, increased to about 70% for the larger diatom 

Rhizosolenia alata (in terms of fecal pellet carbon from ingested carbon) (Paffenhöfer 

and Köster 2005). Tunicates do not or only slightly physically damage ingested 

diatoms, but larger diatoms with thinner frustules like Rhizosolenia might break during 

gut passage. We applied a constant assimilation efficiency of 64%, derived from 

pigment budget of S. thompsoni in the region north of the Lazarev Sea (Pakhomov 

2004) but efficiency might considerably vary with season and size of the salps 

(Pakhomov et al. 2006).  
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In the discussion so far, we assumed that salp feeding is well monitored by means of 

detecting fluorescent particles. This assumption, however, misses salp feeding on other 

food items such as microheterotrophs and detritus. Fatty acid profiles indicate that salps 

also ingest heterotrophic food. Thus, we underestimate carbon assimilation rates in 

areas with higher contribution of heterotrophic prey using the fluorescent techniques 

(Madin and Kremer 1995). Furthermore, for estimates of ingestion rates based on gut 

fluorescence contents, one needs to apply chl-a conversion factors that take into account 

the conversion of incorporated fluorescent pigment into non-fluorescent degradation 

products (Madin and Kremer 1995). For salps, highly variable conversion efficiencies 

of chl-a have been reported: from non significant to over 40.9% in S. thompsoni 

(Perissinotto and Pakhomov 1998a), 50% in the subarctic species Cyclosalpa bakeri 

(Madin and Purcell 1992) and 34% for different warmer water salps (Madin and Deibel 

1998). The digestion efficiency of S. thompsoni is probably reduced at elevated food 

concentrations (Pakhomov et al. 2006; von Harbou et al. in prep., study II). This was 

already stated for another filter feeding tunicate, the cold water appendicularian 

Oikopleura vanhoeffeni that showed increasing conversion efficiency of chl-a with 

decreasing gut fullness (Bochdansky et al. 1998). 

 

In conclusion, the gut content is despite species-specific differences a combined result 

of I) body size and generation, which both affect the filtration rates through swimming 

speed, the ingestion rates by the size of inhalant opening and filtering net, and the gut 

evacuation rates by the size of the digestive system; II) ambient food quantity and 

quality, which impact digestion time and efficiency) and III) other physiologically 

important factors such as temperature. However, we still lack knowledge on gut passage 

time, gut clearance rate, and fecal pellet production of I. racovitzai and S. thompsoni 

under different environmental (e.g. food) conditions. Known metabolic rates of I.

racovitzai are very similar to those of S. thompsoni, underlining the resemblance of 

these two species (Ikeda and Bruce 1986; Reinke 1987; Alcaraz et al. 1998; Iguchi and 

Ikeda 2004) However, metabolic rates of S. thompsoni seem to change significantly 

with food dynamics encountered in the field (Kremer et al. in prep.).  

 

Grazing impact of salps in the Lazarev Sea. Although individual pigment ingestion rates 

were estimated to be high in both salp species, the total grazing impact of salps on the 

phytoplankton biomass was below 1% during our entire surveys as a result of the low 
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abundance of salps in the investigated areas. Even at stations of highest salp abundance, 

maximum daily pigment ingestion accounted for only 0.09% of chl-a standing stock. In 

fact, at station 474 where the highest salp abundance of our study was recorded, salps 

would have to ingest 148% body carbon day-1 to obtain a significant grazing impact of 

5% on the standing stock of 5 mg C m-2 (Table 5). However, daily ratios of 25 and 30% 

body carbon day-1 based on daily defecation and daily respiratory nare much more 

likely (Huntley et al. 1989; von Harbou et al. in prep., study II). Accordingly, daily 

ratios calculated from daily ingestion rates ranged from 15 to 75% of body carbon 

(Pakhomov et al. 2002a; Pakhomov et al. 2006). In conclusion, our low grazing 

estimates seem to be appropriate, even if we lack direct comparison to other winter 

studies. 

 

Much higher grazing pressure of 70 to over 100% of primary production was reported 

in areas of high concentrations of S. thompsoni in summer (Perissinotto and Pakhomov 

1998b; Li et al. 2001). However, these salp bloom events are locally and temporary 

restricted. The salp’s general distribution in the Southern Ocean leads to the conclusion 

that their overall grazing impact is low (Pakhomov et al. 2002), which was confirmed in 

our study for the Lazarev Sea and by others for several different locations of Antarctic 

waters (Nishikawa et al. 1995; Alcaraz et al. 1998; Pakhomov et al. 2006; Tanimura et 

al. 2008b; Phillips et al. 2009). Nevertheless, it has been suggested that S. thompsoni 

might harm krill recruitment through high competitive grazing (e.g. Atkinson et al. 

2004) and even by direct predation upon small krill eggs and small larval stages 

(Huntley et al. 1989). Highest grazing impact on phytoplankton by the salps was 

obtained in winter, when I. racovitzai was most abundant and the chlorophyll standing 

stock low. However, competitive grazing or direct predation on krill was probably low, 

since I. racovitzai exerted high vertical migration in the upper 100 to 200 m, whereas 

krill larvae during the LAKRIS study were highly associated to structures of the ice. 

There, larvae sought shelter from under ice water current in hollows and dents of the 

ice, where they fed (Meyer et al. 2009).  

4.3 Impact of food quality on salp feeding 

Visual examination of gut contents. It is difficult to evaluate absolute feeding 

dynamics of salps from visual examination of in situ gut contents. Nevertheless, we did 
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expect that salp gut content composition would reflect ambient phytoplankton as 

observed in earlier microscopic studies of salp guts (Vargas and Madin 2004; Tanimura 

et al. 2008b) and hence mirror seasonal differences in the phytoplankton concentration 

and composition. The gut content of I. racovitzai did not significantly vary with season. 

Also during winter, we note large diatoms like Asteromphalus sp. and Fragilariopsis

kerguelensis in the guts, although their contribution to total phytoplankton biomass is 

generally very low during that season (Spiridonov et al. 1996).  

 

Therefore, we presume that the presence of diatoms in the salp guts indicates a high 

conservation of food in the salp guts. So far, from microscopic evaluations of salp 

feeding, diatoms have been stated as most prominent item of the salp’s diet (Madin and 

Purcell 1992; Tanimura et al. 2008b). However, from our observation, the high 

contribution of diatoms to the gut content might not directly relate to a high contribution 

of diatoms to the diet. In contrast, it might simply indicate the high accumulation rates 

of food in the guts, when ingestion rates are reduced as a result of low particle 

concentrations in the waters. If especially diatoms are preserved in the salp guts 

compared to other food or if a generally reduced defecation takes place due to the low 

food available in winter, cannot be deduced from the visual examination. 

 

The overall composition of gut contents for I. racovitzai during the fall and winter 

cruises are in good accordance with observations of gut contents of krill larvae collected 

under the ice during the LAKRIS winter and fall cruise. The majority of identifiable 

parts in the stomach of the krill larvae were fragments of autotrophic flagellates and 

diatoms, various protozoan and copepods, with increasing contribution of heterotrophic 

food in winter (Meyer et al. 2009). We did not observe such an increase of heterotrophic 

food in the salp guts from the winter cruise. Apparently, I. racovitzai was actively 

feeding in the entire water column and did not concentrate under the ice like krill larvae 

(Meyer et al. 2009) or several copepod species (Tanimura et al. 2008a). The presence of 

protozoans, e.g. small phaeodarians such as Protocystis, in the salp guts might confirm 

this assumption, since those heterotrophic flagellates also feed actively on diatoms 

during the winter and inhabit the entire water column down to 200 m (Nöthig and 

Gowing 1991).  
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As stated before, we expected that differences in gut contents represent dietary shift 

solely based upon availability of food, not upon food selectivity of the salps. 

Accordingly, S. thompsoni and I. racovitzai showed largely similar gut contents in 

summer and fall. However, guts of Salpa thompsoni examined in winter contained less 

identifiable material than I. racovitzai, with a higher contribution of broken frustules. 

Throughout the winter cruise, S. thompsoni was scarce and in general retrieved from 

greater depth than I. racovitzai (Pakhomov et al. subm., study III). In deeper layers, the 

total particle concentration is lower, and the contribution of decaying algae and empty 

frustules increase. Different gut contents compositions of I. racovitzai and of S.

thompsoni during winter were therefore certainly a result of their different residence 

depths. 

Total lipids, fatty acids and fatty alcohols of salps. Salp biomass consists of 

more than 95% water and less than 1% lipids (percent of wet weight) (Hagen 1988). 

The major lipid class in I. racovitzai and S. thompsoni are polar lipids (62- 93%) with 

minor contributions of triacylglycerols and sterols to total lipids (Phleger et al. 2000). 

This is consistent with findings for other tunicates like the polar appendicularians 

Oikopleura vanhoeffeni (Deibel et al. 1992). Polar lipids such as phospholipids and 

glycolipids are primarily structural constituents of animal membranes and thus essential 

for survival and growth (Harwood 1994), whereas triacylglycerols are considered as 

short-term energy reserve lipid (Lee et al. 2006). Wax esters, considered as long-term 

energy deposit in polar zooplankton, were not detected in the two salp species (Phleger 

et al. 2000) or only to a minor extent (Reinhardt and Vleet 1986; Hagen 1988). In this 

study, no changes in total lipids per unit dry weight were observed over the seasons or 

with size. Hence, lipid storages were not accumulated or depleted at low food 

conditions in winter, or in dependence of the maturity stage of the animals.

 

Fatty acids can be used as trophic markers because they are ingested by the consumers 

with the diet and incorporated into body lipids mostly without modification. Therefore, 

they might integrate and conserve dietary information over an extended time-span 

(Dalsgaard et al. 2003). Fatty acids have been used as indices of diet composition for 

many zooplankton groups like copepods (Graeve et al. 1994a; Kattner et al. 2003), and 

krill (Cripps and Atkinson 2000; Hagen et al. 2001; Stübing et al. 2003; Ju and Harvey 

2004; Alonzo et al. 2005; Hagen et al. 2007), but also for tunicates (Troedsson et al. 
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2005; Perissinotto et al. 2007), including Antarctic salps (Mimura et al. 1986; Phleger et 

al. 1998; Phleger et al. 2000). The interpretation of fatty acid signals is based on 

specific markers of the food source, e.g. 18: 5(n-3) for flagellates, but many other fatty 

acids have common origins. Yet, ratios of singles fatty acids or the specific contribution 

of different groups of fatty acids to the total fatty acid profile enables us to discriminate 

between different major food sources. The integrated information of the diet and of the 

trophic level of the studied organisms might reveal species-specific shifts with season 

and location (e.g. Phleger et al. 2000; Auel et al. 2002; Ju and Harvey 2004; Thurber 

2007). Feeding experiments with copepods and krill have confirmed the reflection of 

dietary fatty acid signals in the body lipids in relatively short time periods (~2 to 4 

weeks) (Graeve et al. 1994b; Stübing et al. 2003; Alonzo et al. 2005), but we do not 

know of such feeding experiments with salps. Thus, in the following, fatty acid signals 

observed in salps will be discussed only in regard to the known dietary sources of salps 

and in comparison with feeding studies on krill and copepods in Antarctic waters, and a 

Arctic appendicularian, representing a cold-water tunicate filter-feeder.  

 

High levels of EPA and DHA together with elevated levels of 16:0, C16 and C18 

PUFAs revealed a year-round herbivorous diet based on the uptake of phytoplankton for 

both Antarctic salp species (e.g. Graeve et al. 1994a; Dalsgaard et al. 2003). The fatty 

acid signatures of both salp species obtained in our study were in good accordance with 

results obtained for I. racovitzai and S. thompsoni in the Bellingshausen Sea in summer 

1997 and 1998 (Phleger et al. 2000). Surprisingly, the performed cluster analysis 

indicated that rather species level than seasons influenced the specific fatty acid 

compositions. Both salps are unselective filter feeders that are expected to ingest the 

same food in a given environment. Hence, we have to assume different digestion 

efficiencies and differences in the incorporation of fatty acids of the ingested food; or a 

different local and/or vertical distribution that significantly influence the composition of 

the diet. In winter, S. thompsoni showed a largely deeper distribution than in summer 

and fall, and compared to the vertical distribution depth of I. racovitzai (Pakhomov et 

al. subm., study III). Nevertheless, winter fatty acid profiles did not significantly 

separate from other seasons.  

 

DHA and EPA are both important constituents of phospholipids in all animal tissues 

(Harwood 1994; Dalsgaard et al. 2003). It was shown that EPA is the main C20 fatty 
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acid component of cellular phospholipids in the thaliacean Dolioletta gegenbauri (Pond 

and Sargent 1998). Structural lipids are supposed to have relatively stable fatty acid 

profiles and thus might mask the dietary influences on the fatty acid composition of 

total lipids extracts (Dalsgaard et al. 2003). Nevertheless, both of the fatty acids are 

originally obtained from the diet, because marine zooplankton cannot synthesize EPA 

and DHA de novo from precursor fatty acids and clearly indicate the feeding of salps on 

phytoplankton (Sargent et al. 1995; Phleger et al. 2000). In Arctic pelagic and benthic 

tunicates, these two PUFAS are primarily assimilated (Troedsson et al. 2005; McMahon 

et al. 2006) and accumulated in mature animals being crucial for development and 

reproduction (Troedsson et al. 2005). 

 

Comparing the ratios of the most prominent fatty acids, we can deduce that salps rather 

depend upon flagellates compared to diatoms in their diet. Flagellates are characterised 

by higher levels of the polyunsaturated fatty acid DHA than of EPA, and by increased 

contribution of 18:4(n-3) together with 18:2(n-6) (here summed up as “flagellate 

markers”) (Dalsgaard et al. 2003). Diatoms in contrast are separated from the flagellate 

group by higher EPA than DHA levels, and are rich in C16 fatty acids (16:1(n-7), 

16:2(n-4), 16:3(n-4), 16:4(n-1), but deficient in C18 PUFA (e.g. Troedsson et al. 2005; 

Perissinotto et al. 2007). Feeding experiments with diatom versus flagellate diets have 

shown an increasing incorporation of the respective biomarker fatty acids in the body 

fatty acids of copepods (Graeve et al. 1994b), krill (Alonzo et al. 2005), and of 

appendicularians (Troedsson et al. 2005).  

 

In both salps, DHA levels were higher or as high as EPA levels. Moreover, contribution 

of the flagellate marker 18:4(n-3) was generally higher than that of the diatom marker 

16:1(n-7), especially in I. racovitzai. In fall, aggregate S. thompsoni showed a slightly 

lower flagellate signal accompanied by a higher diatom signal. High flagellate markers 

in salps might either reflect the higher contribution of flagellates in the ambient waters, 

or indicate a higher digestion efficiency of naked flagellates and ciliates than of 

diatoms.  

 

In earlier studies, a predominance of EPA over DHA in two pelagic tunicates of North 

Atlantic waters accompanied by high levels of 14:0 was interpreted as phytoplankton 

food uptake (Culkin and Morris 1970). Accordingly, in S. thompsoni collected off South 
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Orkney Islands, the contribution of diatom fatty acids (EPA, 16C) to total fatty acids 

was slightly higher than that of known flagellate markers (DHA, 18C) (Mimura et al. 

1986). This potentially indicates a diatom based food source of the present salp 

population, but could in fact also be derived from incorporation of prymnesiophytes. 

The prymnesiophytes Phaeocystis is characterised by approximately equal proportions 

of EPA to DHA together with high proportions of 18:1(n-9) and 14:0, and intermediate 

to low levels of 16:1(n-7) (Nichols et al. 1991; Perissinotto et al. 2007). Phaeocystis is a 

common flagellate in Southern Ocean waters and might seasonally constitute one of the 

dominant phytoplankton groups in Antarctic waters (Smith Jr. et al. 1991; Ducklow et 

al. 2006), especially in winter (Nöthig et al. 1991; Spiridonov et al. 1996). Thus, we 

might deduce from the fatty acid profiles a significant uptake of Phaeocystis by both 

salps.  

 

Also the fatty acid 18:5(n-3) contributes significantly to total fatty acid of 

prymnesiophytes, including Phaeocystis pouchetii, a common species in Southern 

Ocean waters (Virtue et al. 1993; Hamm et al. 2001; Perissinotto et al. 2007). This fatty 

acid was not detected in salps during our study. Since 18:5(n-3) was not detected in krill 

feeding on prymnesiophytes or dinoflagellates (Virtue et al. 1993; Alonzo et al. 2005), 

it was suggested, that the 18:5(n-3) is retroconverted to 18:4(n-3) by krill (Alonzo et al. 

2005). Hence, we cannot confirm or reject the contribution of Phaeocystis to the diet of 

Antarctic salps but it seems very likely that in winter, at low contribution of diatoms to 

total biomass, some of the high chlorophyll content measured in the salps are derived 

from small autotrophic flagellates as Phaeocystis. 

 

The fatty acid 18:5(n-3) is also commonly attributed to dinoflagellates (Dalsgaard et al. 

2003). Dinoflagellates are a substantial contributor to Antarctic plankton. Athecate 

dinoflagellates dominated the autotrophic and heterotrophic plankton in the upper 100 

m at the ice edge zone in winter (Garrison et al. 1991) and heterotrophic dinoflagellates 

contribute 10 to 25% of phytoplankton biomass in eastern Weddell waters in summer 

(v. Bodungen et al. 1988). Other dinoflagellate markers include elevated levels of DHA, 

18:0 and 16:0 (Perissinotto et al. 2007), the latter being also a prominent fatty acid in 

salps from our study and in salps from the Bellingshausen Sea (Phleger et al. 2000). 

However, Phleger et al. (2000) reported that although 18:5(n-3) comprised up to 5.8% 

in I. racovitzai and up to 1.1% in S. thompsoni in the Western Antarctic Peninsula 
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region in one year, no signs of this marker fatty acid in S. thompsoni from the same area 

in the previous year was observed. Phleger et al. (2000) attributed the presence of the 

fatty acid 18:5(n-3) in salps to the uptake of dinoflagellates, which contain highest 

amounts of this marker and argued that dinoflagellates might not be part of the salp’s 

diet in all years and seasons, or that the dinoflagellate community might not always 

comprise species that produce this fatty acid.  

 

Moreover, the proportions of thecate- and athecate dinoflagellates in the water column 

might influence the assimilation efficiency of the 18:5(n-3) fatty acid by the salps. 

Thecate dinoflagellates might be protected from enzymatic degradation in the salp 

digestive system by their shells. Intact thecate dinoflagellates were occasionally 

observed in salp stomachs collected at the Polar frontal zone by microscopy (von 

Harbou et al. in prep., study II).  

 
We were in particular interested in the presence of diatom markers in the fatty acid 

profiles of salps. Diatoms are protected from predation by their silica frustules 

(Smetacek 2001). In contrast to the sophisticated mouth parts of copepods, tunicates do 

not possess mechanisms to crush hard shelled diatoms, but are believed to rely on 

efficient enzymatic intra- and extracellular digestion (Cima et al. 2002; Brena et al. 

2003).  

 

Diatoms have regularly been stated as most prominent items in salp guts (Vargas and 

Madin 2004; Tanimura et al. 2008b). High amounts of non-degraded diatoms have been 

found in salp fecal pellet as well (Bruland and Silver 1981; von Harbou et al. in prep., 

study II). With increasing diatom concentration in the water, chl-a concentration in 

egested fecal pellets increased, indicating low digestion efficiency for this 

phytoplankton group (von Harbou et al. in prep, study II). With this study, we could 

confirm that diatoms are part of the diet for salps albeit their protective silica frustules 

by the presence of the diatom marker 16:1(n-7) (Nichols et al. 1993; Ju and Harvey 

2004), but other diatom markers were not detected in significant proportions. Diatom 

contribution decreased in S. thompsoni in winter, when also visual examination of salp 

guts suggested lowest diatom ingestion and thus reflect low diatom availability in the 

water column. Surprisingly, contribution of diatom fatty acids in I. racovitzai did not 

change with season. Apparently, diatoms still contributed to the diet even at low diatom 
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abundances due to effective filtration by the salps. This finding is consistent with the 

high gut chl-a content of I. racovitzai in winter, reaching same levels as in the 

productive season and with diverse diatoms found in the guts examined by microscopy.  

 

Furthermore, we were interested in the contribution of carnivory in salps, especially in 

winter. As stated before, larval and adult krill supplemented their diet by carnivory on 

small copepods, copepod nauplii, and protozoan during LAKRIS cruises, when 

phytoplankton food was scarce, even if their main food consisted of diatoms in summer 

(Atkinson et al. 2002; Meyer et al. 2009). In winter studies, stomachs of S. thompsoni 

contained, beside phytoplankton, exuvia of copepods, e.g. that of tisbid harpacticoid 

copepods dominant in the ice pore water (Lancraft et al. 1991; Hopkins et al. 1993). 

 

Also the presence of 20:1(n-9) indicated carnivorous feeding of salps, but the long chain 

markers C20 and C22 contributed only insignificantly to total fatty acids. The 

biosynthesis of these fatty acids and fatty alcohols seems to be restricted to herbivorous 

calanoid copepods (Hagen et al. 1993; Kattner and Hagen 1995). It is unlikely that the 

salps are also able to produce these fatty acids de novo or derive them from other food 

sources than copepods. The contribution of 20:1(n-9) in salps was low, but consistent. 

Phleger et al. (2000) reported at least in some of their salps low levels of 20:1(n-11/13). 

However, we do not know of direct feeding experiments with motile food offered to 

salps. Salps cannot actively “hunt” copepods like a versatile predator, but may 

occasionally filter nauplii, copepod eggs and also small cyclopoid copepods. Small 

copepods of the families Oithonidae and Oncaeidae numerically dominate in the 

Southern Ocean throughout the year and thus might be available as food source for 

salps (Hopkins et al. 1993; Atkinson 1998). These copepod groups also contributed 

significantly to zooplankton community during the winter survey in the Lazarev Sea 

(EA Pakhomov, pers. observation). Once ingested, salps are apparently able to digest 

their prey and incorporate copepod biomarkers in their fatty acid and fatty alcohol 

profiles. In our study, the contribution of the calanoid copepod markers to the salp’s 

total fatty acids did not increase in winter but higher values were recorded in summer 

and fall for both I. racovitzai and S. thompsoni, especially in one large solitary Salpa 

(4.9%). Other zooplankter, e.g. some copepod species and adult krill, increase carnivory 

in winter (Pasternak and Schnack-Schiel 2001; Atkinson et al. 2002; Ju and Harvey 

2004). The calanoid copepods have lower abundances in winter (Hopkins et al. 1993; 
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Kivi and Kuosa 1994; Spiridonov et al. 1996) and might therefore be less frequently 

trapped in the filtering nets of the salps.  

 

Further indication of carnivory was deduced from elevated levels of 18:1(n-9) to 18:1(n-

7) e.g. in Arctic amphipods (Auel et al. 2002), Arctic and Antarctic krill (Falk-Petersen 

et al. 2000). Oleic acid, 18:1(n-9), a wax ester, is a common component of marine 

animal lipids, and serves as major energy reserve, e.g. in winter in the “ice krill” 

Euphausia crystallorophias (Ju and Harvey 2004). The 18:1(n-7) isomer, also 

commonly found in marine animals, is believed to be derived from chain-elongation of 

the 16:1(n-7) fatty acid, and thus reflects a herbivore diet (Falk-Petersen et al. 2000). 

This is consistent with our finding that 18:1(n-7) increases with 16:1(n-7) in S. 

thompsoni (Table 6). However, no such relationship was observed in I. racovitzai that 

had consistently low levels of 18:1(n-7), resulting in relatively high ratios of 18:1(n-9) 

to 18:1(n-7) of up to 7.0 in I. racovitzai, compared to 4.1 in S. thompsoni. These high 

ratios are similar to findings from Phleger et al. (2000). However, total contribution of 

18:1(n-9) to the fatty acids was relatively low in both salp species (<10%) and did not 

show a direct relation to the copepod markers found in the salps. In carnivore 

ctenophores levels of 18:1(n-9) increased together with copepod markers 20:1 and 22:1 

to high contribution, when they were actively preying on copepods (Ju et al. 2004).  

 

Other sources of 18:1(n-9) are prymnesiophytes such as Phaeocystis which would agree 

with above made assumptions on Phaeocystis contribution to the salp’s diet, but with 

the same restrictions mentioned. Furthermore, both 18:1 isomers are prominent part of 

seston (Ju and Harvey 2004), and high contribution of 18:1(n-9) fatty acid might 

suggest feeding on detritus (Falk-Petersen et al. 2000; Kattner et al. 2003; Thurber 

2007). We observed ingestion of algal fragments, fecal pellets and non-definable matter 

from unknown sources in the guts of both salp species. Together with the significantly 

increased proportion of 18:1(n-9) in fall in both salps, phaeopigment to chlorophyll-a 

ratios in the salp guts were also highest in fall. This indicates an increased up-take of 

degraded material and decaying algae from break-down of summer phytoplankton.  
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4.4 Seasonal feeding dynamics of salps in high latitudes - concluding 

remarks 

The feeding dynamics of both Southern Ocean salp species were dependent on ambient 

food environments. Even in summer, when phytoplankton blooms encountered on the 

Antarctic shelf, salps showed increasing gut contents with increasing chlorophyll 

concentrations. However, no significant increase of diatom markers was observed in 

salp fatty acids, although this group is known to largely contribute to phytoplankton 

blooms in summer in Southern Ocean waters. In earlier studies, it was suspected that S. 

thompsoni is harmed by high phytoplankton bloom conditions through clogging of their 

filters, potentially explaining their low abundances in areas of high phytoplankton 

biomass (Perissinotto and Pakhomov 1998a; Atkinson et al. 2004; Kawaguchi et al. 

2004). A negative correlation between salp gut content concentrations and ambient 

chlorophyll concentrations was proposed (Perissinotto and Pakhomov 1998b). Although 

we could not confirm this assumption, we do suspect a low digestion efficiency of salps 

at high concentrations of diatom rich food. So far, we can only hypothesize that salps 

might not be harmed through clogging of the filters and reduced gut contents than rather 

by the uncontrolled particle up-take due to salp’s non-regulating filtering mechanism.  If 

ingestion rates reach a level that would reduce the gut passage transit time below 

possible efficient enzymatic degradation, the salp’s assimilation and energy up-take 

would be significantly reduced. This effect would be enhanced if the majority of 

ingested particles would be small and/or heavily silicified diatom cells. In conclusion, 

this might support the theory of the “starvation in the midst of plenty” established by 

Harbison et al. (1986), who found poor conditions of salps in a phytoplankton bloom, 

but for different reasons. Accordingly, during the LAKRIS survey, we observed a 

relatively low total abundance of salps in summer compared to winter and fall 

(Pakhomov et al. subm., study III). These observations, however, have to be confirmed 

by long-term studies, as we know too little about the life cycle and the general year 

round distribution of salps in this area. Southern Ocean salps show high interannual 

variability in abundance and distribution and the only fata set of long-term effects are 

available from studies off the Antarctic Peninsula Region (Ross et al. 2008). Thus, the 

results of our study performed in fall 2004, summer 2005/06 and in winter 2006, should 
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be interpreted with care as we do not have sufficient inter-annual as well as seasonal 

information from the Lazarev Sea. 

 

With decreasing chlorophyll concentrations in fall and winter, significant differences in 

feeding response were observed between the two salp species. S. thompsoni in the 

Lazarev Sea apparently encountered significant shifts in its diet between seasons. This 

was likely enhanced by the presence of different generations, which generally show 

differences in residence depth and activity (Foxton 1966; Nishikawa et al. 2009). 

During the winter cruise, we observed relatively low gut contents and low individual 

feeding rates for the few solitary S. thompsoni retrieved from depth compared to 

actively feeding I. racovitzai in surface waters. The low feeding might indicate their ill 

performance during high Antarctic winters and support the assumption that S. 

thompsoni cannot sustain the population in high Antarctic waters but depends on 

intrusions of salps with warmer waters from further north (Pakhomov et al. subm., study 

III).  

The Antarctic salp I. racovitzai is predominated by the solitary generation form 

throughout the year (Pakhomov et al. subm., study III) and seems to be exposed to 

minor dietary shifts between seasons and geographic locations in the Lazarev Sea. The 

gut content composition and pigment concentration of I. racovitzai indicated an active, 

opportunistic feeding mode of this species, also during winter when the phytoplankton 

chl-a signal was low. Even in winter, there were indications for somatic growth of I.

racovitzai (Pakhomov et al. subm., study III). Apparently, I. racovitzai optimised the 

use of the seasonally changing phytoplankton concentrations to keep its metabolism 

stable, enabling this species to sustain a year- round, widely dispersed, small population 

in high Antarctic waters. Somatic growth requires that a certain quantity of food is 

ingested for both the build up of new tissue and the support of energy intensive 

metabolic demands associated with growth. In our estimate of minimum carbon 

requirements of I. racovitzai by respiration, we estimated a low energy gain through 

autotrophic food uptake in winter. In comparison, a mathematical model developed by 

Fach et al. (2008) revealed that krill solely feeding on phytoplankton and ice-algae in 

winter might survive in terms of metabolic needs, but would not be able to accumulate 

lipid reserves from heterotrophic food that are necessary for spawning in summer time. 

A combined, versatile strategy of omnivorous feeding, reduced metabolism, and body 
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shrinkage was proposed as overwintering strategy of adult krill (Hagen et al. 2001; Fach 

et al. 2008). In this study, salps did not show enhanced carnivory in the winter, even if it 

might contribute to the diet year-round. Another food source in winter and spring might 

be the relatively high biomass of the ice biota, which is grazed by several copepod 

species and euphausiid larvae (Hagen et al. 2001; Meyer et al. 2002; Ju and Harvey 

2004; Schnack-Schiel et al. 2004; Meyer et al. 2009). Salps, however, cannot profit 

directly from ice algae, since they cannot scrape or suck algae from the ice and cannot 

creep into brine channels. Thus, we have to assume that Antarctic salps can either filter 

large volumes of water and efficiently concentrate the scarce food at low metabolic 

costs, detect higher concentrated (micro-)layers of food particles in the water column, or 

that they can take at least indirectly advantage of under ice biota. The salps would have 

to rely on release processes through mechanical and/ or physical friction, and on 

biological activity like sloppy feeding and fecal pellet production of copepods, krill and 

amphipods that are more closely related to the ice biota. However, the extent to which 

specific groups (autotrophic and heterotrophic flagellates, diatoms) or detritus 

contribute to the salp’s diet cannot be quantified from our studies. Assimilation 

efficiency of the ingested food need to be studied by trophic markers and energy 

budgets in feeding experiments that have shown to be a valid tool in copepod studies, 

also for those copepods that are low in storage lipids like e.g. Metridia gerlachei, and 

Oncaea sp. (Graeve et al. 1994b; Kattner et al. 2003; Schnack-Schiel et al. 2007). 

 

In summary, we could show for the first time that Ihlea racovitzai and Salpa thompsoni 

were both actively feeding in summer, fall and winter, indicated by relatively high 

amounts of chl-a found in their guts during all surveys in the Lazarev Sea. The 

respiratory demands of both salp species were largely satisfied by the calculated 

assimilation rates of ingested food even at extremely low food concentrations. This 

underlines the highly efficient feeding mechanism of salps especially in low food 

environments. Despite their high individual ingestion rates, the role of salps as 

competitive grazers to krill seems to be of minor importance in the Lazarev Sea. From 

fatty acid composition, we conclude that salps mainly relied on the uptake of auto- and 

heterotrophic flagellates throughout the year with minor contribution of diatoms to the 

diet. As expected, lipids contributed little to salp body mass and were not used as 

energy supply during low food periods. In comparison, the two salps show distinctively 

different life patters: Ihlea racovitzai being active grazers in the upper water column 
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with peak abundances in winter, compared to Salpa thompsoni which peaks in fall and 

nearly vanishes from upper waters in winter. The importance of Ihlea racovitzai as 

potential food source for predators during winter time will be discussed in study V.  
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Abstract 

Mainly two species of salps, Salpa thompsoni and Ihlea racovitzai, are found south of 

the Antarctic Polar Front in the Southern Ocean. Both species have been sampled 

during three cruises to the Lazarev Sea, Antarctica, each one covering a different season 

of the year (December- January 2005/2006, April-May 2004 and July-August 2006). 

Biochemical composition measurements showed that despite having a high percentage 

of water (~ 94% of wet weight), both species had relatively high carbon and protein 

contents of their remaining dry weight. In particular I. racovitzai showed surprisingly 

high carbon values during the whole year of up to 21% of the dry weight (DW) and 

protein values of up to 32% of the DW. S. thompsoni appeared to be advected into the 

area, and reached the highest concentrations during summer and fall, but was nearly 

absent during winter. In contrast, I. racovitzai had the lowest densities during summer, 

increased in numbers during fall and reached the highest numbers during austral winter. 

Both biochemical composition and life cycle characteristics suggest that Antarctic salps, 

especially I. racovitzai, may be important prey items for both cold and warm-blooded 

predators in an environment where food often is very scarce. 

1 Introduction 

Pelagic tunicates are one of the most conspicuous groups of pelagic zooplankton. They 

are found almost everywhere at background concentrations (Kashkina 1978; Andersen 

1998; Madin and Deibel 1998). In addition, it is well documented that salps may 

produce large blooms in various areas of the world oceans if conditions are favourable, 

and consequently contribute significantly to the downward carbon flux of both fast 

sinking faecal pellets and dead bodies (e.g. Bathmann 1988; Dubischar and Bathmann 

1997; Andersen 1998; Perissinotto and Pakhomov 1998a; Perissinotto and Pakhomov 

1998b; Ramaswa et al. 2005; Deibel and Paffenhöfer 2009). The current consensus 

indicates that salps are often trophic “cul-de-sac” and only rarely consumed by higher 

trophic levels due to their high percentage of water (e.g. Verity and Smetacek 1996; 

Sommer et al. 2002). However, tunicates posses ecological adaptations that are common 

for heavily predated species, such as high transparency, fast growth rates, strong vertical 
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migrations and the ‘watery’ content itself. Recently, it has been shown, that S.

thompsoni could be an important link between pelagic and benthic ecosystems (Gili et 

al. 2006).  

 

Here we show novel results on biochemical composition and life cycle peculiarities of 

two Southern Ocean pelagic tunicate species providing indirect evidence that salps 

indeed might serve as a valuable food source within pelagic food webs. 

 

Two species of pelagic tunicates are present south of the Antarctic Polar Front (APF) in 

the Southern Ocean: Salpa thompsoni and Ihlea racovitzai (Foxton 1966; Foxton 1971). 

The first species is considered to be a ‘warmer’ low Antarctic species and generally is 

restricted in its southward distribution by the north most extension of the sea ice. Ihlea

racovitzai, on the other hand, is considered to be a truly high Antarctic species and is 

mostly found south of the APF till the Antarctic continent. Salpa thompsoni is known to 

create large blooms and has been shown to shift its distribution southwards in the recent 

decades (Pakhomov et al. 1992; Atkinson et al. 2004). Ihlea racovitzai is seldom 

documented to form blooms in the Southern Ocean and generally present in low 

background concentrations everywhere south of the APF.  

 

Samples for this paper were taken during three cruises to the Lazarev Sea, Antarctica, 

all part of the Lazarev Krill Study (LAKRIS), a German contribution to SO-GLOBEC. 

Each cruise covered another season of the year in order to reveal new insights in both 

species life cycles in the high Antarctic realm (Pakhomov et al. subm., study III). Salpa

thompsoni appeared to be advected into the area, as it showed highest concentrations 

during the summer and fall cruises, and disappeared during winter. Most likely this 

species is not able to complete its life cycle in this area, which indicates that high 

Antarctic populations of S. thompsoni are likely ‘guest populations’. In contrast, Ihlea 

racovitzai had the lowest densities during summer, increased in numbers during fall and 

peaked in numbers during the austral winter. In fact, it sexually reproduces just before 

the area begins to be covered with ice at the beginning of winter, releasing their 

offspring to survive during the austral winter under the ice (Pakhomov et al. subm., 

study III). Based on the data collected in the Lazarev Sea, it appears that this is the only 

recruitment over the year for the I. racovitzai population.  
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The results of the cruises to the Lazarev Sea mentioned above put a light on the seasonal 

dynamics of these two salp species in the Lazarev Sea and are presented in three papers: 

part one presents the year-round abundance and distribution patterns as well as stage 

compositions of S. thompsoni and I. racovitzai (Pakhomov et al. subm., study III), part 

two highlights the seasonal feeding behaviour of both species (von Harbou et al. in 

prep., study IV), and this part investigates the biochemical composition of both species 

under the aspect of salps being a potential food for predators.   

 

 

2 Material and Methods 

Samples were taken during three cruises carried out in the Lazarev Sea, on board RV 

Polarstern, each covering a different season of the year: Expedition ANT XXI/4 was 

carried out during April/May 2004 (austral fall, see Smetacek et al. 2005), expedition 

ANT XXIII/2 during December/ January 2005/2006 (austral summer, Strass 2007) and 

expedition ANT XXIII/6 during July/August 2006 (austral winter, Bathmann 2008). All 

cruises were part of the Lazarev Sea Krill Study (LAKRIS, Meyer 2005), a German 

contribution to the SO-GLOBEC. 

 

Salps were caught by means of an RMT 8+1 (mesh-size 5 mm and 0.32 mm) and a 

Bongo net (mesh-size 300 μm). For further information concerning the net catches see 

Pakhomov et al. (subm., study III) and Siegel et al. (2005). Data on abundance and 

stage composition are presented in Pakhomov et al. (subm., study III). Immediately 

after the catch, salps were sorted into sub-samples: the first was used for gut pigment 

measurements, which were carried out directly on board, another sub-sample was deep-

frozen (-80°C) for further analyses of elemental composition back in our home institute. 

Results of the gut pigment measurements accompanied by fatty acid composition values 

are presented elsewhere (von Harbou et al. in prep., study IV). 

 

In the laboratory, size (total length and oral-atrial length) and biological stage of the 

salps from the frozen samples were determined and every salp was rinsed with distilled 

water and placed in an individual pre-weighted plastic tube. After determination of the 

wet weight with a Sartorius R200D electro-balance, salp organisms were freeze-dried 
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for 24 hours and dry weight was determined. Animals and subsamples were kept in a 

desiccator. Small organisms (total length <1 cm) were taken entirely for further 

analyses. Larger organisms were ground in a small mortar (agate) with a glass pistil to 

get a homogeneous powder. This enabled us to take sub-samples of these animals for 

analyses with more sensitive methods and to perform various chemical analyses on the 

same animal as described below.  

 

Biochemical analyses. For each expedition, we determined the carbon/nitrogen 

(C/N), protein, carbohydrate and lipid content of both species Ihlea racovitzai and Salpa

thompsoni of different sizes and stages. Organisms with a length < 1 cm were measured 

entirely, for larger organisms we used a fraction of ca. 2-4 mg of the homogenised 

powder (see above). Carbon-nitrogen (C/N-)-contents were determined with a Carlo 

Erba CHN-analyser using acetanilide as a standard. For the carbohydrate measurements, 

we compared two methods: the method of Dubois et al. (1956) using phenol and 

sulphuric acid to determine sugars and related substances and the method of Holland 

and Gabbott (1971) using cyanoferrat to detect carbohydrates. Protein measurements 

were carried out following a modified version of the Lowry Assay (Lowry et al. 1951), 

using bovine serum albuminum as a standard.  

 

For the total lipid measurements, samples were freeze dried for 24 h in pre-weighted 

vials and dry weight was determined prior to lipid and fatty acid analysis. All 

subsequent work was performed on crushed ice and samples were stored at -80°C. As 

the total lipid amount of small specimens was too low for separation, samples contained 

up to 5 individuals. Lipids were extracted from homogenized freeze-dried samples 

using dichloromethane:methanol (2:1 per volume), according to Folch et al. (1957). 

Total lipids were measured gravimetrically (Hagen 2000). 

 

Statistics. Standard methods were applied. Bioelemental composition of each species 

and season were tested using non-parametric Mann-Whitney-U test, or by two-way 

analysis of variance (2-way ANOVA) with subsequent HSD post-hoc test on 

differences between means (� = 0.05) when normality and equal variance of the data set 

were achieved. For comparability, all data are expressed as mean ± standard deviation 

or as percentage contribution (by weight).  
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3 Results 

3.1 Percentage of dry weight (DW%WW) and carbon content (C%DW) 

from wet weight  

Compiled data on the general biomass per unit volume from all cruises in summer, fall 

and winter revealed a fundamental difference between both species: While the values 

for DW%WW were low (6.2 - 6.3%) and not significantly different in Ihlea racovitzai 

and Salpa thompsoni, C%DW was more than 25% higher in I. racovitzai (Table 1).  

 

This difference changed with the seasonal situation. In summer, I. racovitzai and S.

thompsoni showed very similar values for C%DW (21.3 vs. 20.3), in fall I. racovitzai 

had almost twice as much C%DW than S. thompsoni (23 vs. 12.5), and in winter, 

C%DW values were still significantly higher in I. racovitzai (20.3 vs. 18.1). 

 

This is consistent with the data depicted in Figure 1, where wet weights of individual 

tunicates are displayed as a function of their body lengths. In summer, both species have 

a similar size/volume ratio, but in fall and in winter, S. thompsoni has a much higher 

wet weight than I. racovitzai per unit length, indicating higher water content of the 

animal. This pattern is also present in the values for dry weight per unit volume 

(equivalent to wet weight, Figure 2), and can be found for almost the whole size range 

between ca. 10 and 100 mm, except the very smallest individuals (smaller than 30 mm). 

A reverse picture can be seen in Figure 3, where carbon mass of I. racovitzai and S. 

thompsoni are displayed as a function of body length. Here I. racovitzai has much 

higher values of carbon mass for individual salps of a given size than S. thompsoni in 

summer and winter, and almost the same in summer. 

 

3.2 Biochemical compounds (C/N-content, Proteins, Total lipids, 

Carbohydrates) 

In all seasons, the protein content of I. racovitzai (PROT % DW) was 

approximately three times higher than that of S. thompsoni. This is reflected - although 

to a lesser extent - in the C/N values, which were consistently lower in I. racovitzai than 

in S. thompsoni. Compared to the seasonal differences, which were found in the carbon 
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contents, the variation of C/N values and proteins were much lower (Table 2). This is 

also the case for carbohydrates (CH % DW) and Lipids (LIP % DW), present in low 

concentrations (between 1.2% and 4.3%) in both species and all seasons. On average, S.

thompsoni had ca. 50% higher carbohydrate values than I. racovitzai (Table 1). 

 

 

4 Discussion  

4.1 Composition of salps 

In spite of comprehensive knowledge on other zooplankton, data on Ihlea racovitzai 

biochemical composition in the Southern Ocean are very scarce. However, our 

results show clearly marked differences between Salpa thompsoni and I. racovitzai 

especially in carbon and protein content, indicating a much higher nutritional value 

for I. racovitzai than so far discussed for most other tunicates. We thus first discuss 

the values for S. thompsoni in context with other published data and then highlight 

the differences in biochemical composition between S. thompsoni and I. racovitzai 

during our study. 

 

During all seasons S. thompsoni had a very high water content of about 93% of the 

wet weight (WW), which is characteristic for most gelatinous organisms (e.g. Clarke 

et al. 1992). This low dry weight (DW = 6.29% WW (Table 1)) is consistent with 

other studies, which found values of 3.1 to 7% WW for S. thompsoni (see table in 

Dubischar et al. 2006).  

 

The carbon contents for S. thompsoni during this study showed relatively high values 

up to 20.3% of the DW during summer (averaged over the year 15.4% of the DW, 

see Table 1). These recent findings are consistent with our former study carried out 

in the Eastern Bellingshausen Sea during fall for S. thompsoni, where we also found 

higher values than so far measured (17 to 22% of DW, Dubischar et al. 2006). Most 

other recent studies on carbon content of salps showed rather low values between 3.2 

to 11.9% of DW (Ikeda and Bruce 1986; Reinke 1987; Huntley et al. 1989; Clarke et 

al. 1992). Only Heron et al. (1988) found higher values for Thalia democratica (18% 
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of the DW). The C: N ratio of 4.9 ± 0.6 measured during this study is exactly in the 

same range as our former study (Dubischar et al. 2006) and also similar to the values 

found in the literature.  

 

Compared to S. thompsoni, I. racovitzai showed no statistically significant 

differences in DW expressed as % WW (Table 1), but in all other parameters: The 

carbon content was considerably higher (averaged over the year 21.5% DW for I.

racovitzai compared to 15.4% DW for S. thompsoni) and the C/N ratio was clearly 

lower (3.5 ± 0.3 for I. racovitzai compared to 4.9 ± 0.6 for S. thompsoni, see Table 

1). This is consistent with the results of Ikeda and Mitchel (1982) who, although 

finding lower values per animal, also measured much higher carbon values for I.

racovitzai compared to S. thompsoni during summer.  

 

The amount of proteins with values up to 32% of the DW (Table 1 and 2) was very 

high throughout the year for I. racovitzai. The values for S. thompsoni were much 

lower for all seasons (on average only 10.1 ± 2.8% DW, Table 1). This much higher 

protein content in I. racovitzai compared to S. thompsoni matches with microscopic 

observations: Ihlea seems to have much stronger muscle bands than Salpa – which 

could be an indicator for higher swimming activity, either an adaptation to the scarce 

food environment in the high Antarctic or as a mechanism to escape (own 

observations).  

 

Lipid content in terms of percent of DW was very similar for both species, showing 

slightly higher values for I. racovitzai (see Table 1 and 2). No changes in total lipid 

as percentage of dry weight was observed over the season or with size of the animals. 

This indicates that no lipid storages were accumulated or depleted at low food 

concentrations in winter or dependent from the maturity stages of the animals (see 

also von Harbou et al. in prep, study IV).  
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Our data showed, that especially Ihlea racovitzai had surprisingly high carbon and 

protein contents during our study, which could make them a very valuable food 

source for higher trophic levels. 

 

4.2 Who eats salps? 

So far, salps have been mainly considered to be only a negligible food source for most 

organisms at higher trophic levels: firstly due to their high water content and the related 

low caloric value per unit of volume, and secondly because they are rarely found as 

food items in the guts. Still, several studies indicate that a wide range of taxa do prey on 

salps, such as fish (e.g. Duhamel and Hureau 1985; Arai 1988; Hopkins and Torres 

1989; Pakhomov 1993; Mianzan et al. 2001), birds (see review in Pakhomov et al. 

2002; Hedd and Gales 2001; Cruz et al. 2001), and crustaceans (see below). Most other 

zooplankton groups have a much higher percentage of carbon per DW than salps (see 

Table 3). Copepods contain up to 45.3% (Mizdalski 1988), euphausids up to 47% 

(Ikeda and Mitchel 1982). These higher values make them a more valuable food 

resource and seem to be much more attractive for predators. On the other hand, most 

thaliaceans are relatively large, slow moving organisms, which inspired Harbison 

(1998) to compare them with terrestrial plants: They may have tissues that are low in 

nutritive value per unit mass, but it is relatively easy for organisms to feed on them.  

 

Overall we know little about the digestibility of salps. The tunica is probably difficult to 

be digested, at least based on observations on gray notothenia (Pakhomov 1993). It 

appeared that the insides of the salps (muscles and stomach) were digested, but the 

tunica passed the guts of the fish mostly undigested. Kawaguchi and Takahashi (1996) 

showed that krill is able to consume an entire salp and thereby covered its daily demand 

for carbon. They also reported that krill would actively feed on salps even when they 

were not starved prior to the experiments. Gili et al. (2006) found that Salpa thompsoni 

was an important food source for octocorallian Anthomastus bathyproctus using gut 

content and fatty acid analyses. They mentioned that most gain is obtained from the 

salps stomachs. 
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Even copepods prey on salps: Sapphirina angusta juveniles behave as parasites, while 

adult females behave as predators and are able to consume most of the edible parts of 

Thalia democratica within a few hours (Heron 1973). Some copepods might even have 

a symbiotic relationship with salps: In the Southern Ocean, the copepod Rhincalanus 

gigas was found feeding inside the salp going after the food bolus (Perissinotto and 

Pakhomov 1997), thus preventing the salp net being blocked when there is too much 

food in the water.  

 

Species of the amphipod Vibilia sit near the opening of the oesophagus, first eats the 

food string and if the salp is starved, the whole tissue will be consumed (Harbison 

1998). Other amphipods like Phronima first eat the insides of the salp and thereafter use 

the salps tests as a shelter. 

 

Harbison (1998) reviewed the extensive literature on fish predation on salps and 

concluded that practically any planktivorous fish of sufficient size is able to eat 

thaliaceans, and that more than 70 species are even known to consume large quantities 

of thaliaceans. Many of them ingest the entire salp. Some studies suggest that also some 

mammals also ingest salps, but conclusive evidence is still missing.  

 

4.3 Role of Salpa thompsoni and Ihlea racovitzai in the Antarctic 

ecosystem

Since many organisms seem to be principally able to feed on salps, their role in 

Antarctic ecosystems may be crucially determined by their quality as food for predators. 

Salpa thompsoni is a relatively large tunicate, which occurs in vast areas of the Northern 

part of the Southern Ocean (e.g. Foxton 1966; Perissinotto and Pakhomov 1998b; 

Pakhomov et al. 2006). It forms huge, although transient, swarms, is an efficient grazer 

and can therefore have a dramatic impact on phytoplankton abundance, distribution and 

vertical transport of organic carbon. In contrast, the typical area of distribution of Ihlea 

racovitzai is much further South (Foxton 1971; Pakhomov et al. subm., study III). It is 

not known to form comparable mass accumulations as does S. thompsoni, but it is 

continuously present and an actively feeding member of the sub-ice community. Its – 
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compared to S. thompsoni - relatively high carbon content and especially the 

dramatically higher protein content indicates that it has a significantly different – most 

likely a much better – food quality than S. thompsoni and may thus be a valuable food 

source for a larger spectrum of organisms, including warm-blooded animals (mammals 

and birds). The fact that the nutritional value of I. racovitzai is relatively high 

(compared to other salps) may also contribute to the fact that I. racovitzai is present in 

the Southern Ocean only in low background concentrations. 

 

 

Especially during winter, when the sea is covered by ice, the amount of food in the 

upper water column is scarce. In spite of this, some organisms are active during winter: 

for instance, larvae of Euphausia superba are overwintering under the ice. Antarctic 

krill furcilia are known to exploit successfully the sea ice communities during the winter 

and are able not only to survive but also to grow during this time (Meyer 2009). It 

seems that even pelagic organisms living beneath the ice are able to obtain enough food 

to survive.  

 

Our studies showed that small I. racovitzai were not migrating during winter but 

accumulated just beneath the sea ice while adults continued their strong vertical 

migration during this time. In contrast to the older stages, small I. racovitzai were 

almost completely invisible with their highly transparent body, narrow muscle bands 

and tiny stomach, the only not-transparent part of the body (see Pakhomov et al. subm., 

study III). Also I. racovitzai collected during winter under the ice showed presence of 

chlorophyll pigments in their guts (von Harbou et al. in prep., study IV). Our studies on 

biochemical composition revealed quite high values for carbon and valuable 

components such as proteins also in the winter season, making them a very attractive 

prey in this food scarce environment. Simple calculations show that while S. thompsoni 

may be an unattractive prey for warm-blooded top predators, I. racovitzai contains 

enough valuable biomass to be preyed on: based on the biochemical composition values 

we measured for S. thompsoni and I. racovitzai we calculated the caloric value of an 

animal with a wet weight of 10 g and came to about 485 cal for Salpa thompsoni and 

1050 cal for I. racovitzai, compared to an value of 370 cal needed for a warm-blooded 

organism to warm 10 g of water-rich food from 0 to 37°C. Certainly, the same 

calculations carried out for krill with also a wet weight of 10g gives much higher values 
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(around 6200 cal), but in a food scarce environment also Ihlea could be a important 

food source. This could partially explain why adults continued their migrations during 

winter. Direct observations showed high presence of resident penguins and seals in the 

area during the winter (van Franeker, pers. comm.). Small specimens may be too small 

to be successfully fed on by these predators but may be preyed upon by other under ice 

associated, particularly cold blooded species, e.g. Antarctic krill, ctenophores and 

jellyfish.  

From these results we postulate that due to its higher carbon and protein content, I.

racovitzai could be a much more important component in the pelagic food webs of the 

high Antarctic especially during winter as we previously assumed based on data of S.

thompsoni. Both, biochemical composition and life cycle characteristics point to the fact 

that I. racovitzai may be an important prey item for both cold and warm-blooded 

predators. One of the major arguments against a clear statement that tunicates are 

consumed regularly is their apparent absence in the stomachs of predators. However, 

this does not disprove their presence: as salps are digested fast and have no refractory 

body parts they would be indistinguishable in the food bolus. Recent developments in 

DNA fingerprinting techniques could resolve this controversy.   
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Table 1: Biochemical composition of Ihlea racovitzai and Salpa thompsoni from the 
Lazarev Sea. Salp weights are given as dry weight (DW) as percentage of wet weight 
(WW), and mass of carbon (C), carbohydrates (CH), proteins (PROT) and lipids 
(LIP) as percentage of DW and as ratio of carbon to nitrogen (C/N; by weight) 
 
 

Ihlea racovitzai n Salpa thompsoni n p

DW % WW 6.2 ± 1.4 134 6.3 ± 1.9 68 n.s.

C % DW 21.5 ± 4.9 111 15.4 ± 5.6 51 <0,001 

C/N 3.6 ± 0.3 111 4.9 ± 0.6 51 <0,001 

CH % DW 1.4 ± 0.6 66 2.1 ± 0.8 29 <0,001 

PROT  % DW 31.6 ± 7.4 66 10.1 ± 2.8 29 <0,001 

LIP  % DW 3.6 ± 1.4  21 2.9 ± 1.7  19 = 0.045 

n number of samples; n.s. non significant differences between means with p > 0.05 

 

Table 2: Biochemical composition of Ihlea racovitzai and Salpa thompsoni for summer 
2005/2006, fall 2004 and winter 2006 in the Lazarev Sea. Abbreviations as in Table 1 

Ihlea racovitzai 
summer n fall n winter n  p 

DW % WW 6.5 ± 1.6 62 6.8 ± 0.7 13 5.8 ± 1.1 59  <0,05 

C % DW 21.3 ± 6.0 50 23.0 ± 3.9 13 21.3 ± 3.8 48  n.s. 

C/N 3.4 ± 0.1 50 4.0 ± 0.3 13 3.6 ± 0.3 48  <0,001 

CH % DW 1.2 ± 0.5 26 2.2 ± 0.6 13 1.3 ± 0.5 27  <0,001 

PROT  % DW 32.3 ± 10.3 25 30.2 ± 6.4 13 31.7 ± 4.5 28  n.s. 

LIP  % DW 3.5 ± 1.5  12 4.3 ± 1.2 5 3.1 ± 1.4 4  n.s. 

Salpa thompsoni       

DW % WW 7.5 ± 2.0 21 5.5 ± 0.9 30 6.2 ± 2.3 17  <0,001 

C % DW 20.3 ± 6.8 15 12.5 ± 2.2 30 18.1 ± 4.3 6  <0,001 

C/N 4.1 ± 0.2 15 5.3 ± 0.3 30 5.0 ± 0.3 6  <0,001 

CH % DW 2.8 ± 1.5 4 2.0 ± 0.6 24 2.0  1   

PROT  % DW 9.2 ± 3.0 4 10.2 ± 2.8 24 11.3  1   

LIP %DW 3.8 ± 2.7 4 2.4 ± 1.4 12 3.6 ± 0.6 3  n.s.
            

n number of samples; n.s. non significant differences between means with p > 0.05



Biochemical composition of salps in the Lazarev Sea 
 

267 

 

 

 

 

 

 

 

 

 

Table 3. Biochemical composition of Ihlea racovitzai and Salpa thompsoni compared to 
other plankton organisms (Data for Salpa thompsoni and Ihlea racovitzai: this study, 1 = 
Ikeda and Mitchel (1982), 2 = Båmstedt and Matthews (1975), 3 = Raymont et al. (1971), 4 = 
Ferguson and Raymont (1974), 5 = Hagen (1988), 6 = calculated after Mizdalski (1988)) 

 

Water content 

(%WW) 

Carbon 

(%DW) 

Proteins 

(%DW) 

Carbohydrates 

(%DW) 

Lipids 

(%DW) 

Salpa thompsoni 93.7 15.4 10,1 2.1 2.9 

Ihlea racovitzai 93.8 21.5 31,6 1.4 3.6 

Euphausia superba 80 - 86 41.1-47.51 50.1-55.13 3.1-5.53 11.3-27.13 

Euphausia superba 80.86 41.1-47.51 37.0-48.54 2.1-4.14 16.1-34.44 

Calanus propinquus 84.06 43.61   18-555 

Metridia gerlachei 87.76 45.31   12.5-245 

Euchaeta norvegica   35.6-55.42 0.8-2.72 20.3-47.32 

Euchaeta antarctica 79.56    14-455 
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Figure 1: Wet weight of Ihlea racovitzai (circles) and Salpa thompsoni (triangles) in summer 
(black), fall (grey), and winter (white). Significant regressions are given. In fall, n = 2 outliers of 
I. racovitzai are not included in the regression (marked circles). Note the different scaling y-
axis.  
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Figure 2: Dry weight of Ihlea racovitzai and Salpa thompsoni in summer, fall, and winter. 
Significant regressions are given. Note the different scaling of y-axis. 
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Figure 3. Individual carbon mass of Ihlea racovitzai and Salpa thompsoni in summer, fall and 
winter. Significant regressions are given.
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3  Synoptic discussion 
 
The following synopsis will provide combined information and additional discussion 

based on the here presented studies and further results not included in the reported 

studies. 

 

Trophodynamics of two Southern Ocean salps were studied in different food situations 

and under different aspects. The response of Salpa thompsoni to an artificially induced, 

fast developing diatom bloom during iron fertilisation experiment in the Polar Frontal 

Zone in late summer was compared to the original salp population in the non-fertilised 

area (Study I & II). Trophodynamics of Ihlea racovitzai and S. thompsoni in response 

to seasonally changing food availability and composition were studied during three 

surveys in the eastern Weddell Gyre (Lazarev Sea Krill Study, Study III, IV & V).  

 

Based on the findings, ingestion dynamics of salps and favourable food environments in 

terms of quality and quantity for the salps are described (Study II & IV). The 

consequences of high feeding, but potentially low digestion efficiency for their role as 

herbivorous grazers are outlined, and salp contribution to the biogeochemical vertical 

flux discussed (Study II & IV). Food conditions had severe influence on population 

dynamics in the artificial bloom situation (Study I). This finding can be related to life 

cycle features observed as seasonal trends (Study III). Impacts of salp bloom formation 

in relation to global warming are discussed. In this respect, we will also discuss 

potential value of salps as food for higher trophic levels (Study V). 
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3.1 Feeding dynamics of Salpa thompsoni and Ihlea racovitzai  

 or “Is less more”? 

Individual feeding dynamics. Our investigations on salp gut contents and salp fecal 

pellet production rates of Salpa thompsoni confirmed the previously reported high 

individual feeding rates of this species (Huntley et al. 1989; Pakhomov et al. 2002; 

Pakhomov et al. 2006) (Study II & IV). Gelatinous zooplankton, widely distributed in 

the oceanic realm, possess large filtration surfaces in relation to their biomass which 

allow to filter large volumes of waters and to concentrate suspended matter (Acuña 

2001). No feeding rates of Ihlea racovitzai are available in the literature to date. During 

LAKRIS surveys, the range of gut content concentration of I. racovitzai was very 

similar to values determined for S. thompsoni (Study IV). Slightly lower gut contents 

per body size of I. racovitzai might be explainable by a potentially smaller gut volume. 

Further detailed studies on clearance and defecation rates of this species are needed to 

fully understand observed differences between the two species and their specific feeding 

dynamics.  

 

The particles concentrations encountered by the surveyed salp populations did not harm 

the salps and thus, no clear upper concentration threshold of harmful particles 

concentrations could be defined (Study II & IV). Pakhomov et al. (2002) suggested a 

linear relation of ingestion rates and ambient phytoplankton concentration in the range 

of 0.2 to 1.2 μg chl-a L-1 (Pakhomov et al. 2002). Previously, a negative correlation of 

phytoplankton concentrations and gut contents was suggested for phytoplankton 

concentrations above 1 μg chl-a L-1 (Perissinotto and Pakhomov 1998b).  

 

During our study, ambient food concentrations are reflected in the gut pigment 

concentrations and gut pigment compositions. Yet, both species are capable to highly 

concentrate their food in low food environments. Consequently, gut chl-a and gut 

pigment concentrations of S. thompsoni from different food environments are very 

much alike (Figure 8). 
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Figure 8. Salpa thompsoni. Salp gut chl-a and gut pigment content. LAKRIS values (upward 
oriented triangles) are obtained by applying relations of gut contents to salp species, ambient 
chlorophyll concentration and salp body size given in Study IV (equation 1a and 1b). EIFEX 
values (downward oriented triangles) are obtained by applying size dependent relations given in 
Study II. Data obtained during the day and not included in Study II is presented as well (see 
Appendix VI). Further data were extracted from Dubischar and Bathmann (1997) and from 
Pakhomov et al. (2002; combined relationship established on several published values). Blue, 
green, and red colours of symbols stand for low, medium, and high surface chlorophyll 
concentrations, respectively (see legend for the respective chlorophyll concentrations). No data 
on range of ambient phytoplankton concentrations are available for published values.  
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Highest gut chlorophyll a concentrations per body length are estimated for the bloom 

situation during the EIFEX survey with high contribution of diatoms to the available 

phytoplankton (Figure 8). However, in terms of total pigments integrating chlorophyll 

and phaeopigments, the gut contents estimated by size dependent relations derived from 

the data sets gathered during the LAKRIS surveys for high ambient chlorophyll 

concentrations are much higher than the values measured for such high food 

concentrations during the EIFEX bloom (Figure 8b). During the EIFEX bloom, 

contribution of silicified diatoms to the phytoplankton composition was high (Study II). 

In comparison, the phytoplankton composition available during LAKRIS surveys 

presumably presented a better food quality for the salps, resulting in a elevated 

contribution of degraded material in the guts of S. thompsoni (Study IV) (Table 2).  

 

Table 2. Comparison of % contribution of gut chl-a to gut pigment content  
(μg ind.-1) in Salpa thompsoni as shown in Figure 1 and Figure 2 derived from size-
dependent  relationships established in Study II & IV. For estimates of gut content 
contents during the day, see Appendix VI. n.a. not available 

 LAKRIS    EIFEX     
Low 
 

Medium
 

High 
  

Medium, 
day 

Medium 
 

High 
 Ambient chl-a  

[μg chl-a L-1] [0.05] [0.58] [2.33]  [0.58] [0.58] [2.33] 
Body size (OAL, mm)       
5 5 5 9  13 19 33 
10 6 6 8  13 14 36 
20 7 7 8  13 10 38 
30 8 7 8  14 8 40 
40 8 8 7  n.a. n.a. 41 

 

 

Estimated gut contents of S. thompsoni feeding in diatom-dominated blooms in the 

Polar Frontal zone were five times higher than estimated gut contents during bloom 

conditions encountered in the southern LAKRIS sea in summer (Table 2). At 

intermediate food concentrations in the natural phytoplankton community encountered 

in the EIFEX eddy, larger salps with relatively long gut passage time had similar 

percentage contribution of chlorophyll compared to salps from the LAKRIS area. 

During the day, degradation of gut contents advances (Table 2). Salps migrate to deeper 

waters where ambient chlorophyll concentrations are significantly reduced (Study I, 

Study III). In consequence, values of gut chl-a content obtained during EIFEX during 
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the day are low (Figure 8a). Also, defecation takes place and thus gut pigment contents 

at intermediate food concentrations during the day reach similar values as gut pigment 

contents estimated for much lower food concentrations encountered e.g. during winter 

season in the LAKRIS sea (Figure 8b, Table 2). Season might have additional effects on 

gut content composition of salps. In fall, with a higher contribution of detritus or 

decaying algae than in an actively growing spring or summer bloom, ratios of 

phaeopigments to chlorophyll in the ingested food might enhance observed differences 

in between analysed salp guts.  

 

Accordingly, individual egestion rates and composition of egested pellets of S. 

thompsoni are highly dependent on the food concentration and food composition in 

ambient waters (Study II). Although carbon egestion rates did not significantly change 

during EIFEX studies with food concentrations ranging from about 0.4 to 2.5 μg chl-a 

L-1, at significantly reduced food concentrations, egestion rates will decrease (i.e. in 

depth or during winter) (Study II & Study IV). There is no defined diel pattern in 

ingestion or egestion rates of S. thompsoni (Froneman et al. 2000) but rates are related 

to the ambient food concentrations (Phillips et al. 2009). In winter, at extremely low 

food concentrations, egestion rates are significantly reduced because of the reduced 

ingestion of particles (Study IV). A reduced gut passage time might allow salps to 

highly efficiently degrade the ingested food particles (Study IV). Differences in 

ingestion and egestion rates are also related to the size of the salps, thus size-dependent 

gut passage times are a prerequisite for ingestion rate estimates from gut fluorescence 

(Study IV & Study II).  

 

In conclusion, gut pigment content measurements alone might lead to misinterpretation 

of the feeding dynamics of the studied salps and their grazing impact in the field if 

applying same rates of digestion and defecation for salp populations in different food 

environments. At low food concentrations, e.g. in winter, slowly degradable food like 

small, discoid diatoms with relatively thick frustules will concentrate in the guts, 

causing high chl-a gut concentrations in the salp guts albeit the low concentration of 

autotrophic cells in the water column (Study IV). The detailed gut pigment analysis 

determined by fluorescence measurements gave valuable insights the feeding dynamics 

of salps in response to their food. These findings were confirmed by results of detailed 

gut pigment analysis by HPLC, and gave even more indication of slower/lower 
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degradation of diatom rich food, and digestion of particles at depth/ during the day 

(Study II).  

 

Individual assimilation dynamics. Budgets of pigment and carbon ingestion and 

egestion in salps at different food situations clearly stated that net carbon assimilation of 

salps is significantly altered by food concentration and food composition although 

filtration activity of the salps seems not to be related to particles concentrations in the 

range encountered during our studies in the field (Study II & Study IV). Low food 

concentrations can favour a more efficient degradation. This led to the assumption that 

salps cannot fully profit from phytoplankton bloom concentrations, but in contrast, 

might even reduce their assimilation in comparison to intermediate food concentrations. 

Again, net assimilation gain was significantly different in between size classes of salps. 

Larger S. thompsoni seem to profit to a larger extent from higher food concentrations by 

their relatively slower gut transit time of the ingested food (Study II). In Study I, our 

results gave indication of faster maturation at high food concentrations. Apparently, 

maturing S. thompsoni were capable of channeling the higher food up-take in an 

enhanced reproduction. In winter (or other low food conditions), larger salps seem to 

ingest relative to their body size less than smaller salps and need a higher percentage of 

assimilated carbon for respiration (Study IV). Ihlea racovitzai has a much higher gut 

passage time than S. thompsoni due to their smaller gut. Assimilation rates of this 

species are lacking as feeding experiments with this species failed due to their delicate 

body structure severely damaged by nets.   

 

In the field, ingestion, and thus assimilation rates will also depend on residence time in 

the euphotic zone. Salps in the Southern Ocean are strong vertical migrators even in 

winter, and thus encounter different food environments during the daily cycle (Study I 

& Study III). Furthermore, size dependent vertical distribution was observed which 

cannot be explained by physiological requirements (i.e. temperature shifts) or predator 

avoiding strategies alone. The phenomenon of size dependent residence depth is widely 

distributed in different organisms in marine systems but not fully understood (D Deibel, 

pers. comm.) 

 

Based on our results, autotrophic and heterotrophic flagellates seemed to represent a 

rich food source for Southern Ocean salps (Study II & IV). Especially I. racovitzai 
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showed year-round feeding activity. This species of high Antarctic waters is apparently 

capable of effective use of the low “background” concentration of small nanoplankton 

food and does not rely on pulsed food events provided by short-lived blooms in locally 

restricted areas (Study IV). In the presented studies, there was no major seasonal effect 

on bioelemental composition of both salps (Study V). Apparently, they do not use lipid 

reserves or body tissues as energy supply in low food situations. Hence, salps have an 

opportunistic life strategy compared to several crustacean species like krill with a 

multiple year life span depending on successful overwintering and recruitment to build 

up biomass in spring and summer (Siegel 2005).  

 

Population impact. During the surveys presented in this thesis, salps were no major 

pelagic grazer in the studied food webs. Abundances were relatively low, highest values 

were obtained in the Polar Frontal Zone in fall 2004 (8,600 ind. 1000 m-3; Study I ). At 

that time, the estimated maximum grazing pressure was ~ 1% of chlorophyll standing 

stock (Study II). In February, maximum biomass of 288 mg C m-2 yielded at grazing 

pressure of ~2.5% on chlorophyll standing stock (Study II). Further south in the 

Lazarev Sea, maximum salp abundances were encountered in winter (148 ind. 1000 m-

3). Estimated grazing pressure was below <0.5% of chlorophyll standing stock (Study 

III). These data confirm the generally low grazing of salps on phytoplankton assumed 

for oceanic regions of the Southern Ocean (Pakhomov et al. 2002).  

 

Locally, much higher grazing rates >100% of primary production were reported 

(Dubischar and Bathmann 1997; Perissinotto and Pakhomov 1998a). This was mainly 

due to higher salp stocks. In comparison, we applied conservative estimates in our 

studies (Study II & IV). For example, grazing was calculated over 12 hours, which was 

assumed to represent the residence time of Southern Ocean salps in the euphotic zone 

during our surveys. Other authors suggest 24 hour of continuous feeding of S.

thompsoni, which obviously results in higher individual daily rations, but also in higher 

grazing pressure (see for example Pakhomov et al. 2006).  

 

It follows from the low estimated grazing pressure that direct competition for food of 

salps with other crustaceans is neglectable in the presented surveys. Even in winter, 

with extremely low concentrations of phytoplankton found under the ice, the salps did 

not significantly reduce the phytoplankton standing stock (Study IV). Furthermore, 
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salps were feeding in the entire water column (I. racovitzai) or at depth (S. thompsoni) 

and thus not competing for the food resource provided by under ice biota used by larval 

krill (Meyer et al. 2009). Even if we assume increasing abundances of S. thompsoni in 

spring with increasing temperatures and increasing phytoplankton biomass, salp 

populations in Southern Ocean waters are unlikely to boost to bloom concentrations 

within in short time periods, assuming relatively low growth rates and starting from low 

seeding populations in winter (Study I & Study III). 

 

According to their assumed high feeding rates, contribution of salps to the vertical 

carbon flux of the euphotic zone to the deep sea is generally considered to be important 

(see for example Yoon et al. 1996; Perissinotto and Pakhomov 1998a; Phillips et al. 

2009). Similarly to our feeding estimates, salps probably did not significantly contribut 

to the vertical carbon flux during our investigations (Study II & IV). Salp pellets have 

high sinking rates and degrade slowly (Caron et al. 1989; Yoon et al. 2001; Phillips et 

al. 2009). In our study, we observed that pellets of salps feeding in high particles 

concentrations encountered in a diatom bloom were very flocculent and easily broke 

apart (Study II). It is unlikely that such pellets sink quickly out of the euphotic zone. 

Rather, they might contribute to recycling of organic matter within the euphotic zone 

(see e.g. Turner 2002). 

 

Nevertheless, both salp species investigated, and here especially small stages, showed 

remarkably high vertical migration (Study I & Study III). A large part of the 

population left the euphotic zone during the night and concentrated at depth below 150 

m (Study I). Particles defecated during the day will thus be more likely transported out 

of the euphotic zone and contribute to the carbon export. We definitely have to include 

deep water samples of salps for further estimates of their grazing impact and their 

contribution to the vertical flux as the salps are suspected to continue feeding and 

defecation in the deeper layers due to their special feeding mode. 

 

In conclusion, the grazing pressure of salps and their contribution to the vertical flux in 

open oceanic areas of the Southern Ocean is relatively low. No direct competition of 

food with krill was stated in summer, winter and fall in the Lazarev Sea. Pulsed events 

of high salp abundances might dramatically alter their impact as high individual grazing 

and defecation rates were confirmed.
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3.2 Will salps invade Antarctica and oust krill populations?  

During the EIFEX study, a faster maturation of the sexual aggregate stage of S.

thompsoni at high feeding conditions inside the phytoplankton bloom induced by the 

iron fertilisation was observed (Study I). So far, reproductive response to higher food 

conditions was only observed for the asexual stage of S. thompsoni.  

 

Our assumption that low food concentrations imply a low growth and low maturation 

was confirmed by supplementary samples from the Polar Frontal Zone during the 

EIFEX cruise not included in the presented data. Another eddy structure, located further 

east than the surveyed and fertilised eddy during the EIFEX experiment was sampled 

previously to the EIFEX survey in early February 2004 (Smetacek et al. 2005). 

Chlorophyll concentrations were lower than in the EIFEX eddy (about 0.2 μg chl-a L-1, 

0 – 100 m). Mature salps with embryos of up to 26 mm length (see Appendix V) were 

found. These are considerably larger than embryos inside the maternal cavity with 

maximum length of 14 mm of salps from the EIFEX eddy (see Study I). Male 

aggregates in the easterly eddy reached body length over 80 mm (Appendix V). As for 

EIFEX, an abnormal development caused by low temperatures could be rejected as the 

water temperature of about 4°C in the first eddy matched that of the EIFEX eddy 

(Smetacek et al. 2005). Furthermore, all immature salps larger than 10 mm were 

fertilised and no stage X found.  

 

Both generations of salps do thus possess a flexible reproduction. In doliolids, it is 

suspected that asexual reproduction is enhanced at favourable conditions for 

development (Christen and Godeaux 1998). On the other hand, sexual reproduction is 

triggered by stress situation such as lower salinity or chemical pollution, requiring 

diversification through gene recombination (Christen and Godeaux 1998). If such 

mechanisms also apply to salps with a much simpler generation cycle compared to 

doliolids, is not known. 

 

Even in the relatively cold Southern Ocean waters, the salp’s reproductive response to 

variable environmental feeding conditions was fast (i.e. within weeks). However, the 

reproductive response was clearly below the rates of bloom development achieved in 

salps of warmer waters (Heron 1972; Deibel 1982b). The seeding populations 
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encountered in the field were too low to respond with explosive growth to the enhanced 

food supply and hence graze down phytoplankton standing stocks hindering the 

development of phytoplankton blooms (Zeldis et al. 1995). One major problem in 

estimating the potential of salp bloom formation in the Southern Ocean is that no 

growth rate estimates are available for Southern Ocean salps in the literature. Hence, we 

cannot estimate the necessary phytoplankton stocks to sustain the build-up of a salp 

swarm, how long it would take to form such a swarm, and how long it might persist. 

Definitely, such estimates are necessary for future modelling approaches in order to 

define systematic ecosystem changes and influence of relevant environmental 

parameters, e.g. increase in sea surface temperatures (Cornejo-Donoso and Antezana 

2008). However, it is difficult to follow growth and growth rates in the laboratory of 

such large, yet delicate, deep-migrating salps like S. thompsoni and I. racovitzai. Field 

studies need a very fine resolution in time and space to follow population growth 

(Heron 1972; Deibel 1985). 

 

The here presented studies on life cycle patterns of Southern Ocean salps largely 

confirmed the study of Foxton (1966) on life history parameters of S. thompsoni. In the 

summer, sexual and asexual reproduction of this salp species is highest, so that in early 

fall, highest abundances of S. thompsoni are observed (Study I & Study III, Foxton 

1966; Hosie et al. 2000; Ross et al. 2008). During this season, small, unfertilised stages 

of aggregate salps constitute the majority of the population. The mature salps in both the 

aggregate and the solitary form reach their maximum of body length. With advancing 

season, a sharp decline in population abundance is observed as described in Foxton 

(1966). Only very few solitary individuals of S. thompsoni are found in surface waters 

in winter that seems to constitute the main overwintering stage. Furthermore, 

hibernation at depth by solitaries and some aggregates seems most likely. 

 

Ihlea racovitzai follows apparently the same generalised pattern of sexual and asexual 

reproduction during fall (Study III). Accordingly, I. racovitzai also overwintered as 

solitary generation. However, for the first time, the distribution of Ihlea racovitzai was 

followed over a large geographical area in a seasonal study which revealed that 

densities of this species were lowest during summer, increased during fall, and peaked 

in winter (Study III). Former studies thus might have considerably underestimated their 
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importance in high Antarctic waters because surveys of zooplankton composition with 

broad spatial coverage are largely restricted to studies in summer and fall.  

 

During the EIFEX study, the entire S. thompsoni population showed a clear seasonal 

trend from a reproductive summer population to younger immature stages in autumn in 

early fall 2004, suggesting that seasonal changes superimposed potential effects of food 

conditions (Study I). The decrease of the population was not due to temperature 

changes but seem to follow general season cycle of S. thompsoni. Based on these 

results, no prolonged invasion of S. thompsoni in the Antarctic ecosystem is to be 

expected in the near future. Even if S. thompsoni accumulates to large densities in 

summer, a massive break-down of the population is to be expected in fall and winter.  

 

However, blooms might occur more frequently on the Antarctic shelves with rising 

temperature (Pakhomov 2004). Phytoplankton compositions shift due to warming in the 

Western Antarctic peninsula region favour small sized cells and flagellates rather than 

diatom blooms (Moline et al. 2004). This might in turn foster salp blooms in 

comparison to krill that cannot profit to the same extent from the small sized food. 

Furthermore, if populations of large predators like whales and fish increase their 

abundance as their severe hunting in Antarctic waters was significantly reduced in the 

last decades, krill might face increased predation pressure (Ainley et al. 2007). The 

predator pressure on salps is potentially lower as they have a lower energetic value for 

larger predators (Study V). However, fish that were presented parts of salp tissue (fresh 

and freeze dried), actively fed on the offered food (Bullard and Hays 2002), although to 

a lower extent than on energy -(i.e. protein-) rich food. Accordingly, salps were 

considered as “survival food” for anchovies in low food situations (Mianzan et al. 

2001). The salp’s migration to deeper depth (<500 m) in winter might therefore also 

represent a predator avoidance strategy, among other aspects (Study IV). 

3.3 General aspects of salp blooms  

Salps are considered as typically oceanic, but most observations of salp blooms have 

been made in inshore waters or on shelves. This may be because of higher resolution of 

surveys near the coastlines. Nevertheless, it seems that salp blooms especially form in 

areas of pulsed mixing of oceanic waters resulting in temporary destratification of the 
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water column (Ménard et al. 1994; Madin et al. 2006). A relatively high standing stock 

of autotrophs and a sustained primary production are necessary to trigger and support 

the accumulation of salp biomass as the salp bloom develops (Deibel and Paffenhöfer 

2009). These settings can be found along continental shelf breaks and slope waters. 

Furthermore, only a restricted number of salp species seem capable to attain bloom 

concentrations, among them e.g Thalia democratica, Salpa fusiformis and S. thompsoni 

(Andersen 1998; Deibel and Paffenhöfer 2009). In general, recorded salp blooms lasted 

only a few months at most, although smaller salp patches may aggregate over longer 

time periods by physical forcing resulting from currents and winds (Andersen 1998).  

 

Obviously, a well-balanced set of hydrographic and biological conditions prerequisite 

the formation of blooms (Deibel and Paffenhöfer 2009). As blooms have large impact 

on the trophic interactions on a local scale, there should be some interest to be capable 

of prediction for swarms to build. Furthermore, an integrative study of thaliacean 

blooms, their occurrence and extension, over the last decades and, in some case 

centuries, should provide us a with a helpful tool for valuable hints on shifts in 

ecosystems. Here, we might think of invasions of salps also in Arctic waters. 

Accordingly, as there might be a “competition” of krill versus salps in the Antarctic, we 

might speculate upon increasing blooms of appendicularians in Arctic waters with 

negative impact on copepod abundances. In the Californian Current system in temperate 

Pacific waters, appendicularian biomass was positively correlated with warm water 

events and significantly increased in abundance in the last 50 years (Lavaniegos and 

Ohman 2003).  

 

Decaying salp blooms are presumed to sink out and contribute significantly to the 

carbon export to the deep sea (Wiebe 1979). This assumption is supported by 

observations of mats of dead pyrosomes found on the seafloor made by submersibles 

camera system off the cost of Côte d’Ivoire in Africa in 2006 (Lebrato and Jones 2009). 

Also in Antarctic waters, salps might represent a valuable food supply for benthic 

communities (Gili et al. 2006).  
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3.4 Deep populations: Seeding populations?  

In 1975, van Soest argued that sampling of salps below the euphotic zone were 

restricted to occasional occurrence of salps in these waters, mainly due sampling error. 

However, today the occurrence of salps from great depth has been confirmed in several 

occasions, and S. thompsoni retrieved from depth of 1500 to 2000 m still contained 

fluorescent pigment in their guts (Laval et al. 1992; Andersen 1998; B Phillips, pers. 

comm.; own observation). In coastal Mediterranean waters, dives by a submersible 

revealed zones of reduced salp abundance between approximately 200 and 300 m depth. 

In the Ligurian Sea at depth between 350 to 600 m (maximum sampling depth), actively 

swimming and feeding aggregations of Salpa fusiformis and Ihlea punctata were 

observed at several occasions (Laval et al. 1992). In these waters, the subduction of 

surface waters might provide a continuous food supply (Laval et al. 1992). In years of 

salp blooms at the surface, elevated concentrations of salps were observed also at depth 

(Laval et al. 1992). Thus, salp blooms might not only be dependent on favourable 

conditions in the surface water, but their “take-off” might as well be governed by 

conditions at depth. Deibel and Paffenhöfer (2009) gathered data from all over the 

world and related salp and doliolid blooms with intrusion of upwelled plankton rich 

waters or up-welling systems. They speculated that the upwelling does not only bring 

up nutrient and phytoplankton but also the salps themselves. Genetic tools comparing 

deep and surface populations might shed light on this question. In fact, there might be 

much more connections between deep water communities and the communities 

encountered at surface layers than we usually consider. In general, the zooplankton 

community tends to think of “biological” vertical flux always as a one-way route in 

terms of sinking of organic matter to the depth, or of overwintering strategies of 

zooplankton hiding motionless at depth to reduce their metabolic costs. Yet, salp 

blooms might rely on deep waters as nursery grounds that provide new life for the upper 

oceanic realm.  
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4  Perspectives for future research 
 

4.1 Feeding dynamics of salps 

Our results of the general feeding dynamics of Southern Ocean salps were, as far as 

available, consistent with reported results of salp feeding. However, we could clearly 

demonstrate that salps were not immediately harmed by high food concentrations 

through clogging. Instead, they suffered from lower assimilation rates due to low 

digestion efficiency at high food concentrations, especially when the food was mainly 

composed of diatoms. Also, our results give indication of a highly efficient feeding 

mode of salps even at extremely low food conditions encountered during winter in high 

Antarctic waters.  

 

Nevertheless, some of our assumptions of the effects of food quality and food quantity 

were blurred by multiple effects inherent to field studies, e.g long-term feeding history 

and ingestion of various amounts of heterotrophic and autotrophic food as well as 

ingestion of suspended matter including fecal pellets and other detritus. I therefore 

strongly suggest laboratory controlled feeding experiments with salps to obtain some 

“baselines” of factors controlling feeding, digestion and assimilation in salps. Unlike for 

copepods, salp feeding experiments offering artificial or uni-algal food at various 

concentration are scarce (Deibel 1982a; Andersen 1985), but have shown to be a 

valuable tool, e.g. in determining feeding dynamics of other pelagic tunicates such as 

doliolids and appendicularians (see for example Bochdansky and Deibel 1999; Acuña 

and Kiefer 2000; Lombard et al. 2009). Studies on Southern Ocean salp feeding are 

nearly exclusively restricted to field studies, but preliminary feeding experiments 

confirm the feasibility of feeding experiments also with this delicate cold water species 

(own observation). 

 

The methods to evaluate gut contents in the presented studies were restricted to 

quantitative estimates of large, undamaged food items (microscopic evaluation), to 

undegraded pigments and their known degradation products (gut pigment analysis by 

means of HPLC) and rather coarse determination of food history due to low lipid 

storages in salps (by means of fatty acid analysis).  Although valuable results were 
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obtained in our studies, some definite conclusions on the digestibility of ingested food 

remain unclear. In the following, we will discuss new tools and methods that will 

perhaps elucidate some of the remaining questions such as the actual contribution of 

diatoms versus flagellates to the diet of salps. 

 

Phylochips are molecular probes designed to quickly identify heterotrophic and 

autotrophic phytoplankton to species or genus level in the water (Metfies et al. 2007). 

Such tools might be used for the identification of food particles in the stomachs of salps. 

The obtained results could be used for two different approaches: first, we could learn 

more about the feeding history of tunicates, and might elucidate dietary diversity and 

variances in between different salp species. Comparing the composition of salp guts and 

egested fecal pellets might reveal insights in the digestion efficiency for different taxa. 

Furthermore, the phylochips might provide a unique tool to use tunicates for 

biomonitoring. The efficiency of salps in extracting and concentrating suspended matter 

from the sea was demonstrated in Study IV, and follows the remark of Wallich (1860; 

cited by Foxton 1960, p. 78), “Fortunately, we possess in some of the lower forms of 

animal life a class of microphagic collectors [,the salps], who, living in the element 

surcharged with the material we seek for, gather it together for their sustenance, and, are 

at the same time easily captured.” Weak signals from phytoplankton species present 

only at low numbers in the water but nonetheless possibly important indicator species of 

different water masses can be potentially enhanced when analysing the highly 

concentrated gut content of salps. K Metfies (AWI) has developed several arrays for 

North Sea and Arctic plankton, and her working group is in progress of developing 

specific arrays for Antarctic species to be used on phylochips. First tests with salp 

stomachs have given promising results to use salps as “biomonitoring phytoplankton 

collectors” and resulted in a DFG proposal being submitted in November 2009 by Katja 

Metfies, Ilka Peeken and Lena von Harbou.  

 

Tunicates must have evolved specific adaptation to their food environments to optimise 

the digestion of the ingested food. As the digestion of food items is solely based on 

enzymatic degradation in the guts of tunicates, we might suspect species specific 

differences in their metabolism of enzymes. Our data showed species-specific 

differences in the fatty acid composition of the two salps in Southern Ocean waters, but 

no or only few differences related to seasonal and geographical shifts in the food 
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environment. We hypothesise that the two species have evolved different feeding 

strategies resulting in different assimilation efficiencies for the ingested food. 

Differences in assimilation efficiency might be due to different enzymes activities in the 

salps digestive system. Studies on the gene expression and metabolism enzymes of 

various copepod species have shown to be a successful tool in investigating different 

feeding strategies and food sources of copepods (Kreibich et al. 2008). Investigation of 

feeding dynamics including enzyme metabolism not only in salps but also in 

appendicularians and doliolids might give new, striking answers to our questions of 

biogeograpical distribution of pelagic tunicates, e.g. why we do find salps in Antarctic, 

but not in Arctic waters and vice versa, why appendicularians are successful in Arctic, 

but not so in Antarctic regions.  

 

4.2 The particles export mediated by Southern Ocean salps 

Salps are suspected to be important mediators of the downward transport of organic 

carbon from upper waters to the deep sea as they generally produce high quantities of 

densely packed faecal pellets with high sinking rates. However, the quality and quantity 

of exported material of the two Southern Ocean salps, Salpa thompsoni and Ihlea 

racovitzai varies considerably in response to regional and seasonal food conditions 

(Study II & IV). By investigating the salps’ gut contents by means of marker pigment 

analyses, microscopic examination and carbon measurements, particularly in regard to 

digestion and digestion efficiency, ingestion and egestion of the salps can be determined 

for varying natural diets. This concept is further developed in a DFG project by Ilka 

Peeken and Lena von Harbou: “The role of salps for carbon export in the Southern 

Ocean” or “Does surface phytoplankton distribution reflect salp export potential?”. In 

this project, data sets on the pigment composition of gut contents of salps will be related 

to phytoplankton assemblages and satellite chlorophyll concentrations at different 

seasons and for several regions of the Southern Ocean, which will, in combination with 

information on salp distribution, enable us to define the role of salp feeding in 

structuring Antarctic pelagic ecosystems and the salp’s impact on carbon transfer in the 

Southern Ocean.  
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4.3 Thermophysiological limits of salps 

Apart from food conditions, some salps species seem to be restricted to a narrow 

temperature range (e.g. Ihlea racovitzai) whereas others can be found in tropical to 

temperate waters (e.g. Salpa fusiformis) (van Soest 1998; Lavaniegos and Ohman 

2003). In the Antarctic, several studies have shown the positive relation of Salpa 

thompsoni and warmer water masses ((Pakhomov et al. 2002; Catalán et al. 2008; Ross 

et al. 2008). Moreover, the reproduction of S. thompsoni is supposed to be unsuccessful 

in high Antarctic waters due to low temperatures (Chiba et al. 1998), Pakhomov et al. 

2006; Study III). Nevertheless, our knowledge of physiological response to water 

temperature in pelagic tunicates is mainly limited to experiments carried out with 

appendicularians (López-Urrutia and Acuna 1999; Troedsson et al. 2002; Lombard et al. 

2005). Physiological experiments studying temperature effects on S. thompsoni are 

completely lacking. Such basic studies are, however, vital in assessing the potential of 

this species to cope with expected environmental changes in the Antarctic systems. 
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List of appendixes 
Data CD 
Data files provide background data of studies, and supplementary data not included in the 
presented chapters. Appendix I to Appendix IV are stored in the format of Adobe pdf files. All 
further data on this compact disc is stored as Excel files. 

Appendix I: Links to websites of salp citings in public media 
 
Appendix II: Jansen S, Klaas C, Krägefsky S, von Harbou L, Bathmann U (2006) Reproductive 

response of the copepod Rhincalanus gigas to an iron-induced phytoplankton bloom in 
the Southern Ocean. Polar Biology: 1-6  

 
Appendix III: Krägefsky S, Jansen S, von Harbou L, Bathmann U (subm.) On copepod 

response during iron-induced diatom blooms in the Southern Ocean (EIFEX and 
EisenEx). Marine Ecology Progress Series  

 
Appendix IV: Life cycle stages of Salpa thompsoni 
Supplementary information on maturity stages of blastozoid and oozoid stages of Salpa 
thompsoni. Samples derived from cruise ANTXXI-3, pictures were taken with common digital 
cameras or if magnification was necessary, with a digitial camera system mounted on a 
stereomicroscope Olympus SZX12.  
 
Appendix V: Study I. The salp Salpa thompsoni in an iron fertilised diatom bloom in the 
Southern Ocean Polar Frontal Zone in late austral summer: I. Demographic response 
The presented data includes supplementary data from the cruise ANT XXI/3, not included in 
study I. Supplementary sampling was carried out earlier (24 January to 02 February 2004) on a 
location further east (49.5°S and 18°E) than the fertilisation experiment itself (11 February to 20 
March; 49.5°S and 02°E), but supports findings presented in chapter I (see discussion chapter 
3.2) 

a) Study 1, equation 1: Length and maturity stage distribution of aggregated Salpa 
thompsoni 

b) Study 2, equation 2: Aggregate size, stage and embryo size relations  
 

Appendix VI: Study II. The salp Salpa thompsoni in an iron fertilised diatom bloom in the 
Southern Ocean Polar Frontal Zone in late austral summer: II. Feeding dynamics 
The presented data includes supplementary data from another eddy structure studied during the 
cruise ANT XXI/3 as described in appendix V. Also, supplementary data of daytime catches 
and deep nets are included.  
 
Gut fluorescence of Salpa thompsoni from cruise ANT XXI-3 

a) by means of Turner fluorometer, including measurements of salps caught during 
daytime and of salps with cleared guts(“background fluorescence”) 

b) by means of high pressure liquid chromatography (HPLC), including measurements 
of salps retrieved from depth (160 to 400 m) 

 
Appendix VII: Study IV: Seasonal study of feeding dynamics of salps in the Lazarev Sea 
Presented data is derived from the surveys of the LAKRIS study.  

a) Gut fluorescence of Ihlea racovitzai and Salpa thompsoni 
b) Fatty acid and fatty alcohol composition of Ihlea racovitzai and Salpa thompsoni 
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Biochemical composition 
Bioelemental composition of Ihlea racovitzai and Salpa thompsoni
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Solitäre Salpe mit 9 Muskelbänder (~20 cm). Man beachte die vielen Kotbällchen und die fast 
unsichtbare Tunika. 
Julika, 4 Jahre (Sommer 2009) 

 
Salpe (unbekannte Art, ~15 cm) mit eingestrudelten Nahrungspartikeln, eine spiralförmig 
gewickelten Kotschnur wurde abgegeben.  
Meitje, 2 Jahre (Sommer 2009) 
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