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Thesis abstract 

The lipid compositions of three dominant arctic copepods, CaZanus hyperbareus, 

C. gZaciaZis and Metridia Zanga, were used to deduce feeding strategy (i.e. , degree of 

on1nivory) and diet in the highly productive North Water Polynya during autumn. A 

quick way of processing lipid samples, well suited to fieldwork in remote regions, was 

tested against conventional methods. The quick method, in which copepods were frozen 

together and sorted later, provided accurate estimates of lipid classes in CaZanus 

hyperbareus CV and fatty acids in Metridia Zanga females. However, it was inappropriate 

for sensitive analyses of certain biomarkers in the former species and lipid classes in the 

latter. 

A new omnivory index, the unsaturation coefficient (UC), was tested during a 

long-tenn incubation with CaZanus gZaciaZis CV. The UC is the ratio between 

polyunsaturated and total wax ester (WE). The \VE fraction of three arctic copepods split 

according to the degree of acyl lipid unsaturation during non-polar chromatographic 

development. UC and diatom biomarker levels decreased significantly after copepods 

were fed a bacterivorous dinoflagellate for three weeks. At the same time, proportions of 

the bacterial biomarker 18: 1 (n-7) increased significantly. When copepods were 

reintroduced to a diatom diet, their lipid profiles reversed to a more herbivorous signature 

over a period of three weeks, characterized by higher UC levels. 

In several regions of the polynya, Metridia Zanga females had significantly lower 

UC than CaZanus hyperbareus CV and C. gZacialis CV. M Zanga contained high 

proportions of triacylglycerols, polar lipid and 18: 1 (n-9), and low relative amounts of 
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WE, polyunsaturated fatty acids, 20 :l(n-9) and 22:1(n-11). UC and previously 

established determinants of feeding strategy were in agreement and showed that M longa 

fed more onmivorously than the two Calanus species. Principal components analysis 

revealed that all three species were feeding onmivorously, to varying degrees, in the 

southeastern (SE) polynya. Copepods here contained low proportions of diatom, 

phytoplankton and herbivory indices and had low UC, as compared to those at 

northwestern stations (NW). Instead, copepods in the SE generally had elevated levels of 

carnivory, dinoflagellate and bacterial markers. Spatial patterns in seston lipids and other 

data indicated that the microbial loop was more active in theSE than in the NW. 

IV 



Acknowledgements 

Firstly, I thank my supervisor Dr. Don Deibel for providing an opportunity to 

participate in an exciting international project (The International North Water Polynya 

Study) and to join a vibTant laboratory and scientific cormnunity at the Ocean Sciences 

Centre. Don's love of science, curiosity, and sense of hllinor were contagious and very 

important in the development of my ideas and practical approach. Dr. Chris Parrish 

provided a wealth of important chemical and methodological knowledge that was 

invaluable in the completion of this thesis. I also appreciated the support and suggestions 

from my supervisory cmnmittee members, Drs. Ray Thompson and Paul Snelgrove. 

Everyone at the OSC, especially the secretaries, shuttle-man Jim, the shop guys, the 

divers, and the technicians, made it a great place to work. 

Many friends deserve special attention for making my experience all the more 

enjoyable. I'd like to thank Louise Copeman for the chloroform-induced hilarity, Patty 

Saunders for friendship and advice, Sing-Hoi Lee (Mon Amour) for his pesky-yet

endearing fatherly concern, and all the members of the Deibel and PaJ.Tish labs for being 

so helpful and friendly. Thanks to my fellow graduate students for all the giggles and 

conuniseration. I also thank my family, who has been incredibly supportive from afar. I'd 

like to finish by thanking my husband Stephane. This journey would have been much 

more difficult without his love, friendship and support (not to mention silly antics and 

stress-reducing tickle fights). Reproductions of the original linoleum block cut 

"Copepod" used with permission of the artist f Brian A. Stevens, Roslin, Nova Scotia, 

2003). 

v 



Table of contents 

THESIS ABSTRACT ..................................................................................................... 111 

ACKNOWLEDGEMENTS ............................................................................................ V 

TABLE OF CONTENTS ............................................................................................... VI 

LIST 0 F TABLES .............................................................................................. ............ IX 

LIST OF FIGURES ......................................................................................................... X 

LIST OF ABBREVIATIONS AND UNITS ................................................................. XI 

LIST OF APPENDICES ............................................................................................. XIV 

APPENDICES .................................................................................................................. A 

CHAPTER 1. INTRODUCTION AND OVERVIEW ............................................ 1-1 

1.1 THE ROLE OF OMNIVORY IN FOOD WEBS .... ....... . . .... . .. ..... ..... . ...... .. ........................... 1-1 
1.2 COPEPOD OMNJVORY IN THE MARINE ENVIRONMENT ................. .. ........................... 1-2 
1.3 0MNIVORY ASSESSMENT TOOLS ..... . ..... .... . ......... ... .... .... ........ .. ..... . .......................... 1-4 
1.4 THE IMPORTANCE OF ARCTIC POLYNYAS ................................................................ 1-7 
1.5 THESIS OVERVIEW . ..... .. ........................... ... ........................... . .. ........ .......... ...... . ... ... 1-8 
1.6 CO-AUTHORSHIP STATEMENTS .. ............ ....... ...... ...... .. ....... ... . ............................ .. . 1-10 
1.7 REFERENCES ......................................................................................................... 1-12 

CHAPTER 2. INTEGRITY OF COPEPOD LIPID SAMPLES USING 
INDIVIDUALS SORTED FROM LIVE VERSUS FROZEN MIXTURES ............. 2-1 

2.1 ABSTRACT······················································································· ··· ···················· 2-2 
2.2 INTRODUCTION ······ ····················· ········· ·· · · ·················· ·· ········· ············· ···· ·········· ······· 2-3 
2.3 MATERIALS AND METHODS .. ... ..... ...... ............ ... .............. ................. . . ..... ........ ....... 2-4 

2. 3.1 Sort-fi-eeze samples ..................... ............ ............................. .... .... .. ................. 2-5 
2. 3. 2 Freeze-sort sa1nples .. ................................................ .. ... ................................. 2-5 
2. 3. 3 Lipid Analysis ..... .. .. ......... ............ ...... .. .. ... ...... ......... ......... ......... ...... ............... 2-6 
2. 3. 4 Statistical Analysis ............................... ... .. ... ..................... ..... .......... ... ..... ....... 2-7 

2.4 RESULTS AND DISCUSSION ........ .. .............................................................. .... .......... 2-7 
2.5 ACKNOWLEDGEMENTS ........................................................................................ .. 2-1 2 
2.6 REFERENCES ...... . . ... .... ... ... ..... .. .......... . ..... .. .................. ..... ............. ....................... 2-1 3 
2.7 TABLES ................................................................................................................. 2-16 
2.8 FIGURES ......................... .. .............. .. .......... ...... . . .................. . .. .......... ...... ..... .... .... . 2-19 

VI 



CHAPTER 3. INCORPORATION OF BACTERIAL FATTY ACIDS AND 
CHANGES IN A WAX ESTER-BASED OMNIVORY INDEX DURING A LONG
TERM INCUBATION EXPERIMENT WITH CALANUS GLACIALIS 
JASCHNOV .............................................................................................................. 3-1 

3.1 ABSTRACT·············································································································· 3-2 
3.2 I TRODUCTION ....................................................................................................... 3-3 
3.3 MATERIALS AND METHODS .................................................................................... 3-6 

3. 3.1 Cultures ........................................................................................................... 3-6 
3.3.2 Incubation experiment ....................................................... .......... .................. . 3-7 
3.3.3 Isolation andfractionation ofwax ester ......................................................... 3-8 
3.3.4 Lipid analysis ....................................... ............................. ... ......................... .. 3-9 
3.3.5 Statistical analyses ....................................................... ...... ... ............ ..... ....... 3-11 

3.4 RESULTS ......................................................... ... .................... ......... .............. ... ..... 3-12 
3. 4.1 The unsaturation coefficient: a wax ester-based omnivory index ................ 3-12 
3.4.2 Lipid composition of cultures ......... .. ...... ... ......... .... .... ... ............................... 3-13 
3. 4. 3 Feeding physiology and changes in lipids during the incubation ................ 3-14 

3.5 DISCUSSIO l .......................................................................................................... 3-17 
3. 5.1 The effect of cope pod physiological state on lipid turnover ....... .......... ........ 3-1 7 
3.5.2 Utility ofunsaturation coefficients and bacterial fatty acids to Calanus ...... 3-21 

3.6 CONCLUSIONS ....................................................................................................... 3-24 
3.7 ACKNOWLEDGEMENTS .......................................................................................... 3-24 

3.8 REFER£ CES ········································································································· 3-25 
3.9 TABLES ................................................................................................................. 3-31 
3.10 FIGURES .............................................................................................................. 3-37 

CHAPTER 4. SPECIES-SPECIFIC DIFFERENCES IN LIPID COMPOSITION 
AND OMNIVORY INDICES IN ARCTIC COPEPODS COLLECTED IN DEEP 
WATER DURING AUTUMN (NORTH WATER POLYNYA) ............................... 4-1 

4.1 ABSTRACT .................................................................. . ........................................... 4-2 
4.2 INTRODUCTION ....................................................................................................... 4-3 
4.3 MATERIALS A D METHODS .................................................................................... 4-6 

4. 3.1 Classification of regions in the North Water .................................................. 4-6 
4.3.2 Field san~pling .......................... ............... ............................................... .. .... .. 4-7 
4. 3. 3 Dry mass analysis ........................................................................................... 4-8 
4. 3. 4 Wax ester isolation ................. .... ..... ............... ... ........................ ........ .............. 4-8 
4. 3. 5 Determination of lipid classes and fatty acids ................................ .... ............ 4-9 
4. 3. 6 Statistical analysis ........................................... .. ........................................... 4-10 

4.4 RESULTS ......................................................... ........ .................................. .. .......... 4-10 
4.5 DISCUSSION .......................................................................................................... 4-14 
4.6 CONCLUSIONS ............................................ ····· .. . .. ....... .......... .. ... .... . ...................... 4-20 
4.7 ACI(NOWLEDGEMENTS .......................................................................................... 4-21 
4.8 REFERENCES ......................................................................................................... 4-22 
4.9 TABLES ................................................................................................................. 4-30 
4.10 FIGURES .............................................................................. . ... . ........................... 4-34 

Vll 



CHAPTERS. COPEPOD OMNIVORY IN THE NORTH WATER POLYNYA 
DURING AUTUMN: SPATIAL PATTERNS IN LIPID COMPOSITION ............ 5-l 

5.1 ABSTRACT .............................................................................................................. 5-2 
5.2 INTRODUCTION ....................................................................................................... 5-3 
5.3 MATERIALS AND METHODS .................................................................................... 5-7 

5.3.1 Field sampling ................................................................................................ 5-7 
5. 3. 2 Dry mass analysis .... ......... ............ ................................... ............. ....... ..... ... ... 5-9 
5.3.3 Wax ester isolation .......................................................................................... 5-9 
5. 3.4 Determination of lipid classes and fatty acids ........................... ................... 5-10 
5. 3. 5 Statistical analysis ........................................................................................ 5-11 

5.4 RESULTS ............................................................................................................... 5-12 
5.5 DISCUSSION .......................................................... ................................................ 5-18 
5.6 CONCLUSIONS ....................................................................................................... 5-23 
5.7 ACI<NOWLEDGEMENTS ................................. .......... ...... .......... .............. ......... ........ 5-23 
5. 8 REFERENCES ................................................................................... .......... ........... . 5-24 
5.9 TABLES ................................................................................................................. 5-32 
5.10 FIGURES .............................................................................................................. 5-42 

CHAPTER 6. THESIS SUMMARY ......................................................................... 6-1 

viii 



List of Tables 

Table 2.1. Description of sort-freeze and freeze-sort samples ....................................... 2-16 

Table 2.2. OBFA concentrations in Calanus hyperboreus CV ..................................... 2-17 

Table 2.3. Summary of significant differences in lipids due to processing method ...... 2-18 

Table 3 .I. Prey fed to Cal anus glacialis during a 6-week incubation ........................... 3-32 

Table 3.2. Fatty acid composition of wax ester isolated from C. hyperboreus ............. 3-33 

Table 3.3. Lipid class composition of cultures fed to C. glacialis ................................. 3-34 

Table 3.4. Fatty acid composition of cultures fed to C. glacialis .................................. 3-35 

Table 3.5. Lipid composition of experimental C. glacialis . .......................................... 3-36 

Table 4.1. Description of deep North Water stations sampled in autumn 1999 .... ........ 4-30 

Table 4.2. Lipid class composition of deep-layer copepods from the North Water ... .4-131 

Table 4.3. Fatty acid composition of deep-layer copepods from the North Water. ....... 4-32 

Table 5.1. Description of all stations san1pled for lipids in the North Water ................ 5-32 

Table 5.2. Variables with significant PCA loadings: surface-layer C. hyperboreus ... 5-133 

Table 5.3. Variables with significant PCA loadings: deep-layer C. hyperboreus ....... 5-134 

Table 5.4. Variables with significant PCA loadings: surface-layer C. glacialis ......... 5-135 

Table 5.5. Variables with significant PCA loadings: deep-layer C. glacialis ............. 5-136 

Table 5.6. Variables with significant PCA loadings: deep-layer Metridia longa ........ 5-137 

Table 5. 7. Feeding strategies and diets of surface-layer copepods ............................... . 5-38 

Table 5.8. Feeding strategies and diets of deep-layer copepods .................................... 5-39 

Table 5.9. Seston fatty acid composition at 1% light and below ................................... 5-40 

Table 5.1 0. Concentrations of various seston parameters at 1% light. .......................... 5-41 

IX 



List of Figures 

Figure 2.1. Lipid class concentrations in sort-freeze and freeze-sort samples .............. 2-19 

Figure 2.2. Fatty acid concentrations in sort-freeze and freeze-smi SaJ.11ples ................ 2-20 

Figm·e 3.1. Iatroscan chromatograms of Calanus hyperboreus wax ester. .................... 3-38 

Figure 3.2. Correlation between TLC a11d GC esti1nates ofPUFA content ....... .. ......... 3-39 

Figure 3.3. Feeding rates of C. glacialis dm·ing a 6-week incubation ........................... 3-40 

Figure 3 .4. Lipid class composition of experimental C. glacialis ................................. 3-41 

Figure 3.5. Cha11ges in broad lipid groups in experimental C. glacialis ....................... 3-42 

F ·a "6 Ch a · b. k ·.c. "d · C l · 1· " 4" l 0 Ure -'· . an0 es m wmar e1 1.atty ac1 s m . g acza zs ......................................... _, _ _, 

Figure 4.1. Stations saJ.11pled below the n1ixed layer in the North Water ...................... 4-35 

Figure 4.2. Lipid-based omnivory indices in three copepods from the North Water .... 4-36 

Figure 4.3. Relationship between 16:1(n-7) and 18:1(n-7) in copepod tissues ............. 4-37 

Figure 5.1. Stations sampled in the North Water Polynya during autunu11999 ........... 5-43 

Figure 5.2. Results of PCA for surface-layer samples of C. hyper bore us ..................... 5-44 

Figure 5.3. Results ofPCA for deep-layer samples of C. hyperboreus . ............ .. .......... 5-45 

Figure 5.4. Results ofPCA for surface-layer saJ.nples of C. glacialis ............... ... ....... .. 5-46 

Figure 5.5. Results ofPCA for deep-layer samples of C. glacialis ............................... 5-47 

Figure 5.6. Results ofPCA for deep-layer samples of Metridia longa ......................... 5-48 

X 



List of abbreviations and units (where applicable) 

ALC 

AMPL 

ARA 

C:Chl 

CA 

CCAP 

cr 

CNBB 

CTD 

ern 

crv 

cv 

cvr 

CVI-F 

cv 

DG 

DHA 

DM 

EPA 

FFA 

F-S 

Alcohol 

Acetone-mobile polar lipid 

Arachadonic acid (20:4(n-6)) 

Carbon: chlorophyll 

Cluster analysis 

Culture Collection of Algae and Protozoa (Oban, UK) 

Carey Islands 

Central Northern Baffin Bay 

Conductivity, temperature, depth 

Copepodite stage 3 

Copepodite stage 4 

Copepodite stage 5 

Copepodite stage 6 (adult) 

Adult female 

Coefficient of variation 

Diacylglycerol 

Docosahexaenoic acid (22:6(n-3)) 

Dry 1nass (mg) 

Eicosapentaenoic acid (20:5(n-3)) 

Free fatty acid 

Freeze-sort 

Xl 



FID 

GC 

HC 

KET 

ME 

MIZ 

MUFA 

ncp 

nd 

NOW 

nr 

ns 

NWA 

OBFA 

PAR 

PC 

PCA 

PL 

POC 

PUFA 

SA 

SE 

Flame ionization detector 

Gas chromatograph 

Hydrocarbon 

Ketone 

Methyl ester 

Marginal ice zone 

Monounsaturated fatty acids (1 double bond) 

No copepods present 

Not detected 

North Water Polynya 

No relationship 

Not statistically significant 

North Water Assembly 

Odd-numbered and/or branched-chain fatty acids 

Photosynthetically available radiation 

Principal component 

Principal components analysis 

Phospholipid 

Particulate organic carbon (!--lg r') 

Polyunsaturated fatty acids(;::: 2 double bonds) 

Southern Assembly 

Stery 1 ester 

Xll 



S-F 

SFA 

S-NWA 

ss 

ST 

TFA 

TG 

TL 

tr 

uc 

WE 

WE-I 

WE-II 

woe 

Sort-freeze 

Saturated fatty acids (no double bonds) 

Southern-North Water Assembly 

Smith Sound 

Sterol 

Total fatty acids (~g copepod- 1
; ng mr 1 (seston)) 

Triacylglycerol 

Total lipid (smn of lipid classes; ~g copepod- 1
; ng mr1 (seston)) 

Trace ( < 0.1 o/o) 

Unsaturation coefficient (din1ensionless) 

Wax ester 

Wax ester peak I 

Wax ester peak II 

West Greenland Current 

1% light (euphotic) depth (m) 

Mixed layer depth (m) 

Xlll 



List of Appendices 

Appendix 1. Complete lipid class composition of surface-layer CaZanus hyperbareus ..... B 

Appendix 2. Complete lipid class composition of deep-layer C. hyperbareus . ................. C 

Appendix 3. Complete lipid class composition of surface-layer C. gZaciaZis .................... D 

Appendix 4. Complete lipid class composition of deep-layer C. gZaciaZis ......................... E 

Appendix 5. Complete lipid class composition of surface-layer Metridia Zanga ............... F 

Appendix 6. Complete lipid class composition of deep-layer M Zanga ............................ G 

Appendix 7. Complete fatty acid composition of surface-layer C. hyperbareus ............... H 

Appendix 8. Complete fatty acid composition of deep-layer C. hyperbareus .......... ........... J 

Appendix 9. Complete fatty acid composition of surface-layer C. gZaciaZis ...................... L 

Appendix 10. Complete fatty acid composition of deep-layer C. gZaciaZis ....................... N 

Appendix 11. Cmnplete fatty acid composition of surface-layer M Zanga ........................ P 

Appendix 12. Complete fatty acid composition of deep-layer M Zanga ........................... Q 

Appendix 13. Complete fatty acid composition of seston collected at 1% light ................ S 

Appendix 14. Complete fatty acid composition of seston collected below 1% light ........ U 

Appendix 15. All variables included in PCA analyses (Chapter 5) ................................... W 

XIV 



Chapter 1. Introduction and overview 

1.1 The role of omnivory in food webs 

The existence, extent, and consequences of onmivory have been intensely debated 

for decades (Polis and Strong 1996; Closs et al. 1999). Early theoretical investigations 

suggested that onu1ivory was destabilizing: food web models incorporating omnivory 

took longer to recover from perturbations than those without (Pin1n1 and Lawton 1977; 

1978). Increased food web complexity, including species diversity and nmnerous trophic 

levels characterized by weak connections, was also deen1ed w1stable in these works. 

Furthennore, it was argued that in nature, on1nivory was uncommon and n1ost food webs 

were simplistic chains composed of few and discrete trophic levels. Both empiricists and 

theoreticians have since disagreed with these claims. 

Many now concur that food webs are reticulate and omnivory is conunon, a clai1n 

for which much supporting en1pirical evidence has developed (Polis and Strong 1996; 

Closs et al. 1999). A consistently high degree of omnivory was observed within 

zooplankton comn1unities during an extensive sw·vey of over 500 Nmih An1erican lakes 

(Sprules and Bowerman 1988). Recent models, based on 1nore biologically realistic 

assmnptions, suggest that food web complexity and omnivory contribute to com1nunity 

persistence (Sterner et al. 1997; McCann et al. 1998). In a rare study, the effect of 

omnivory on food web stability was investigated directly by manipulating arthropod 

conununities in the blowdown zone of Mount Saint Helens (Fagan 1997). He found that 
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m the face of exten1.al perturbation, omnivory helped stabilize the cmnn1.unity by 

preventing decreases in arthropod densities. 

In some cases, onmivory implies a certain degree of cognizance on the part of the 

consumer. For example, animals ranging from protozoans to birds actively switch 

between prey, disproportionately consmning that which is in greatest abundance (Oaten 

and J\1urdoch 1975). These switches are thought to be largely behavioral, n1ediated by 

feeding history and prey refugia. Switching behaviour often follows Holling type III 

kinetics (sign1oidal). This particular functional response n1ay promote prey diversity and 

survival due to the presence of a threshold at low densities and density-dependent 

consumption at high prey concentrations (Mm·doch and Oaten 1975). Interestingly, a type 

III curve may also arise as a result of optin1.al foraging (Lehman 1976). One assumption 

of optimal foraging theory invokes switching: consumers that opti1nally forage are 

selective, particularly when prey is plentiful (Hughes 1980). Models show that "adaptive 

foragers", such as those that switch, are essential to cmru11unity persistence in complex 

food v,ebs (Kondoh 2003). Without them, complexity is destabilizing. 

1.2 Copepod omnivory in the marine environment 

Reports of copepod orm1ivory date back to qualitative observations 1nade during 

the Challenger expedition (see Gifford 1991). However, onmivory was rarely quantified 

m1til the importance of microbes in marine systems was recognized 20 to 30 years ago 

(Pon1eroy 1974; Azmn et al. 1983). To this end, the em·liest estin1ates of ingestion rates 
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on non-phytoplankton material (ca. 1980s) were done in vitro us1ng copepod eggs, 

nauplii, faecal pellets and detritus as prey (Poulet 1983; Kleppel 1993). Later, a strong 

link between copepods and protozoans was proposed (Stoecker and Capuzzo 1990; 

Gifford 1991). It was suggested that protozoans were an important alternate prey for 

copepods because of their abundance in nattu·e, and their size, motility, and high 

nutritional content. The first quantifications of protozoan ingestion by copepods under 

sin1ulated in situ conditions were for Acartia spp. from near-shore enviromnents (Gifford 

1991). Despite these reports, other temperate species were still considered strict 

herbivores. This perception was especially true for Calanus spp., long known to represent 

crucial links between seasonal diatom blomns and n1any conunercial fisheries (Runge 

1988; Cushing 1989). 

In situ ingestion of protozoans by Calanus spp. has since been quantified in the 

Arctic (Levinsen et al. 2000), Antarctic (Atkinson 1995; Atkinson 1996; Froneman et al. 

1996), North Atlantic (Ohman and Runge 1994; Gifford et al. 1995) and in mesocosn1s 

(Nejstgaard et al. 1997; Nejstgaard et al. 2001). These studies also revealed that 

protozoans are often preferred over phytoplankton, they yield higher secondary 

production rates in mesocosms than do diatoms, and they can sustain egg production 

during oligotrophy. Quantitative reports of onuuvory have weakened the copepod-diatmn 

link in the classical food chain; it has been replaced by an alternate paradign1 in which 

copepods are strongly featured in the microbial food web (Sherr et al. 1986; Fenchel 

1988; Sherr and Sherr 1988; Gifford 1991; Kleppe! 1993). 
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Copepods can be highly selective feeders , discriminating between prey on the 

basis of size, quantity, quality (including "taste", nutritional content and toxicity) and 

motility (Poulet 1983 ; Huntley 1988; Kleppe! 1993 ; Harris 1996). These choices n1ay be 

behavioral. Under controlled laboratory conditions, copepods employ switching behavior 

when offered a mixture of motile and non-1notile prey (Landry 1981; Kim·boe et al. 1996; 

Gismervik and Anderson 1997). Copepods feed disproportionately on the prey in greatest 

abundance, actively ambushing nauplii and ciliates, and passively consuming diatoms via 

suspension feeding. These behavioral mechanisms were proposed in other studies with 

copepods (J0rgensen 1966; Richman and Rogers 1969; Greene 1988). It has been 

suggested that copepods switch between prey to maximize energy gain (i.e. , optimal 

foraging; Lehman 197 6; Ki0rboe et al. 1996) and under these conditions, they respond to 

food according to type III kinetics (Gismervik and Anderson 1997). As "adaptive 

foragers" (after Kondoh 2003), o1m1ivorous copepods may contribute to community 

stability. Switching behavior is a possible mechanism behind dietary patterns observed in 

nature where copepod diets and feeding rates are strongly related to seasonal changes in 

prey composition (e.g. , Ohman and Runge 1994; Gifford et al. 1995; Levinsen et al. 

2000). 

1.3 Omnivory assessment tools 

A lack of robust methods continues to hamper quantitative studies of copepod 

omnivory under natural conditions. At present, we lack a true in situ method that allows 

simultaneous determination of ingestion rates on heterotrophic and autotrophic prey. 
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Prey-specific ingestion rates are best obtained through incubations of grazers with food 

where food cells are identified and counted by microscopy. Even when natural 

assemblages of copepods and prey are used (i.e., "simulated" in situ design), vanous 

contairu11ent effects can occur (e.g., Roman and Rublee 1980; Saunders et al. 2003) and 

information obtained in this way 1nay reflect experimental artifacts. 

Attempts to study onmivory in situ have led to the development and use of 

biochen1ical markers and other tools for distinguishing prey. Floristic analysis of n1aterial 

in copepod guts (Hopkins 1987; Hopkins and Torres 1989) and faecal pellets (Urban et 

al. 1993) can demonstrate omnivory, but the degradation of soft-bodied protozoans 

during digestion and sample preservation is a major caveat (Stoecker and Capuzzo 1990; 

Gifford 1991 ). The use of pigments specific to heterotrophic prey (e.g., astaxanthin, 

canthaxanthin) as mnnivory indices has been unsuccessful (Juhl et al. 1996). Stable 

isotope analysis (e.g., Hobson et al. 2002) helps decipher food webs via esti1nates of 

relative trophic positions, but it cannot yield detailed dietary information. 

Lipid biomarkers, especially sterols and fatty acids, are being used increasingly to 

study trophlc dynamics in marine food webs. Ce1iain sterols are diagnostic of different 

microplankton groups (Volkman et al. 1998), but overall sterol diversity decreases 

exponentially as material moves between trophic levels (Parrish et al. 1996; Yang et al. 

1996). Therefore, sterols are not particularly useful for determining the natural diets of 

higher order consumers such as copepods. In the field of copepod ecology, fatty acid 
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biomarkers have been extensively and successfully used to detennine feeding strategy 

(i.e., degree of omnivory) and diet (Falk Petersen et al. 1987; Kattner et al. 1989; Graeve 

et al. 1994a; Cripps and Hill 1998). Fatty acids are suitable dietary biomarkers because 

they can differentiate between prey groups (Acklnan and Tocher 1968; Volkn1an et al. 

1989; Viso and Marty 1993) and are conservative (Lee et al. 1971). Because these 

con1pounds have long residence times in copepod tissues (Graeve et al. 1994b), in vivo 

compositions represent integrated, ecologically meaningful approximations of assimilated 

food. Fatty acids, particularly the 'essential' fatty acids 20:5(n-3) (eicosapentanoic acid; 

EPA), 20:4(n-6) (arachadonic acid, ARA), and 22:6(n-3) (docosahexanoic acid; DHA) 

are crucial for optimal zooplankton growth and development (Brett and Mtiller-Navarra 

1997; DeMott and Mtiller-Navarra 1997). 

Certain fatty acids are considered diagnostic of diatoms (e.g., 16:4(n-1)), 

dinoflagellates (e.g., 22:6(n-3)) and prynu1esiophytes (e.g., 18:5(n-3)) (Sargent et al. 

1985; Viso and Marty 1993). Odd-numbered and/or branched-chain fatty acids and (n-7) 

and (n-9) monounsaturates (e.g., 18 :1(n-7)) characterize bacteria (Sargent et al. 1987; 

Kaneda 1991; Pranal et al. 1996 and references therein). They have been used 

successfully to infer direct ingestion of microbial material by crabs (Meziane and 

Tsuchiya 2000), gastropods (Pranal et al. 1996), bivalves (Zhukova et al. 1992) 

freshwater cladocerans (Desvilettes et al. 1994) and polychaetes (Meziane et al. 1997). 

The utility of these biomarkers in establishing connections between pelagic copepods and 

the microbial food web has not been determined. 

1-6 



1.4 The importance of Arctic polynyas 

Polynyas are recurring areas of open water bounded by ice. They often support 

large populations of n1arine 1nammals and seabirds (Stirling 1997) and have thus been 

likened to oases in the desert. Polynyas are thought to be key in the early development of 

intense diatom bloon1s that support large zooplankton populations and hence the higher 

trophic levels of the arctic food web (Stirling 1997). It is also believed that polynyas are 

sites of significant C02 sequestration (Yager et al. 1995). Polynyas represent model 

envirom11ents in which to investigate climate change. Their very design sin1ulates global 

war1.ning and changes in their properties (e.g., size and frequency) may act as early 

warning signals. Such insight requires intensive study of the physical, biological ar1d 

chen1ical characteristics of polynyas. 

The North Water, located between Ellesmere Islar1d (Canada) and Greenlar1d 

(Den1nark), is one of the largest ar1d most productive polynyas in the world (Deming et 

al. 2002; Klein et al. 2002). Several key hypotheses and questions were addressed 

between 1997 ar1d 1999 as part of the International North Water Polynya Study, the first 

n1ultidisciplinary large-scale study of this ecosysten1. In particular, mission goals were to 

determine the physical processes responsible for the generation and 1naintenance of the 

polynya, to study the hydrodynamic control of carbon cycling, and to investigate the 

sequestration of carbon. In addition, numerous biological and rate process Ineasureinents 

were n1ade on organisms ranging fron1 bacteria to whales (De1ning et al. 2002). The 

incorporation of such information into ecosystem 1nodels can be used to assess the impact 
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of global warn1ing on the Nmih Water and perhaps, the entire arctic ecosystem. One of 

the biological goals was to establish and study connections between copepods and the 

microbial food web. Thus far, the role of mnnivory in polynyas has not been rigorously 

investigated. 

1.5 Thesis overview 

In this thesis, the lipid con1positions of three dominant copepod species, Cal anus 

hyperboreus CV, C. glacial is CV and Metridia longa CVI (fen1ale ), are used to 

investigate diet and feeding strategy in the North Water Polynya. Chapters II and III deal 

largely with 1nethodological issues; specifically, the testing of a lipid sample processing 

method well suited to polar research (II) and the development of a new lipid-based 

mnnivory index (III). Chapters IV and V report detailed species-specific and spatial 

patterns in mm1ivory indices in copepods sampled throughout the polynya. 

The processing of lipid samples in remote oceanic regions is often affected by the 

availability of equip1nent, chemicals, space and time. In light of these constraints, it is 

con1111on practice to freeze zooplankton samples at sea and sort and extract then1 later 

("freeze-sort"). However, the validity of this method has not been explicitly addressed in 

the literature. In Chapter II, the robustness of freeze-sort samples is tested by con1paring 

resulting lipid class and fatty acid data to those obtained using more conventional 

methods, specifically, sorting copepods prior to freezing ("sort-freeze"). For the tests, 

two copepod species from different genera, Calanus hyperboreus CV and Metridia Zanga 
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CVI (female) were used. It was found that the freeze-sort method is not always 

appropriate and thus recommendations for obtaining more accurate data are n1ade. 

A central goal of this thesis is the development of lipid-based omnivory indices 

capable of demonstrating direct connections between copepods and the microbial food 

web. For the most part, individual lipid n1olecules (e.g. specific fatty acids, sterols and 

hydrocarbons) are used as biomarkers. However, it is suggested in this thesis that broad 

lipid class data can also yield important dietary infonnation. In Chapter III, a new index 

for the esti1nation of copepod feeding strategy is developed and tested during a long-term 

incubation with Cal anus glacial is CV. During chromatographic development in a non

polar solvent system, wax esters (WE) of the three copepod species split according to the 

degree of acyl lipid unsaturation. It is proposed that the ratio between the polyunsaturated 

peak and total WE represents an omnivory index, the w1saturation coefficient (UC). 

Copepods with high UC are probably feeding herbivorously, while low UC suggests 

onu1ivory. Changes in copepod lipids and UC during a 6-week incubation with 

bacterivorous dinoflagellates and diatmns support this contention. The us ~~ of bacterial 

biomarkers as potential on1nivory indices is also investigated. 

In Chapter IV, the onmivory indices introduced in Chapter III, including UC and 

bacterial fatty acids, are compared between Calanus hyperboreus CV, C. glacialis CV 

and Metridia Zonga CVI (female) from several regions of the polynya. The utility of these 

indices at den1onstrating com1ections between copepods and the microbial food web is 
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investigated, with a focus on species-specific differences. The indices are in general 

agreement with previously established but less direct approaches. The data are discussed 

in the context of different life and feeding strategies adopted by each copepod species and 

in tern1s of in situ food availability and composition. 

As a result of the convergence of water with multiple origins, distinct regional 

1nicroplankton assemblages characterize the North Water. Spatial gradients in pnn1ary 

productivity, abundances of specific phytoplankton groups and protists, and nutrient 

concentrations have been established (Klein et al. 2002; Lovejoy et al. 2002; Tremblay et 

al. 2002). In Chapter V, principal components analysis is used to investigate spatial 

patterns in the lipid cmnpositions of Calanus hyperboreus CV, C. glacial is CV, Metridia 

longa CVI (fetnale) sampled extensively tlu·oughout the polynya. It is proposed that 

spatial changes in the degree of copepod mnnivory and proportions of bacterial markers 

observed are related to localized nlicrobial conditions. 

1.6 Co-authorship Statements 

I am the first author on all research papers included in this thesis. I designed the 

experin1ents, planned the sampling progrmns, participated in data collection, perforn1ed 

the m1alyses m1d wrote the manuscripts. Drs. Don Deibel m1d Christopher C. Parrish are 

co-authors on all papers and contributed to the elaboration of ideas, provided practical 

advice, and 1nade many helpful editorial cmntnents on earlier drafts. Dr. Patricia A. 

Saunders helped greatly with experin1ental n1ethodology m1d scientific discussions 
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Chapter 2. Integrity of copepod lipid samples using individuals 

sorted from live versus frozen mixtures 
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2.1 Abstract 

Lipid class and fatty acid data in samples of Metridia Zanga (females) and 

Calanus hyperbareus (CV) processed m two different ways were compared. The 

relatively quick "freeze-sort" method, m which copepod assemblages were frozen 

together at sea and sorted later, overestimated amounts of wax esters, triacylglycerols and 

total lipid (TL; sum of lipid classes) in M Zanga, relative to conventionally processed 

"sort-freeze" samples (animals sorted live in the field). These increases in lipid in freeze

sort samples were likely due to leakage and contamination by adjacent CaZanus spp. 

during processing. In C. hyperbareus, the two processing methods yielded comparable 

lipid class data, although acetone-mobile polar lipids (< 4% of TL) were overestimated 

by the freeze-sort method. Amounts of all fatty acid groups (odd-numbered and/or 

branched (OBFA), saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA)) 

were equivalent in sort-freeze and freeze-sort samples of M langa. In C. hyperbareus, 

SF A, MUF A and PUF A levels did not differ with method, while proportions of OBF A 

were significantly higher in sort-freeze samples. The freeze-sort method, which saved 

considerable processino time in the field, provided accurate broad scale lipid data for C. 

hyperbareus and fatty acid data forM Zanga, but was inappropriate for sensitive analyses 

of certain biomarkers in the former species and lipid classes in the latter. 

Recommendations are made to reduce interspecific lipid contamination during freeze-sort 

sample processing. 
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2.2 Introduction 

Lipids are useful tools in the study of copepod ecology. Monitoring lipid levels 

and changes in composition over time has helped decipher copepod diapause and 

reproductive investment (Hagen and Sclmack-Schiel 1996, J6nasd6ttir 1999), buoyancy 

and seasonal ascent (Visser and J6nasd6ttir 1999), and responses to in situ food 

availability (Lee 1974, Falk-Petersen et al. 1987). Lipids are also used as biomarkers to 

trace the ingestion of specific prey by copepods (Lee et al. 1971, Graeve et al. 1994a, 

Ederington et al. 1995), providing a more comprehensive understanding of their roles in 

food webs (Norrbin et al. 1990, Graeve et al. 1994b, Ward et al. 1996 Falk-Petersen et 

al. 1999). 

When using copepod lipid levels as proxies of ecological processes, it is 

important to obtain accurate estimates. Storage conditions and san1ple handling (i.e., how 

copepods are processed prior to storage/analysis) can both affect the accuracy of lipid 

measurements. Although the freezing process itself does not affect lipid composition, 

enzymatic hydrolysis occurs in samples stored at -15°C, resulting in accumulation of free 

fatty acids and phospholipid loss (Ohman 1996). To ensure lipid integrity, Olu11an (1996) 

recommended that samples be stored below -70°C. Srunple integrity can also be 

maintained at higher temperatures (e.g. , -20°C) if solvent (e .g., chloroform) is added 

(Sasaki and Capuzzo 1984). The effect of different methods of sru11ple processing on lipid 

measurement accuracy has not been rigorously addressed in the literature. 
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Many researchers sort live copepods in the field and freeze animals in chloroform 

(Falk-Petersen et al. 1999, Scott et al. 2000), on filters (Ederington et al. 1995) or in vials 

(Hagen and Schnack-Schiel 1996, J6nasd6ttir 1999). This conventional processing 

method is referred to here as "sort-freeze" sampling. Where sorting is not logistically 

possible, researchers freeze batches of unsorted copepods together on filters, thawing and 

sorting them later (Ohman et al. 1989, Ward et al. 1996, Cotonnec et al. 2001); this 

protocol is hereafter referred to as "freeze-sm1" sampling. This approach is appealing in 

that it requires less ship time, little equipment, and no chemicals. 

The question is: can "freeze-sort" samples provide quantitative lipid data 

comparable to "sort-freeze" samples? Although to my knowledge this question has not 

been dealt with in the literature, it is assumed by many that damage to copepods during 

the processing of "freeze-sort" samples will yield inaccurate estimates of lipid due to 

leakage and contamination by adjacent individuals (G. Kattner, pers. comm.). In this 

chapter, the integrity of the "freeze-sort" method was tested, in terms of total lipid, lipid 

class and fatty acid data, using samples of Metridia longa (females) and Calanus 

hyperboreus (CV). 

2.3 Materials and Methods 

Copepods were collected at six stations in the North Water Polynya (Northern 

Baffin Bay) using a messenger-activated closing net system equipped with 200 J..Lm mesh 
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nets and partially closed codends. Discrete depth strata were sampled with vertical tows 

between 4 September and 1 October 1999 (Table 2.1 ). 

2.3.1 Sort-freeze samples 

Triplicate samples of Metridia longa females (Stations 1, 2, 3) and Calanus 

hyperboreus CV (Stations 4, 5, 6) were picked out of the net tow catches using the blunt 

end of a pipette, a dissecting microscope, and a 10 ml sorting cell. Sorted copepods were 

placed in specimen cups filled with - 50 ml filtered seawater (0.2 ).1111) and kept on ice. 

After a sufficient number was picked (Table 2.1 ), the contents of the cups were filtered 

onto combusted 25 mm GF/C filters and then folded, quick-frozen on an alwninum block 

(pre-cooled to -80°C), placed in combusted foil envelopes and stored at -80°C. 

2.3.2 Freeze-sort samples 

At the same stations, unsorted assemblages of ~ 100-300 copepods were gently 

filtered onto combusted 47 mm GF/C filters , quick-frozen on the aluminum block and 

stored in individual Petri dishes at -80°C. When the fieldwork was completed, samples 

were packed with dry ice (along with smi-freeze samples) and sent to the laboratory 

(Ocean Sciences Centre, NL) where they were stored at -70°C until analysis. Filters were 

placed on a chilled stage, consisting of the smaller half of a large glass Petri dish nested 

in the larger half, which was filled with ice. Using fine probes and forceps , copepods 

were gently removed from the filters and spread around the stage for identification. 

Picking was terminated when the animals were almost entirely thawed (ca. 10-25 minutes 
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after removal from the freezer) , because at this point they may start to lose lipid from the 

anal pore (Olunan 1996). In general, copepods were in very good condition: they 

appeared intact and were easily removed from the filters. Although lipid was lost via the 

anal pore in some individuals, this loss was minor ( <5% of total, rough visual estimate). 

Loss of this magnitude was noted in about 10% of Metridia longa and 37% of Calanus 

hyperboreus individuals. If copepods were leaking lipid through the body wall, or if a 

relatively large amount appeared to have been lost through the anal pore (>5%), they 

were discarded. Sorted groups of copepods (Table 2.1) were added to test tubes 

containing 2 ml of chloroform (frozen sort-freeze filters also) , flushed with N2, sealed, 

and stored at -20°C until analysis. 

2.3 .3 Lipid Analysis 

Lipids were extracted following a modified verswn of Folch et al. (1957). 

Samples were ground, sonicated (4 min) and centrifuged (125 x g) four times in a 8:4:3 

chloroform:methanol:water mixture, and the organic layers removed and pooled. To 

separate and quantify lipid classes, samples were manually spotted on silica-coated 

Chromarods (Sill) and passed through the flame-ionization detector of an Iatroscan MK 

V. Rod development was done following Parrish (1987). Total lipid was calculated as the 

sum of all lipid classes detected. This system does not separate wax and steryl esters. 

However, preliminary GC analysis indicates that samples of Calanus hyperboreus from 

the same region contain many wax esters but no steryl esters (Kehoe 2003). Wax ester 

(WE) isolated from C. hyperboreus, following the protocol of Olunan (1997), was used 
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as a calibrant for wax esters. Commercial standards were used for all other lipid classes. 

Ohman (1997) found that WE purified from C. pacificus CV was a suitable calibrant for 

females of this species, and for CV s and females of Metridia pacifica, Eucalanus 

californicus and Rhincalanus nasutus. Fatty acids were quantified as methyl esters using 

a Varian Model 3400 gas chromatograph, following total lipid derivatization of samples 

with BF3-methanol (85°C, 1 h). Methyl esters were analysed on an Omegawax column 

following Budge and Parrish (1998). Tricosanoic acid (23:0; absent in copepods) was 

used as an internal standard, at a concentration of~ 10% total fatty acids. Fatty acid peaks 

were identified using commercial standards as references. 

2.3.4 Statistical Analysis 

To test for differences in lipid levels between sort-freeze and freeze-sort samples 

of Metridia longa and Calanus hyperboreus (tested separately), a randomized block 

ANOV A was used with method as the main effect and stations as blocks. In accordance 

with this design, between-station differences were not of interest and no interaction term 

was tested. Table 2.3 lists all the response variables tested for differences in method. A 

rejection criterion of a= 0.05 was used to determine statistical significance. 

2.4 Results and Discussion 

Across all samples, wax esters (WE) were the main storage lipid in both A1etridia 

Zanga and Calanus hyperboreus (71 - 91% of total lipid (TL)), with triacylglycerols (TG), 

phospholipids (PL) and acetone-mobile polar lipids (AMPL) present in smaller amounts 
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(< 15% of TL, Figure 2.1). Sterols, alcohols, hydrocarbons and free-fatty acids were 

present in very small quantities in both copepods (< 2% of TL, data not shown). In M 

Zanga, WE and TG levels were significantly higher in freeze-sort sa1nples, while A~1PL 

and PL were equivalent in the two types of san1ples (Figure 2.1, Table 2.2). With the 

exception of AMPL levels, which were significantly higher in freeze-sort samples of C. 

hyperbareus, the two methods yielded comparable runounts of all other lipid classes (WE, 

TG, PL) tested for this species. In C. hyperbareus, there was no difference in TL between 

sort-freeze and freeze-sort samples, while in M Zanga, TL was significantly higher in 

freeze-smi san1ples. As expected, TL was much higher (1 order of magnitude) for C. 

hyperbareus than forM Zanga; the former is larger and stores 1nore lipid per unit body 

111ass (Lee and Hirota 1973). 

Assuming for discussion that the sort-freeze n1ethod is 1nore accurate than the 

freeze-sort 1nethod, any discrepancies between the two can be attributed to flaws in the 

latter. This assun1ption is probably sound given that many precautions against possible 

lipid loss and contamination are taken during sort-freeze sampling. The results therefore 

indicate that the freeze-sort method overestin1ated runounts of major lipid classes (WE by 

14o/o, TG by 36%) in Metridia Zanga, and a n1inor lipid class (AMPL-by 37%) in Calanus 

hyperbareus. In M Zanga, the increased lipid (WE, TG) in freeze-sort san1ples was 

probably the result of contan1ination by neighboring copepods on the filters that may 

have leaked lipid from their anal pores during thawing ru1d sorting. Most of the adjacent 

copepods were late stages of Calanus spp. (author's pers. obs.) that store enormous 

2-8 



amounts of WE (Sargent and Henderson 1986) and due to their large size and high lipid 

content, can also contain moderate absolute an1ounts of TG (Figure 2.1 ). Although it is 

suggested that these copepods leaked both WE and TG, the higher TL levels (by 15%) in 

freeze-sort samples of M longa were probably due to WE conta111ination alone. 

In the case of Calanus hyperboreus, higher levels of AMPL (includes 

chlorophyll) in freeze-sort samples n1ay have arisen frmn the adherence of phytoplankton 

to the anin1als: clumps of cells were often seen on filters during sorting. If phytopla11kton 

caused AMPL contamination in freeze-sort satnples, rinsing anin1als after sorting may 

solve the proble1n. The esti1nates of TG and PL in C. hyperboreus were highly variable 

(coefficients of variation (cv) for TG: 35 - 173%; cv for PL: 5 - 94%). Because WE 

accounts for almost all the lipid in C. hyperboreus samples, less abundant classes (i.e., 

TG, PL) in small aliquots applied to Chrmnarods approach detection lin1its and the 

resulting peaks are flattened a11d asyn1111etrical. This lowers measuren1ent precision since 

it becmnes difficult to distinguish these peaks frmn baseline noise. Alternatively, TG 

levels (and possibly PL) in Calanus spp. n1ay be inherently vat·iable, reflecting differing 

nutritional states of individual copepods in populations exposed to patchy food resources 

in situ. Hakanson (1984) found that TG content in C. pacificus responded rapidly 

(compared to WE) to changes in food concentration and starvation. 

In both copepods, monounsaturated (MUF A, one double bond) and 

polyunsaturated fatty acids (PUFA, 2 or n1ore double bonds) were the major fatty acid 
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groups (30 - 59% of total fatty acids, Figure 2.2). Odd-numbered and/or branched fatty 

acids (OBF A) and saturates (SFA, no double bonds) made up the rest of the total in both 

copepods (1 - 9% of total fatty acids). Except for OBFA levels in Calanus hyperboreus, 

which were significantly higher (by 30%) in sort-freeze samples, there were no 

differences in all other fatty acid groups tested, for either species (Figure 2.2, Table 2.3). 

Concentrations of most OBFA were elevated in sort-freeze samples of C. hyperboreus at 

all stations, relative to freeze-sort samples (Table 2.2). In fact, many OBFA present in 

small quantities in sort-freeze samples were not detected in the freeze-sort counterparts 

(Table 2.2, Stations 4 & 5). Perhaps this is because fewer copepods, and hence less lipid, 

were included in most freeze-sort samples (Table 2.1 ). 

In both species, total fatty acids (TFA) were equivalent in SOli-freeze and freeze

sort samples (Figure 2.2, Table 2.3). Although contamination of Metridia Zanga with WE 

probably occurred during freeze-sort sample processing, the fatty acid data do not reflect 

this. On average, copepod wax ester molecules are only 50% fatty acid by mass 

(compared to ~66% for PL (2 fatty acids+ glycerol+ phosphoric acid) and ~90% for TG 

(3 fatty acids + glycerol)), as they are composed of a fatty acid esterified to a fatty 

alcohol of similar carbon number (Sargent and Henderson 1986). Therefore, fatty acid 

contamination by WE will be half that (7%) of total lipid contamination by WE (14%), 

which was usually within the measurement error (cv of TFA estimates: 1 - 31 %; 

mean= 11 %; n=6). 
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For the most part, the freeze-sort method yielded lipid data comparable to the 

more conventional sort-freeze method for Calanus hyperboreus CV. Therefore, it is 

suggested that the former method can provide accurate broad scale lipid data (e.g., WE, 

TL, major fatty acid groups) for this species, but may sometimes be inappropriate for 

sensitive analyses of certain lipid classes (e.g., AMPL) and biomarkers (e.g., OBFA). For 

Metridia longa females, it appears that freeze-sort fatty acid data were fairly robust; 

however, reliable lipid class data were not obtained using this method. In cases where 

large, lipid-rich copepods (e.g., Calanus spp.) are frozen together with smaller ones (e.g., 

Metridia spp. and smaller), levels of contamination in the latter will probably be 

significant. This is especially true if the larger copepods have a greater tendency to leak, 

as was the case with C. hyperboreus (3 7% of individuals lost -5% of TL versus 10% in 

M longa). Leakage of this magnitude by C. hyperboreus was certainly within the 

measurement error (cv of TL estimates: 10 - 52%; mean=23°/o; n=6) suggesting that 

appreciable intraspecific contamination did not occur. 

The robm;tness of the freeze-sort technique could be improved by: (1) optimizing 

the amount of lipid per sample (i.e., including as many animals as possible within 

analytical limits, which may improve quantitation of minor components like OBFA and 

TG), (2) rinsing animals after sorting to remove adhering phytoplankton, and (3) 

preparing the samples in ways that minimize interspecific contamination. In the least, this 

could be achieved by san1pling fewer copepods per filter. Instead of overloading one 

filter with many animals, several sparse filters could be collected per station. This would 
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also ensure sufficient nmnbers of individual species and developmental stages of interest. 

Also, some pre-processing could be performed by roughly separating species into s1ze 

classes by sieving. 
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2.7 Tables 

Table 2.1. San1pling details and description of copepod lipid san1ples (Metridia longa 
fen1ales and Calanus hyperboreus CV) where S-F represents smi-freeze samples and F-S, 
freeze-sort samples (samples taken in triplicate except for M longa S-F samples at 
Station 2). 

Station Date Description Copepods per Location Depth stratum 
(1999) smnple sm11Eled (1n) 

1 04 Sept M longa S-F: (2S , 24, 24) 78°18'N 2SO- 60 
F-S: (9, 8, 8) 74°27' w 

2 07 Sept M longa S-F: (23 , 20) 76°17' N 2SO- 60 
F-S: (10, 10, 10) 71 °SS ' w 

..... 30 Sept M longa S-F: (21 , 20, 20) 7S 0 lS'N 75-0 .) 

F-S: (8, 7, 8) 76°04 ' w 
4 11 Sept C. hyperboreus S-F: (6, 5, S) 78°22' N 250- 50 

F-S: (3, 2, 2) 74°43' w 
s 25 Sept C. hyperboreus S-F: ( 4, 3, 3) 77°48' N 100-0 

F-S: (2, 2, 2) 75°30 ' w 
6 01 Oct C. hyperboreus S-F: ( 4, 4, 4) 75°34' N 2SO- 7S 

F-S: (4, 4, 3) 70°46' w 
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Table 2.2. Absolute amounts of all odd-numbered and/or branched fatty acids detected in sort-freeze (S-F) 
and freeze-sort (F-S) samples of Calanus hyperboreus CV (errors are 1 standard deviation; nd=not 
detected). 

Fatty acida Station 4 Station 5 Station 6 
(~g copepod- 1

) S-F F-S S-F F-S S-F F-S 
i-15:0 0.80 ± 0.17 0.95 ± 0.05 0.56 ± 0.27 0.37 ± 0.33 0.87 ± 0.08 0.41 ± 0.70 
ai-15:0 0.21 ±0.36 nd 0.16±0.14 nd 0.81 ± 0.24 0.67 ± 0.60 
15:0 0.61 ± 0.09 0.43 ± 0.20 0.32 ± 0.07 0.16±0.16 1.52 ± 0.60 1.31 ± 0.46 
15: 1 0.82 ± 0.07 0.30 ± 0.31 0.42±0.10 nd 0.99 ± 0.44 0.77 ± 0.37 
i-16:0 0.17 ± 0.29 nd nd nd 0.13 ± 0.22 0.13 ± 0.22 
i-17:0 nd nd 0.11 ± 0.10 nd 1.28 ± 0.20 1.23 ± 0.34 
ai-17:0 2.30 ± 0.31 1.53 ± 0.79 1.48 ± 0.37 1.32 ± 0.21 1.45 ± 0.57 1.32 ± 0.23 
17:1 1.10±0.78 0.23 ± 0.26 0.28 ± 0.16 0.22 ± 0.02 0.24 ± 0.41 0.23 ± 0.21 

TOTAL 6.00 ± 0.35 3.44±1.46 3.31 ± 0.62 2.15 ± 0.83 7.29 ± 1.77 6.05 ± 2.34 
"small quantities (<0.1 ~tg copepod- 1

) of 17:0 were detected in fewer than half of the samples 
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Table 2.3. Results of statistical analyses, testing numerous response variables in Metridia 
longa fe1nales and Calanus hyperboreus CV for significant differences due to method 
(ns=not significant). 

Metridia longa Calanus hyperboreus 
RESPONSE VARIABLE METHOD METHOD 

F ratio p-value F ratio p-value 
Wax esters F1 13=6.70 0.02 Fu4=0.06 ns 

' 
Triacylglycerols FI ,l3=5.86 0.03 Fu4=2.14 ns 
Acetone-mobile polar lipids FI ,l3=0.40 ns FI ,I4=6 .73 0.02 
Phospholipids F1 13=3.46 ns FI ,I4=3.71 ns 

' 
Total lipid FI,l3=9.09 0.01 FI ,I4=0.16 ns 

Odd and/or branched fatty acids F1,12=0.17 ns FI ,I4=6.70 0.02 
Saturated fatty acids F1 ,12=2.70 ns F1 ,14=0.18 ns 
Monounsaturated fatty acids FI ,I2=3.76 ns FI ,I4=0.07 ns 
Polyunsaturated fatty acids F1,12=0.09 ns F1 ,14=l.82 ns 
Total fatty acids F 1.12=l.S3 ns F1.14=0.73 ns 
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2.8 Figures 
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Figure 2.1. Mean ammmts (~g lipid copepod- 1
) of the principal lipid classes (wax esters 

(WE), triacylglycerols (TG), acetone-mobile polar lipids (AMPL), phospholipids (PL)) and 
total lipid (TL, the sum of all lipid classes including those < 2% TL: hydrocarbons, free
fatty acids, alcohols, sterols, data not shown) in Metridia Zanga fe1nales and Calanus 
hyperboreus CV. At each station, the first bar of each lipid class (and TL) represents sort
freeze samples (S-F) and the second bar, freeze-sort samples (F-S). Error bars are 1 
standard deviation. 
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Figure 2.2. Mean amounts (J..Lg fatty acid copepod- 1
) of fatty acid groups (odd and/or 

branched (OBF A), saturated (SFA), 1nonounsaturated (MUF A), polyunsaturated (PUFA)) 
and total fatty acids (TFA, the sum of all fatty acids) in Metridia longa fen1ales and 
Calanus hyperboreus CV. Organization ofbars as in Figure 2.1. 
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Chapter 3. Incorporation of bacterial fatty acids and changes in a 

wax ester-based omnivory index during a long-term incubation 

experiment with Calanus glacialis Jaschnov 

3-1 



3.1 Abstract 

The incorporation of fatty acid biomarkers into Calanus glacialis Jasclu1ov (CV) 

was traced during a long-ten11 incubation experiment using bacterivorous dinoflagellates 

and diatmns as food. Copepods fed Oxy rrhis marina Dujardin during a 3-week 

accli1nation period developed an omnivorous lipid composition, relative to wild-captured 

copepods, characterized by significant losses of polyunsaturated fatty acids (PUF A) and 

diaton1 fatty acids (16:4(n-1), 20:5(n-3)) and increases in saturated fatty acids and 

18:1(n-7). Levels of a wax ester-based omnivory index (unsaturation coefficient, UC), 

verified by gas chron1atography, also decreased in response to the relatively PUFA-poor 

dinoflagellate. After half of the copepods were switched to a diet comprised of the diatom 

Thalassiosira hispida Syvertsen (PUF A-rich), the data showed reversal to a n1ore 

herbivorous lipid composition (increases in UC and relative mnounts of PUF A a11d 

diaton1 fatty acids). Therefore, it is suggested that UC, derived frmn routine thin-layer 

chron1atography analysis (Iatroscm1), can quickly determine in situ feeding strategies 

(i.e. , degree of omnivory) of wax ester-storing copepods. None of the eight odd and/or 

branched bacterial fatty acids (OBFA) initially detected in C. glacialis increased in 

response to a diet of 0 . 1narina, which was rich in these compounds (1nainly i-15:0 and 

ai-15 :0). Lack of transfer of these and other fatty acids (e.g., 22:6(n-3)) could be related 

to the physiological state of the copepods (early diapause). The bacterial fatty acid 

18: 1 (n-7) 1nay be more useful in inferring connections between Calanus spp. a11d the 

microbial food web than are odd and/or branched chains. 
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3.2 Introduction 

Lipid biomarkers are very useful in the elucidation of trophic relationships mnong 

marine plankton. Lee et al. (1971) were the first to demonstrate the conservative transfer 

of ingested diatom fatty acids (16: 1 (n-7), 20:5(n-3)) into the wax esters of the boreal 

pelagic copepod Calanus helgolandicus during controlled laboratory experin1ents. Since 

then, fatty acids characteristic of diatmns (16:1(n-7)), dinoflagellates (18:4(n-3), 

22:6(n-3)), pry1nnesiophytes (18:5(n-3)), and metazoans (18:1(n-9)) have been used to 

infer in situ ingestion of these prey by copepods in a number of 1narine syste1ns (Sm·gent 

et al. 1985; Kattner et al. 1989; Cripps and Hill 1998; Falk-Petersen et al. 1999). 

It has been suggested that elevated levels of bacterial fatty acids (odd m1d/or 

branched; (n-7) and (n-9) 1nonounsaturates) in cladocerm1s (Desvilettes et al. 1994), 

littoral crabs and gastropods (Meziane and Tsuchiya 2000), deep-sea gastropods (Pranal 

et al. 1996), bivalves (Ben-Mlih et al. 1992; Zhukova et al. 1992) m1d polychaetes 

(Meziane et al. 1997) indicate in situ feeding on (or assi1nilation of) microbial 1naterial 

(e.g., bacterivorous ciliates, sediment, free bacteria, symbiotic bacterial synthate). 

Although in vitro transfer of bacterial fatty acids (ai-15:0, 17:0) between bacteria, 

bacterivorous ciliates, m1d Acartia tonsa has been den1onstrated (Edderington et al. 

1995), their contribution to copepod lipids in situ, especially to dominant oceanic species 

(e.g., Calanus spp.), has not been deten11ined. Under certain conditions, Calanus spp. 

form i1nportant links between the microbial food web and higher trophic levels (Runge 
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and de Lafontaine 1996) and often prefer protozoans to phytoplankton 1n incubation 

experiments (Levinsen et al. 2000). 

Although lipid biomarkers provide true in situ diet histories (unlike incubations), 

the data are qualitative and cannot furnish ingestion rates. Inforn1ation on the tin1e scales 

over which amounts and proportions of lipid vary in response to biological variables 

(e.g. , diet, prey concentration, prey physiological state, copepod feeding history) is 

required to detern1ine quantitative energy flow between predator and prey. At present, 

very little infonnation exists on the in vivo turnover of lipid bimnarkers in copepods on 

an ecologically relevant time scale. In an important series of experi1nents (Graeve et al. 

1994), copepods caught over a broad geographical area (West Spitsbergen to East 

Greenland Shelf), acclimated to feeding on either diatmn- or dinoflagellate-don1inated 

seston, were switched to the opposite prey type. Six weeks were required for the 

con1plete replacement of the "wild" fatty acid signal with that of a mono algal culture for 

Calanus hyperboreus (CV), C. finmarchicus (CV) and C. glacialis (CVI fen1ales). These 

results provide a tin1e fra1ne that integrates in situ "snapshot" data and illustrates the 

response tin1es of copepod lipids to changes in seston cmnposition. Similar studies, using 

prey rich in bacterial fatty acids, could reveal the in vivo behavior and usefulness of these 

bimnarkers in demonstrating connections between copepods and the n1icrobial food web. 

Most lipid biomarkers, including fatty acids, are resolved during gas 

chr01natography where 1nolecules are separated for individual quantification. On the 
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other hand, thin-layer chromatography is used to quantify broad, ecologically relevant 

lipid classes indicative of energy storage, 1nen1brane allocation, pollution and san1ple 

degradation (revievved in Parrish 2000). Rarely are broad lipid classes, even those highly 

influenced by ingested prey (e.g., triacylglycerols), used as dietary bion1arkers. However, 

there is evidence that peak splitting, routinely observed during the analysis of certain 

lipid classes (free fatty acids, triacylglycerols, wax and steryl esters), represents a partial 

separation of esterified fatty acids on the basis of unsaturation (Oshin1a et al. 1987; 

Parrish et al. 1992). Because 1nicroplankton prey groups (e.g., dinoflagellates, diatmns, 

ciliates) have distinctive lipid compositions (Claustre et al. 1989; Viso and Marty 1993; 

Harvey et al. 1997), including son1ewhat predictable degrees of fatty acid unsaturation 

(e.g., higher in phytoplankton than in bacterivorous n1icrozooplankton), ratios between 

split peaks n1ay be useful omnivory indices. 

During a long-term incubation, changes in the lipids of Calanus glacialis in 

response to ingestion of prey with a high proportion of bacterial fatty acids were 

monitored. TI1is experiment included an accli1nation period wherein all copepods were 

fed the bacterivorous dinoflagellate Oxyrrhis marina (CCAP 1133/4). After this period, 

half the copepods were switched to a diaton1 diet. By studying the incorporation and 

dmnpening of lipid signals over an ecological ti1ne scale of 6 weeks, it was detern1ined 

whether bacterial, and other diagnostic fatty acids, could be used to track ingestion of 

bacterivorous microzooplankton by C. glacialis. In addition, I introduce and provide 
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experi1nental evidence for a new mnnivory index that makes use of the natural splitting of 

copepod wax esters during thin-layer chrmnatography analysis. 

3.3 Materials and Methods 

3.3 .1 Cultures 

The diaton1 Thalassiosira hispida (Table 3.1) was isolated frmn water collected 

near the Ocean Sciences Centre (Logy Bay, Newfoundland) and grown in f/2 medium 

(Guillard and Ryther 1962) at -4°C, on a light:dark cycle of 18:6 h. Diaton1s were grown 

in semi-continuous xenic culture in 4-1 Pyrex flasks under constant aeration and were 

harvested for experiments during late exponential phase. The bacterivorous dinoflagellate 

Oxyrrhis marina (CCAP 1133/4) was grown in an artificial seawater + barley medium 

(per litre: 3.75 nli extra salt stock, 2.5 1nl vitamin stock, 25 ml soil extract, 0.5 g tricine, 

40 barley grains; see CCAP website) and maintained in 1-2 1 Pyrex flasks in di1n light at 

-17°C. To harvest 0. marina, barley fragments were removed from exponential phase 

cultures with 40 )JlTI Nitex mesh. To separate bacteria from dinoflagellates, the culture 

was spun in a refrigerated centrifuge (Sorvall RC-513) at 30 x g for 30 minutes, the 

supernatant discarded, and the pellet twice rinsed and re-spun in autoclaved filtered 

seawater (0 .35 )..!ill). Using this n1ethod, it was found that few dinoflagellates ren1ained in 

the supernatant(< 10%), cells appeared healthy (i.e. , nonnal motility and behavior), and 

- 80o/o of the bacteria was removed (data not shown). To obtain carbon measurements of 

cultures, 30-50 1nl were collected on combusted 25 nun GF/F filters, dried (50-60°C), 
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rolled in tin foil and run on a Perkin Ebner 2400 elen1ental analyzer (calibrated with 

acetanilide at a replicate precision of 96-99%). 

3.3.2 Incubation experiment 

Copepods were collected in vertical net tows (11 0 )..!111 mesh) between 225 111 and 

the surface on 21 August 2001 at one station in Conception Bay, Newfow1dland 

(47°32'N, 53°0.8'W). Using a dissecting 1nicroscope and the blunt end of a pipette, ~500 

Calanus glacialis CV were picked out of the net tow catches, placed in aerated filtered 

seawater (0.35 ).!111), and kept in dim light at 2°C until the experi1nent began. Six 2-1 

Pyrex beakers containing 80 copepods each were set up. Each was lightly aerated with an 

air stone and the top covered with alwninum foil. For the first 3 weeks (7-30 Sept), 

animals in all six beakers were fed Oxyrrhis marina (acclimation period); afterward (30 

Sept-19 Oct), half were switched to Thalassiosira hispida (treatment) and half were kept 

on 0. marina (control). Prey was provided at a concentration of ~400-500 ).!g C r' day-' 

(Table 3.1). 

Initially, and every 3-4 days thereafter, prey densities were measured under 

'initial' and 'final' conditions (see below) for the detennination of copepod ingestion 

rates (Frost 1972; Marin et al. 1986). To 1neasure prey densities, beaker contents were 

n1ixed by gentle stirring, 1-2 ml ren1oved, and cell nwnbers detern1ined on a Coulter 

Multisizer II. At the end of each n1easuren1ent interval, 'final' cell samples were taken, 

old incubation water was gently siphoned off and replaced with fresh, aerated (at least 12 
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h) filtered seawater, new prey was pro ided and cell nun1bers determined ('initial'), and 

dead copepods counted and removed. Two controls (prey only) per prey type were also 

set up to estimate culture growth during each measurement interval. 

Copepod lipid samples were taken nine times during the experiment: at t=O and 

every 3-4 (day 3-10) or 7 days (day 13-42) thereafter. Before the addition of new prey, 3 

copepods from each beaker were removed by wide-bore pipette, filtered onto combusted 

25 mm GF/C filters, placed in 2 ml chloroform and stored at -20°C under N 2 atmosphere. 

On the last day of the experiment (day 42), the number of copepods removed for lipid 

analysis was often > 3. Each time fresh culture was supplied to copepods, a sample was 

taken for lipid analysis: 32-50 ml were collected on combusted 25 1mn GF/F filters and 

stored as above. 

3.3 .3 Isolation and fractionation of wax ester 

Copepods were collected at one station in the North Water Polynya (Northern 

Baffin Bay; 78°20'N, 73°20'W; NOW Station 6) on 13 Sept 1999 using ve1iical hauls 

(200 J.-Lm mesh nets) between 150 and 0 m. Unsorted assemblages were filtered onto 

combusted 47 mm GF/Cs, quick-frozen on an aluminum block (pre-cooled to -80°C) and 

stored at -80°C. Later, filters were partially thawed and 48 Calanus hyperboreus 

(females, CV, CIV, CIII) were removed, placed in 2 ml chloroform and total lipids 

extracted (see below). Following Ohman (1997), lipids were dried, re-suspended in 

hexane, and applied to a combusted glass colmm1 (length=16.5 em, internal diameter=1 
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em, glass wool packed into tip) with a 6 ml bed volume of activated (11 0°C, 1 h) 100-200 

m.esh silica gel (~2.7 g). To clean the gel and remove hydrocarbons, the colmm1 was 

rinsed with ~30 1nl 100% hexane. Total wax esters (WE; double peale) were then eluted 

with 45 ml 1% diethyl ether in hexane, dried under a stremn of N2, and weighed to 

constm1t mass. Following a modified version of Saito and Kotani (2000), the two 

components of the double WE peak isolated from C hyperboreus were then separated. 

Using the same column described above, the silica gel was cleaned with 18 ml (3 bed 

volumes) 1:3 dichloromethane:hexane, eluted WE-I with 18 Inl 1:2 

dichloromethane:hexm1e and WE-II with 18 ml 1:1 dichloromethane:hexane. Lipids in all 

fractions were identified using thin-layer chromatography m1d pmiions reserved for fatty 

acid analysis (see below). 

3.3 .4 Lipid analysis 

Lipids were extracted following a modified versiOn of Folch et al. (1957). 

Samples were ground by hand using a metal rod, sonicated ( 4 min) m1d centrifuged ( 125 

x g; 2 min) four times in a 8:4:3 chloroform:methanol:water mixture, and the organic 

layers ren1oved and pooled. To separate and quantify lipid classes, smnples were 

manually spotted on silica-coated Chromarods (SIII) and passed through the flame 

ionization detector (FID) of an Iatroscan MK V. The air m1d hydrogen flow rates were set 

to 2 1 min- 1 and 190 ml min- 1
, respectively. Rod development was done following Parrish 

(1987) where wax esters were resolved by double development in a non-polar solvent 

system (hexane:diethyl ether: formic acid (99: 1 :0.05), 25 min + 20 min). Although this 
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method does not allow for the separation of wax and steryl esters, preliminary analysis 

(short colunm gas clu·omatography) of total WE isolated from Calanus hyperboreus 

showed that the double peak resolved by the latroscan is composed of many wax ester 

species, but contains no steryl esters (Kehoe 2003). 

The following standards (from Sigma-Aldrich Canada Ltd. unless otherwise 

stated) were used to calibrate the Iatroscan and establish peak identities: n-nonadecane 

(hydrocarbon, HC), total wax ester (double peak) isolated from C. hyperboreus (wax and 

steryl esters, WEISE), 3-hexdecanone (ketone, KET), tripalmitin (triacylglcerol, TG), 

palmitic acid (free fatty acid, FFA), 1-hexadecanol (alcohol, ALC), cholesterol (sterol, 

ST), 1-monopalmitoyl-rac-glycerol (acetone-mobile polar lipid (AMPL); diacylglycerol 

(DG)), DL-a-phosphatidylcholine dipalmitoyl (phospholipid, PL). The relative amount 

(%)of each lipid class was determined as a function of total lipid (i.e., the sum of all lipid 

classes detected). 

Fatty acids were quantified as methyl esters by FID using a Varian Model 3400 

gas chromatograph (GC), following total lipid derivatization of samples with BF3-

methanol (85°C, 1 h). Methyl esters were analyzed on an Omegawax column following 

Budge and Parrish (1998). Tricosanoic acid was used as an internal standard, at a 

concentration of ~ 10% total fatty acids. Peal<.s were identified by comparing sample 

retention times to those of commercial standard mixtures (37-component, PUFA No. 1, 

PUFA No. 3, Bacterial Acid Methyl Esters Mix, Supelco (Sigma-Aldrich)) following 

3-10 



Aclanan (1986) and by using a Varian 2000 GC/n1ass spectrometer. Lipid peaks that 

appeared abnormal due to contmnination or machine error (e.g., spiking) were discarded 

and excluded from analyses. The term "odd and/or brm1ched fatty acids" (OBFA) is used 

to describe those fatty acids that have odd-numbered carbon chains (with the exception of 

21 :S(n-3)) m1d/or iso and anteiso brm1ches. This grouping therefore encompasses certain 

cyclic (e.g. , \719:0), saturated (e.g., 15:0), branched (e.g., i-16:0) and monounsaturated 

(e.g. , 17:1) fatty acids. The broader term "bacterial fatty acids" includes OBFA as well as 

other diagnostic bacterial fatty acids (i.e. , 18:1 (n-7)). Relative a111ounts (%) of all fatty 

acids were detennined by comparing individual to total (sum of all detected acids) peak 

areas. 

3.3 .5 5 tatistical analyses 

Changes in lipids during the acclimation period (day 0-23) were described using 

model-! regression analyses (S-Plus 2000). Histograms of residuals were identical in 

shape and distribution before and after arcsine transformation of response variables 

(percentage data). Therefore, all testing was done on untransformed numbers. Correlation 

m1alyses (Pearson, 2-tailed; SPSS 9.0) were used to determine the relationship between 

unsaturation coefficients and (1) polyunsaturated fatty acids and (2) the sum of saturates 

and monounsaturates in total lipid extracts. For all m1alyses, the rejection criterion was 

set to a=O.OS. 
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3.4 Results 

3.4.1 The unsaturation coefficient: a wax ester-based omnivory index 

Total wax ester isolated from Calanus hyperboreus collected in the Nmih Water 

Polynya was 95% pure (5% contamination with HC, AMPL and PL; data not shown) and 

appeared as a double peak on the Iatroscan (Figure 3.1 a). Four other fractions collected 

from the column (18 ml 1 OOo/o hexane (HC); 30 ml 5% diethyl ether (no lipid); 30 ml 

100% diethyl ether (TG and polar lipids); 30 ml 1 OOo/o methanol (PL)) and analyzed by 

Iatroscan revealed no WE, confirming that all recovered WE eluted in one fraction. Aside 

from minor HC contamination, the WE-I fraction contained only WE-I, while some WE-I 

(9% of total WE peak area) remained in the WE-II fraction (Figure 3.1 b,c). 

Total WE of C. hyperboreus was composed almost entirely of equal proportions 

of monounsaturated (MUFA; 47%) and polyunsaturated (PUFA; 47%) fatty acids (Table 

3.2). A small percentage of saturated fatty acids (SFA; 6%) made up the rest of the total. 

Principal fatty acids were 16:1(n-7), 20:1(n-9), 20:5(n-3) and 22:1(n-1). The acyl 

component of WE-I was predominantly 1nonounsaturated (88%) and saturated (1 0%). 

Major MUFA were 16:1(n-7), 20:1(n-9) and 22:1(n-11), while 14:0 and 16:0 were the 

dmninant SFA. In WE-II, most of the fatty acids were polyunsaturated (83%; most of 

which was 20:5(n-3)) and monounsaturated (15%; mainly 16:1 (n-7)). Odd and/or 

branched fatty acids (OBFA) constituted< 1 o/o total fatty acids in all WE fractions. 
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The lipid compositions of WE-I and WE-II illustrate a distinct separation of 

PUFA and other fatty acids (SFA, MUFA) during thin-layer chromatography on 

Chromarods. The ratio between WE-II and total WE, hereafter referred to as the 

unsaturation coefficient (UC), is therefore proposed as an appropriate index of omnivory. 

Copepods feeding primarily on PUF A-rich phytoplankton are predicted to have a higher 

UC than those that with an omnivorous diet that includes bacterivorous ciliates and 

marine snow. 

The estimates ofUC agreed well with independent GC analyses when all Calanus 

glacialis (CV) lipid sm11ples from the current study were considered. A reasonably 

strong, positive correlation (r=0.66 , p<O.Ol) was found between UC and the percentage 

of PUF A in copepods fed during the incubation experiment (Figure 3 .2a). Conversely, 

UC was negatively correlated (r=-0.67, p<O.Ol) with the sum ofMUFA and SFA (Figure 

3.2b) in C. glacialis. Even though I correlate total fatty acids (x-axes) with fatty acids in 

WE alone (using UC as a proxy; y-axes), 80 - ~ 100% of the fatty acids in these san1ples 

originated from this lipid class. 

3.4.2 Lipid composition of cultures 

The lipid class compositions of the two cultures were similar in terms of relative 

contributions of HC (~2%) , SE/WE, KET, ALC (< 1 %), and DG (4-8%) to total lipid 

(Table 3.3). Thalassiosira hispida contained an excess ofFFA (37%), possibly as a result 

of lipolytic enzymes in the diatoms that release fatty acids from acyl lipid classes. A 
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boiling water treatment, which de-activates these enzymes (cf Budge and Parrish 1999), 

significantly reduced FFA (by 78%) and AMPL (by 48%) levels in T hi5pida (Parrish et 

al. unpublished data). In exponential phase cultures of this species, FF A and AMPL 

accumulate as TG is hydrolyzed (Parrish et al. unpublished data). The TG, FFA and 

AMPL levels were therefore corrected accordingly (Table 3.3). Corrected FFA and 

AMPL values for the diatom were similar to those of Oxyrrhis marina (FFA: 8 vs. 4%; 

AMPL: 15 vs. 22%). The major difference between the two cultures was that 0. n1.arina 

had a higher proportion ofPL (38 vs. 6%) and lower proportions ofTG (22 vs. 49%) and 

ST (2 vs. 14o/o). 

Compared to the diatom, Oxyrrhis marina contained higher proportions of OBF A 

(13 vs. 3%) and SFA ( 48 vs. 17%), lower proportions of PUFA (31 vs. 59%) and similar 

propmiions of MUFA (21 vs. 24%) (Table 3.4). In ten11s of individual fatty acids, each 

culture was characterized by distinct, diagnostic fatty acids. In 0. nwrina these were 

i-15:0, ai-15:0, 16:0, 18:1(n-7), 18:2(n-6) and 22:6(n-3), and in Thalassiosira hispida, 

16:1 /n-7), 16:2(n-4), 16:3(n-4), 16:4(n-1 ), 18:4(n-3) and 20:5(n-3). 

3.4.3 Feeding physiology and changes in lipids during the incubation 

Clearance rates of Calanus glacialis were low(~ 2 ml copepod-1 h- 1
) but positive 

during 1nost measurement intervals of the incubation (Figure 3.3a). After some of the 

animals were switched to Thalassiosira hispida (day 23), clearance rates were higher 

(relative to copepods fed Oxyrrhis marina), but this trend was not sustained. During the 
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second half of the incubation, clearance rates generally increased and became more 

variable. Copepods eating 0. m.arina produced pink faecal pellets while those eating T 

hispida produced brown pellets. Copepods usually consumed less than 70% of the cells 

provided at t=O during each measurement interval (Figure 3.3b); the percentage eaten 

rose to 76-90% during measurement intervals (day 23-26, day 26-29) where relatively 

high clearance rates on T hispida were coupled with moderate copepod densities. 

Copepod mortality generally increased during the incubation, with no obvious difference 

between control and treatment (Figure 3.3c). 

Experimental copepods contained mostly WE (mean=87 -96o/o of total lipid; 

Figure 3.4 ). Across all samples, AMPL, TG and PL were the next most important lipid 

classes, ranging between 0.5 and 4.8%, 0.3 and 5.4%, and 0.0 and 3.6% of total lipid, 

respectively. Proportions of HC, FFA, ALC and ST did not exceed 3% of total lipid in 

any sample. Except for minor fluctuations, the lipid class composition remained 

relatively unchanged during the acclimation period, although proportions of WE 

increased slightly and those of TG decreased slightly. The lipid class compositions of 

treatment and control samples were somewhat different. On days 35 and 42, treatment 

samples had relatively high proportions of ST, TG and FFA (compared to day 29), while 

in controls, these lipid classes were almost absent. During the 3-week acclimation period, 

copepod total lipid (TL; ~Lg copepod- 1
) decreased by about 30% and total fatty acids 

(TFA; 1-1g copepod-1
) by about 45% (Table 3 .5, Figure 3 .5). Although regression 
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coefficients describing TL and TFA loss were significant, they accounted for little of the 

total variance (18-20%). 

Principal fatty acids in the total lipid of Calanus glacialis during the incubation 

experiment (all san1ples) were 14:0, 16:0, 16:1(n-7), 20:1(n-9), 20:5(n-3) and 22:1 

((n-11 )+(n-9)+(n-7); (n-11) 1nain ison1er) (Table 3 .5). Absolute amounts of all fatty acids 

(J..lg copepod- 1
) were determined, but because they were highly variable and overall trends 

1nuch less obvious, only relative data are reported. Despite the high OBF A content in 

Oxyrrhis marina, neither the total (~OBFA; Figure 3.5), nor any of the eight individual 

fatty acids detected (Table 3 .5), including potential bimnarkers i-15 :0 and ai-15 :0 (Figure 

3 .6), increased during the acclimation period. Total SPA (~SPA) increased significantly 

(r2=0.34, p<O.OOI), as well as the proportion of 16:0, although very weakly (r2=0.12, 

p=0.03). Although the apparent increase in L:MUFA during the acclin1ation period was 

not significant (Figure 3.5), proportions of 16:1(n-7) and 18:1(n-7) increased very weakly 

(r2=0.11, p=0.04) and n1oderately (r2=0.44, p<O.OOOI), respectively (Figure 3.6). 

Z:PUFA decreased significantly during the acclimation period (r2=0.30, p<O.OO 1; 

Figure 3 .5) probably as a result of the steady decline in the proportion of the dominant 

fatty acid 20:5(n-3) (r2=0.40, p<O.OOOI; Figure 3.6). Additionally, proportions of 

16:3(n-4), 16:4(n-1) and 18:4(n-3) decreased significantly (p~O.OOOI) during this 3-week 

period (r2=0.35, 0.53 0.62, respectively). Proportions of 16:2(n-4) 18 :2(n-6) and 
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22:6(n-3) were unrelated to day. Unsaturation coefficients declined steadily during the 

acclimation period (r2=0.43 , p<0.0001) (Figure 3.5). 

Due to unexpectedly high rates of mortality, copepods were soon depleted, 

shortening the treatment period considerably. Lack of sufficient data and high variability 

during the 3-week treatment period (day 29-42) 1nay have obscured any significant 

relationships between lipids and day caused by the diet switch. However, several 

interesting trends emerged in the data. In C. glacialis treatment smnples, UC, L:PUFA and 

proportions of 16:1 (n-7), 16:2(n-4), 16:3(n-4 ), 16:4(n-1) and 20:5(n-3) were higher a11d 

L:MUFA lower relative to control smnples at day 42 (Table 3.5 , Figure 3.5 , Figure 3.6). 

After the switch, TL and TF A remained relatively constant. 

3.5 Discussion 

3.5.1 The effect of copepod physiological state on lipid turnover 

The copepods used in the incubation experiment were relatively healthy, were 

provided with suitable food at adequate concentrations, and fed on both prey actively and 

without obvious preference. However, the clearance rates reported here were at the low 

end of those estin1ated for pre-, 1nid-, and post-bloom Calanus glacial is CV frmn Arctic 

waters (estimated by gut fluorescence (Tande and Bfnnstedt 1985; Hansen et al. 1990) or 

in " silnulated" in situ incubations (Conover et al. 1991)). In Conception Bay, 

Newfoundland, diapause in Calanus spp. begins around August (Davis 1982; Deibel et 

al. unpublished data), which coincides with the collection time and explains the 
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dmninance of late copepodite stages (data not shown) deep in the water colun1n (animals 

at or below 225 m). 

According to Hirche ( 1996), diapause in Cal anus jimnarchicus (usually as 

copepodite stage V) is characterized by five phases: preparatory (accumulation of lipid, 

seasonal descent), induction (reduced digestive tract and metabolism), refractory 

(torpidity, incapacity to develop), activation (gonadogenesis, competency to develop), 

and tern1ination (moulting, seasonal ascent). The nonnal swinuning behavior, occasional 

n1oulting to adulthood (data not shown), and the active but slow feeding activity observed 

in the incubations suggests that the experimental animals were in the early stages of 

diapause, probably the induction phase. Cyclopoid copepods removed fron1 active 

diapause in situ will eat dm·ing laboratory experiments, although feeding rates and 

digestive enzyme activities are 1nuch reduced (Krylov et al. 1996). 

The lipid composition of wild Calanus glacialis (CV) from Conception Bay 

resembled those of winter-collected Calanus spp. fron1 other marine systems (Lee 1974), 

which are relatively low in PUPA and high in 20:1(n-9) and 22:1(n-11). During times of 

low food availability, these highly energetic MUFA are preferentially conserved (Lee 

1974) and elevated proportions have been used as indicators of food scarcity in situ 

(Kattner et al. 1989). It is uncertain whether these copepods were starving in situ, 

undergoing nom1al compositional changes during early diapause, or were kept too long 

without food before the experilnent began (16 d). Despite the lengthy starvation period in 
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the laboratory, anirnals appeared healthy when the experiment began (e.g. , active 

swim1ning behavior, low mortality, conspicuous oil sacs). Wild-caught C. glacialis had 

probably fed recently on diatoms given that proportions of diagnostic bion1arkers 

(16:1(n-7), 16:4(n-1), 20:5(n-3)) were relatively high whereas those of dinoflagellates 

(18:4(n-3), 22:6(n-3); Viso and Marty 1993) were low. 

The fatty acid composition of the heterotrophic dinoflagellate Oxyrrhis marina 

varies depending on its diet. 0. marina fed on cryptophytes and chlorophytes contain 

large proportions of 16:0 and 22:6(n-3) and sn1aller propm1ions of 14:0, 18-carbon PUFA 

and 20:5(n-3) (Klein Breteler et al. 1999). The bacterivorous strain (CCAP 1133/4) used 

in this study also contained high proportions of 16:0 and 22:6(n-3), in addition to i-15 :0, 

ai-15 :0, and 18:1 (n-7) transferred directly fron1 its bacterial prey. Prelin1inary lipid 

analysis of the bacteria fed to 0. marina showed that they are composed prir11arily of 

i-15:0, ai-15:0, 16:0 and 18:1(n-7) (73% total fatty acids; Stevens et al. w1published 

data). Interestingly, 0 . marina is capable of synthesizing large amounts of essential fatty 

acids (22 :f (n-3) and to a lesser extent 20:5(n-3)), despite their cmnplete absence in the 

diet (none in prey used by us or by Klein Breteler et al. 1999). 

Calanus glacialis fed Oxyrrhis marina for 3 weeks developed an mnnivorous 

lipid cmnposition relative to the wild-captured copepods. Notably, UC decreased as 

copepods ate the relatively PUFA-poor prey and proportions of the bacterial fatty acid 

18:1(n-7) increased. The decrease in UC was probably due mainly to loss of PUFA, 
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specifically 20:5(n-3), and less to increases in proportions of don1inant MUF A and SFA 

(i.e., 16:1 (n-7), 16:0) that were only weakly associated with day during the accli1nation 

period. In addition, absolute mnounts (J.-Lg copepod- 1
) of n1any PUFA declined whereas 

SF A and MUF A ren1ained constm1t (data not shown). The overall magnitude of the fatty 

acid cmnpositional changes seen here was much reduced con1pared to Graeve et al. 

(1994), who found marked responses in bimnarker lipids in Calanus spp. as a result of 

diet (increases/decreases of up to 20%). It is also unusual that proportions of i-15:0, 

ai-15:0 and 22:6(n-3), all elevated in 0. wzarina, did not change in C. glacialis. The 

lowered 1netabolic state of the copepods 1nay have affected the incorporation rates of all 

fatty acids, some more than others. 

Severe starvation in copepods is characterized by n1aj or losses of storage relative 

to structural lipids (Lee et al. 1970), which could result in elevated levels of 1nembrane 

lipids (such as 20:5(n-3) and 22:6(n-3) which are n1ajor PL constituents in Calanus spp. 

(Lee et al. 1971)). Neither indication of severe starvation was observed here: lipid class 

compositions and total proportions of storage lipid (WE + TG) in C. glacialis changed 

little during the incubation and proportions of 20:5(n-3) and :EPUFA declined. Although 

proportions of TG declined steadily during the accli1nation period, this lipid class is 

catabolized very quickly in copepods, cmnpared to WE, and 1nay not be a good indicator 

of n1ajor starvation (Sargent et al. 1976). While C. glacialis lost significm1t absolute 

an1ounts of lipid, TL loss in this experiment (-32%) was con1parable to or less than that 

observed by Graeve et al. (1994) for healthy (very low n1ortality, M. Graeve, personal 
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cmnn1mlication), actively feeding C. finmarchicus CV (40% loss of TL) and C. 

hyperboreus CV (60% loss). 

Although treatn1ent effects were not significant, the observed trends (apparent 

increases in UC and proportions of L:PUFA, 16:l(n-7), 16:2(n-4), 16:3(n-4), 16:4(n-1) 

and 20:5(n-3) in tr~atn1ent san1ples) support the view that the lipid con1position of 

Calanus glacialis changed in response to diet. The increase in proportions of TG and ST, 

rich in T hispida, in treat1nent smnples was further evidence that copepods were 

incorporating dietary lipid despite their physiological state. Therefore, the changes in C. 

glacialis lipids during the experi1nent, particularly the decrease in UC in a11in1als fed 

Oxyrrhis marina, were most likely the result of diet and not starvation. 

3.5.2 Utility of unsaturation coefficients and bacterial fatty acids to Calanus spp. 

The splitting of WE into two peaks during thin-layer chrmnatography will occur 

(using a non-polar solvent system (see Methods; Oshi1na et al. 1987)) if there is a 

bim_odal distribution in WE acyl con1ponents in tern1s of unsaturation (Parrish et al. 

1992). Wax ester splitting was shown here for Arctic Calanus hyperboreus, C. glacialis 

m1d Metridia Zanga (Figure 3.1) and in C. glacial is collected in Conception Bay, 

Newfoundland. All three species store large mnounts of PUFA-rich WE (Sargent and 

Henderson 1986). The fatty acid analysis of each WE peak, confirmed that the first peak, 

WE-I, is composed almost entirely of MUFA + SFA (98%), wllile WE-II contains n1ostly 

PUFA (83%) with a s1nall a1nount of MUFA. Sim.ilar results were found by Saito and 
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Kotani (2000): WE-I in three calanoid copepods (Neocalanus cristatus, N flemingeri, M 

okhotensis) caught in the northwestern Pacific was composed of between 79 to 93% 

MUFA + SFA, while the proportion of PUFA in WE-II ranged from 55 to 88o/o. In 

agreement with Oshin1a et al. (1987), the WE splitting observed was the result of varying 

degrees ofunsaturation of acyl groups and not chain length. 

Typically, lipid classes are separated and quantified using an Iatroscan (silica-gel 

chromatography on Chromarods with flame-ionization detection) or silica-coated plates 

(quantification by densitometer). The fonner systen1 is superior in that its partial sca~u1ing 

facility permits extensive a11alysis of each sample (e.g., qua11titation of 1 0+ lipid classes 

at once), thereby identifying all peaks with greater confidence (reviewed in Parrish et al. 

2000). Unsaturation coefficients can thus be quickly obtained using an Iatroscan, 

providing a robust and easily replicable estimate of copepod feeding history in situ. 

An obvious shortfall of the UC is that it is affected by catabolic processes, such as 

lipid mobilization during diapause for nutrition and gonadogenesis, where PUF A n1ay be 

preferentially metabolized (see references above). UC may thus be most useful during the 

active growing season of copepods: after spawning a11d before diapause. Another 

consideration is the degree of unsaturation of microzoopla11kton fatty acids (for which 

there is very little data). Although bacterivorous ciliates contain less PUPA than 

phytoplankton, herbivorous species ca11 contain significant ainounts, n1ore so tha11 

diatmns a11d dinoflagellates (Claustre et al. 1989; o/oPUF A: tintinids=59, 
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dinoflagellates=42, diaton1s=9). It is possible that UC will be most appropriate as an 

omnivory index in instances where available prey are divergent in their PUPA content. 

These data suggest that OBFA are not useful in tracking the transfer of n1icrobial 

prey to Cal anus spp. The small levels of these fatty acids detected in C. glacial is could be 

the result of bacteria adhering to external surfaces (Huq et al. 1983) or they might 

represent enteric bacteria (Nagasawa and Nemato 1988). However, OBFA in Arctic C. 

hyperboreus (CV), C. glacialis (CV) and Metridia Zanga (CVI fe1nales) appeared in 

neutral but not polar lipid (Stevens et al. unpublished data), suggesting that the signals 

had been assin1ilated and did not represent intact cells (bacterial lipids are predominantly 

polar; Gerin and Goutx 1993). Since OBFA levels in Oxyrrhis marina were relatively 

high and no transfer was detected, it could Inean that the quota for these 1nolecules had 

already been reached. It is unlikely that these fatty acids are quickly modified by 

copepods given that they are more resistant to breakdown in sediments than are PUF A 

(Haddad et al. 1991). The lack of transfer may once again relate to the physiological state 

of the copepods, in which case such an experiment should be repeated with animals 

collected during nud-bloom conditions when digestive enzymes and feeding potential are 

at a Inaxi1nwn (Hassett and Landry 1990). 

On the other hand, the bacterial fatty acid 18:1 (n-7) , wluch is abundant in 

Oxyrrhis marina (15o/o of total), was steadily incorporated by copepods eating these cells. 

Pranal et al. (1996) suggested that high levels of 18:1 (n-7) (up to 18o/o) in gastropods 
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from a hydrothermal vent conm1unity were the result of assinulation of lipid produced by 

endogenous sulfur-oxidizing bacteria. Sin1ilar conclusions were drawn to explain high 

propmiions of 18:1 (n-7) in hydrothermal vent and littoral bivalves (Ben-Mlih et al. 1992; 

Zhukova et al. 1992). Tills bacterial fatty acid 1nay prove useful in demonstrating 

ingestion of1nicrobially-based prey by Calanus spp. in situ. 

3.6 Conclusions 

A newly developed wax ester-based onmivory index (tmsaturation coefficient) 

can quickly deduce the diet histories and feeding strategies of wax ester-storing 

copepods. The bacterial fatty acid 18: 1 (n-7) may be useful in den1onstrating connections 

between Calanus spp. and the 1nicrobial food web. Further understanding of the in vivo 

turnover of dietary fatty acids could lead to a quantitative method for esti1nating true in 

situ omnivorous ingestion rates of zooplankton (versus those derived during "sin1ulated" 

in situ incubations). 
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Table 3. I. Type, chemical composition and concentration of prey fed to Calanus g!acia/is (CV) during a 6-week incubation (error estimates represent one 
standard deviation). 

Culture Type Source Size Mean lipid Mean carbon Mean cells Mean carbon 
(11m) content a contentb provideda,c provideda,c 

(pg cell-1
) (pg celr1

) (cells mr 1 day" 1
) (~tg c r1 day" 1

) 

Thalassiosira chain-forming local isolate 15-25 123.2 ± 70.1 174.3 ± 3.3 2963 ± 588 516 ± 103 
hispida centric diatom (coastal NL) (diameter) (n=5) (n=3) (n=l8) (n=18) 

O>.yrrhis marina bacterivorous CCAP 21-25(1) 100.6 ± 44.8 424.2 ± 33.3 918 ±259 390± 110 
(Strain 1133/4) d i no f1age I\ ate (Oban) 13-15 (w) (n=14) (n=4) (n=60) (n=60) 
ainclude all measurements taken throughout experiment, reflecting changes in culture growth 
br hispida: samples taken in triplicate from I culture flask; 0. marina: samples taken in duplicate from 2 separate cullure nasks 
cbased on prey provided once, at the beginning of each 3-4 day measurement interval 



Table 3.2. Relative fatty acid compositiOn (%) of total wax ester (WE), WE-I and WE-II isolated from 
Calanus hyperboreus collected in September in the Nmth Water Polynya. 

Fatty Acid 
14:0 
14:1 
i-15:0 
ai-15:0 
15:0 
15: 1 
16:0 
!6:1(n-7) 
16:2(n-4) 
l6:3(n-4) 
16:4(n-3) 
16:4(n-1) 
ai-17:0 
17: 1 
18:0 
18:1 (n-9) 
18:1(n-7) 
18:l(n-5) 
18:2(n-6) 
18:2(n-4) 
18:3(n-6) 
18:3(n-4) 
18:3(n-3) 
18:4(n-3) 
18:4(n-1) 
20:0 
20:l(n-11) 
20:l(n-9) 
20:1 (n-7) 
20:4(n-6) 
20:4(n-3) 
20:5(n-3) 
21 :5(n-3) 
22:1(n-11) 
22:1 (n-9) 
22:1 (n-7) 
22:5(n-3) 
22:6(n-3) 
24:1 

2:0BFA 
2:SFA 

Total WE 
3.03 
0.22 
0.10 
0.04 
0.05 
0.10 
1.51 

22.94 
1.62 
1.58 
0.22 
5.14 
0.42 
0.09 
0.14 
2.04 
1.70 
0.36 

c 
c 

0.99 
0.69 
0.70 
2.45 
1.04 
0.35 
0.14 
8.55 
1.84 

c 
0.46 

27.57 
0.12 
8.01 
0.90 
0.17 
1.79 
2.63 
0.13 

0.79 
5.64 

WE-I 
5.96 
0.30 
0.16 
0.08 
0. 11 
0.15 
3.60 

37.97 
1.25 
0.21 

nd 
nd 

0.23 
nd 
nd 

4.35 
3.77 

nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

1.30 
17.71 
4.00 

nd 
nd 
nd 
nd 

16.32 
1.93 
0.31 

nd 
nd 

0.30 

0.72 
10.14 

WE-II 
0.66 
0.16 
0.05 

nd 
nd 

0.08 
0.31 

10.86 
1.92 
3.00 
0.42 
9.84 
0.48 
0.08 

nd 
0.81 
0.17 
0.05 

c 
0.46 
0.83 
0.21 
0.40 
3.41 
1.55 
0.18 

nd 
1.50 
0.44 

c 
0.85 

52.14 
0.22 
0.85 
0.29 

nd 
3.28 
4.49 

nd 

0.69 
1.68 

2:MUFA 47.20 88.41 15.29 
2:PUFA 46.99 1.46 83.03 
c=exclusion of data due to contamination (contaminated values ranged tl·om 1.2-4.0% total fatty acids; these fatty acids 
rarely reach I% of total fatty acids in total lipid fractions of C. hyperboreus collected over a broad geographical area in 
the North Water (see Appendices 7-8); nd=not detected 
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Table 3.3 . Relative lipid class cmnpos1t10n (% total lipid) of late exponential phase 
bacterivorous dinoflagellates and diatoms (numbers expressed as n1eans ± 1 standard 
deviation). 

Lipid Class 

Hydrocarbons 
Steryl/Wax esters 
Ketones 
Triacylglycerols 
Free fatty acids 
Alcohols 
Sterols 
Diacylglycerols 
Acetone-mobile polar lipids 
Phospholipids 

Oxy rrhis marina 
(CCAP 1133/4) 
(n=14) 
2 .1 ± 1.6 
0.6 ± 2.0 
0.8 ± 1.1 
22.3 ± 11.4 
4.3 ± 4.6 
0.1 ± 0.3 
1.8±2.4 
7.7 ± 7.4 
22.2 ± 8.9 
37.5 ± 11.5 

8 Corrected values (Parrish et al. , unpublished) in brackets 

Thalassiosira hispida 
(local isolate) 
(n=5) 
1.8 ± 2.6 
0.5 ± 1.2 
0.6 ± 1.3 
6.1 ± 4.9 (48.8o/ot 
36.6 ± 12.3 (8.1 %t 
0.8 ± 1.1 
14.4 ± 7.3 
3.7 ± 2.3 
29.4 ± 3.4 (15.3%)a 
5.7 ± 2.2 
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Table 3.4. Relative fatty acid compositiOn (o/o) of Oxyrrhis marina and Thalassiosira 
hispida cultures fed to Calanus glacialis (CV). 

Fatty Acida 

14:0 
i-15:0 
ai-15:0 
i-16:0 
16:0 
16: 1(n-7) 
16:2(n-4) 
16:3(n-4) 
16:4(n-1) 
i-17:0 
ai-17:0 
17:1 
18:1(n-9) 
18: 1(n-7) 
18:2(n-6) 
18:4(n-3) 
\719:0 
20:5(n-3) 
22:5(n-3) 
22:6(n-3) 

2::0BFA 
I:SFA 
I:MUFA 
I:PUFA 

Oxyrrhis marina 
(n=14) 

6.51 ± 1.76 
3.31 ± 1.57 
4.46 ± 0.56 
0.85 ± 0.18 

29.01 ± 3.18 
2.26 ± 1.84 

nd 
nd 
nd 

1.33 ± 0.66 
0.42 ± 0.10 
1.02 ± 0.14 
1.99 ± 0.36 

15.13±2.23 
2.89 ± 0.61 

nd 
0.88 ± 0.14 
1.77 ± 0.69 
0.94 ± 0.21 

25.07 ± 5.17 

12.82 ± 2.86 
48.24 ± 5.85 
21.07 ± 4.19 
30.70 ± 5.45 

Thalassiosira hispida 
(n=6) 

6.95 ± 1.46 
0.30 ± 0.08 
0.08 ± 0.04 
0.51 ± 0.17 
6.55 ± 0.38 

21.33 ± 7.85 
2.66 ± 0.47 
3.41 ± 0.85 
7.85 ± 3.58 
0.74 ± 0.43 
0.70 ± 0.08 
0.01 ± 0.02 
1.15 ± 0.28 
0.10±0.01 
0.37 ± 0.07 
5.45 ± 1.01 

nd 
34.58 ± 1.69 

0.01 ± 0.01 
2.15 ± 0.58 

3.12 ± 0.91 
16.53 ± 2.47 
24.14 ± 7.48 
59.34 ± 5.52 

3 data not shown where, in both cultures, OBFA were <0 .5% of the total and even-numbered saturated, 
monounsaturated and polyunsaturated fatty acids were < I %; numbers expressed as means± 1 standard 
deviation; nd=not detected 
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Table 3 .5. Relative fatty acid composition (%), total lipid (TL). total fatty acids (TF A) and unsaturation coefficients 
(UC) in Calanus glacialis (CV) at various points during the 42-day incubation experiment. 

Lipid Wild End of Acclimation End of incubation 
(%) (Day 0) (Da) 23) (Day 42) 

Treatment Control 
14:0 9.96 ± 1. 77 11.08 ± 1.56 11.17 ± 0.78 10.59 ± 0.31 
14:1 0.10 ± 0.03 0.20 ± 0.10 0.22 ± 0.07 0. 16 ± 0.04 
i-15:0 0.13 ± 0.03 0.16 ± 0.06 0.21 ± 0.05 0. 14 ± 0.04 
ai-15 :0 0.07 ± 0.02 0.10 ± 0.03 0. 13 ± 0.02 0.10 ± 0.03 
15:0 0.25 ± 0.01 0.30 ± 0.07 0.30 ± 0.04 0.25 ± 0.01 
15 : I 0. 12 ± 0.01 0.16 ± 0.05 0. 14± 0.02 0.14 ± 0.00 
i-16:0 0.07 ± 0.06 0.06 ± 0.01 0.05 ± 0.00 "0.06 
ai-16 :0 0.03 ± 0.02 0.03 ± 0.00 0.02 ± 0.00 "0.04 
16:0 6.24 ± 0.25 7.27 ± 0.64 7.45 ± 1.73 5.60 ± 0.25 
16 :1(n-7) 19.19± 1.85 21.92 ± 1.64 23 .87 ± 0.56 21 .64 ± 0.23 
16: I (n -5) 0.57 ± 0.06 0.62±0.14 0.71 ± 0.06 0.63 ± 0.09 
16:2(n-4) 1.45 ± 0.11 1.46 ± 0. 15 1.83±0. 17 1.68 ± 0.15 
16:3(n-4) 1.25 ± 0.25 0.77 ± 0.35 0.55 ± 0.15 0.25 ± 0. 10 
16:4(n-3) 0.09 ± 0.03 0.09 ± 0.02 0.08 ± 0.01 0.05 ± 0.01 
16:4(n-1) 2.38 ± 0.62 0.72 ± 0.59 0.64 ± 0.24 0.14 ± 0.08 
i-17:0 0.17 ± 0.02 0.17 ± 0.03 0.21 ± 0.07 0.18 ± 0.04 
ai-17:0 0.35 ± 0.06 0.27 ± 0.08 0.37 ± 0.08 0.27 ± 0.02 
18:0 0.33 ± 0.06 0.42 ± 0.11 0.32 ± 0.13 0.28 ± 0.04 
18:1 (n-9) 2.66 ± 0.31 2.84 ± 0.34 2.78±0.15 2.78 ± 0.08 
18: I (n-7) 0.92 ± 0.06 1.17 ± 0. 16 1.31 ± 0.25 1.18 ± 0.16 
18: I (n-5) 0.35 ± 0.05 0.62 ± 0.20 0.62 ± 0.19 0.47 ± 0.04 
18 :2(n-6) 0.65 ± 0.12 0.67 ± 0.21 0.68 ± 0.07 0.50 ± 0.01 
18:2(n-4) 0.15±0.14 0.09 = 0.17 c c 
18:3(n-6) 0.21 ± 0.24 0.16 ± 0. 14 0.06 ± 0.11 c 
18:3(n-4) 0.07 ± 0.12 0.04 ± 0.05 0.11 ± 0.03 "0.06 
18:3(n-3) 0. 17 ± 0.07 o.::w ± 0.04 "0 . 17 "0.10 
18:4(n-3) 2.46 ± 0.32 1.12 ± 0.46 "0.79 "0.74 
I 8:4(n-1) 0.39 ± 0.04 0.32 ± 0.05 "0.30 "0.34 
20:0 0.08 ± 0.05 0.02 ± 0.03 0.02 ± 0.04 0.03 ± 0.05 
20: I (n-9) 20.51 ± 2.10 18 .93 ± 2.76 18.90 ± 2.52 26.11 ± 2.98 
20:5(n-3) 11.06 ± 1.23 7.77 ± 1.75 10.29 ± 4.05 4.95 ± 2.08 
21 :S(n-3) 0.29 ± 0.25 0.18 ± 0.16 0.21 ± 0.02 0.14 ± 0.07 
22 : I c 14.68 ± 1.57 14.17 ±3.48 12.36 ± 4.09 16.64 ± 1.86 
22:5(n-3) 0.65 ± 0.09 0.46 ± 0.03 0.72 ± 0.24 "0.26 
22:6(n-3) 1.79 ± 0.28 3.29 ± 2.87 2.93 ± 1.90 2.90 ± 2.15 
24 : I 0.59 ± 0.18 1.23 ± 1.1 I 0.83 ± 0.25 0.62 ± 0.00 
Z::OBFA 1.19±0.12 1.23 ± 0.41 1.42 ± 0.24 1.15 ± 0. 15 
Z::SFA 16.91 ± 0.92 20.12 ± 2.05 20.25 ± 2.17 17.50 ± 0.13 
Z::MUFA 59.69 ± 2.74 62.00 ± 4.43 61.47 ± 5.95 70.35 ± 1.32 
Z::PUFA 22.64 ± 1.67 17.88 ± 4.28 18.28 ± 3.99 12.14± 1.45 

TLC 619.29 ± 63.25 418.85 ± 77.27 432.0 ± 122.0 396.2 ± 148.7 
TFAC 274.04 ± 37.83 150.65 ± 59.22 190.8 ± 78.5 228.2 ± 6.0 
uc 0.18 ± 0.02 0.10 ± 0.02 0.09 ± 0.04 0.06 ± 0.03 
"single values 
1"L=totallipid (sum of all lipid classes) ; TFA=total fatty acids (sum of all fatty acids); units for both=~Lg copepod·1 

cthe fatty acids 22 : I (n-Il) (major isomer), (n-9), and (n-7) were not always well separated so all were pooled 
c=exclusion of data due to contamination (all excluded fatty acids (including 20 :3(n-6). 20:3(n-3), 20:4(n-6), 20:4(n-3) ; 
indistinguishable from background noise) were found in small amounts in wild Ca/anus glactalis samples from the North Water 
Polynya (< I% TFA; see Appendices 9-10)) 
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Figure 3.1. Iatroscan chromatogrmns of (a) the double wax ester (total WE) peak of WE
storing copepods frmn the North Water Polynya (main panel: Calanus hyperboreus; insets: 
C. glacialis and Metridia longa) and (b), (c) two chernically distinct WE cmnponents (I and 
II) in C. hyperboreus, separated on a silica gel column. Chrmnatograms show the Iatroscan 
response in 1-1 V versus the position along the 12 c1n Chrmnarod following a pmiial scan. 
The arrow in (c) denotes the contamination of WE-II by WE-I due to incmnplete column 
separation; HC = hydrocarbons. 
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Figure 3.2. Degree of correlation (r=Pearson's product-moment correlation coefficient) 
between unsaturation coefficients (UC; Iatroscan-derived) and relative mnounts of (a) 
polyunsaturated fatty acids (PUF A) and (b) monounsaturated (MUF A) + saturated (SF A) 
fatty acids (determined by gas chromatography (GC)) in experimental Calanus glacialis 
(CV). 
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Figure 3.3. (a) Clearance rates (ml copepod- 1 h- 1
), (b) percentage of food eaten (total cells 

eaten -T- total cells provided at t=O), and (c) n1ortality rates (% dead day- 1
) of Calanus 

glacialis (CV) during each 3-4 day measurement interval. Between days 0 and 23, all 
copepods were fed Oxyrrhis marina ('accli1nation'); between days 23 and 42, 'treatment' 
copepods were fed Thalassiosira hispida and 'control' copepods, 0. marina (see Methods). 
Error bars represent one standard deviation. Legend in (a) same for (b) and (c). 

3-40 



100 
90 
80 
70 

::!<: 
60 

0 50 
40 
30 
20 
10 
0 

100 
90 
80 
70 

'J?- 60 
50 
40 
30 
20 
10 
0 

100 
90 
80 
70 

'J?- 60 
50 
40 
30 
20 
10 
0 

Acclin1ation 

14 

I- WE 12 

10 

::!<: 
" 

6 

4 

2 

0 
7 I 0 16 23 29 35 42 

day 

Treatn1ent 

14 

12 

10 

6 

4 

2 

=He 
=TG 
=FFA = ALC 
=ST 
=AMPL 
IEE333 PL 

7 10 16 23 29 35 42 

day 

'--- 0 ...___~~~~-~~ 
7 I 0 16 23 29 35 42 

day 

Control 

14 

12 

10 

;ft. s 
6 

4 

2 

7 I 0 16 23 29 35 42 

day 

. - 0 ...____~~~~-~~ 
7 Ill 16 23 29 35 42 7 I 0 16 23 29 35 42 

day day 

Figure 3.4. Relative lipid class cmnposition (% of total lipid (sum of all lipid classes)) of 
Calanus glacial is (CV) where each lipid class bar represents a mean of 2-6 observations (± 
1 standard deviation in the case of wax esters); WE=wax esters (left panels), 
HC=hydrocarbons, TG=triacylglycerols, FFA=free fatty acids, ALC=alcohols, ST=sterols, 
AMPL=acetone-mobile polar lipids, PL=phospholipids (right panels). Between days 0 and 
23, all copepods were fed Oxyrrhis marina ('acclimation' ; top panels); between days 23 
and 42, 'treatlnent' (middle panels) copepods were fed Thalassiosira hispida and ' control ' 
(bottom panels) copepods, 0 marina (see Methods). 

3-41 



XOO 2.2 

TL 20 [ ~OBFA 700 

T I X 

'o 
60() 

\tH1 
I C1 I T f+i 

0 
14 

t~ fr 500 ~ Mi "'- 0 

8 1.2 
ell 

400 UJ "-

OK 
300 i=01 8 

p=O.O l U.6 nr 
200 04 

)() 20 30 4U 5U IU 20 3U 4() 5() 

350 24 

3(KJ 

~ 
TFA 

25() T 
'"' 0 lO!J "'-
~ 
8 150 
en 
"- IIKJ 

50 
r2=0.20 
p=O.O l 

IX 

/=0.34 ESFA 
p<O.OO J 

I 

~ [/w-vr 
r 

22 

20 

)(1 

(J 14 
() I!J 20 30 4() 50 

()22 
U.l!J 

t't-i 
uc 

U.IX 

() 16 

0. 14 

~ 
012 

IJ.IU r 
()ox 

~ 0.06 

004 r2=0.43 
0 02 p<O.OOO J 
uoo 

)() 2U 30 40 50 

day 

Figure 3.5. Relationships between mean total lipid (TL~ 1--lg copepod-1
) , mean total fatty 

acids (TFA~ 1--lg copepod-1
), mean unsaturation coefficients (UC~ dimensionless) and mean 

fatty acid groups (sum of percentages (% total fatty acids) of odd and/or branched 
(L:OBF A), saturated (L:SF A), monounsaturated (L:MUF A) and polyunsaturated fatty acids 
(L:PUFA)) and day in Calanus glacialis (CV) acclimation period (Oxyrrhis marina~ 

triangles), treatment (Thalassiosira hispida~ circles), and control ( 0. n1.arina ~ triangles) 
samples. R-square and p-values represent results of model-! regression analyses of lipids in 
acclimation period samples (raw data) versus day (0-23) and 'nr' denotes no relationship. 
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Table 3.4) and day in Calanus glacialis (CV); organization of graphs as in Figure 3.5. 
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Chapter 4. Species-specific differences in lipid composition and 

omnivory indices in arctic copepods collected in deep water during 

autumn (North Water Polynya) 
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4.1 Abstract 

To discern species-specific patterns in omnivory indices in copepods from the 

North Water Polynya, lipid classes and fatty acids were determined in CaZanus 

hyperboreus CV, C. gZacialis CV and Metridia Zanga females sampled below the mixed 

layer during autumn. Generally, M Zanga contained higher proportions of 

triacylglycerols, polar lipids and 18: 1 (n-9) than the other species. M Zanga also had 

lower relative amounts of wax esters (WE), polyunsatuTated fatty acids (PUF A), 

20:1 (n-9), 22:1 (n-11 ), and lower absolute (/-lg copepod-1
) and relative (o/o lipid) lipid 

levels. Unsatmation coefficients (UC; ratio of polyunsatmated to total WE) were usually 

lowest in M Zanga. These differences probably relate to a reduced dependence on 

phytoplankton in M Zanga, and hence more ingestion of PUFA-poor prey. Moreover, 

levels of the camivory index 18:1(n-9)/18:1(n-7) were highest in M Zanga. The data 

presented here support the widespread contention that M Zanga is more omnivorous than 

C. hyperboreus and C. gZacialis. Proportions of bacterial fatty acids (odd-numbered 

and/or branched (OBFA); 18:1(n-7)) and PUFA/SFA (SFA=saturated fatty acids) ratios 

were largely mrrelated to feeding strategy. Relationships between relative and absolute 

amounts of 16: 1 (n-7) and 18: 1 (n-7) in copepods suggest that the latter fatty acid is 

formed in vivo by chain elongation of the former. However, elevated levels of 18: 1 (n-7) 

and OBFA in M Zanga at stations dominated by the microbial loop imply that these 

indices can be used to track ingestion of PUF A-poor protozoans when diatoms are scarce. 
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4.2 Introduction 

01nnivory is a stabilizing process in food webs: it serves to da1npen oscillations 

between consumers and resources, thereby decreasing the likelihood of population 

extinction (McCann et al. 1998). In the marine envirom11ent, mnnivory by copepods is 

common, especially during oligotrophic conditions when abundances of large 

phytoplankton are low relative to protozoans (Ohman and Runge 1994; Levinsen et al. 

2000). Ingestion of protozoans n1ay confer a reproductive advantage to copepods: they 

yield higher secondary production rates in mesocosms, compared to diatoms (Nejstgaard 

et al. 2001), and can contribute substantially to egg production in situ (White and Roman 

1992). In some systems, protozoans are the primary grazers of phytoplankton (Gifford et 

al. 1995; Hansen et al. 1999). By feeding on this repackaged carbon, copepods represent 

an important link between the microbial food web and higher trophic levels (Gifford 

1991). 

The degree to which copepods are omnivorous is influenced by both morphology 

(Anraku and Omori 1963) and foraging tactics (Greene 1988). Generally, "carnivores" 

have spiny mouthparts and actively pursue their prey while "herbivores" rely on a 

feeding cunent and filter suspended cells with setose mouthparts. Despite these 

differences in behavior and morphology, copepods thought to be obligate filter feeders 

can switch to a raptorial feeding mode (Landry 1981; Gismervik and Anderson 1997) and 

copepods that usually feed raptorially can switch to filter feeding (Barnett 1974). 

Presumably tlus switching behavior occurs in response to changes in prey availability and 
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quality, but the mechanisn1s involved in selection are not understood. Given these 

potential sources of variability and the taxonomic diversity of copepod populations in 

situ, detailed species-specific dietary information is required to accurately predict carbon 

flow in n1arine food webs. 

Lipid analysis of zooplankton provides n1uch insight into diet history and feeding 

strategy. Fatty acids specific to diatmns, prymnesiophytes, dinoflagellates, ciliates, 

detritus, and metazoans have been used to infer ingestion of these foods (Mayzaud et al. 

1976; Sargent et al. 1985; Kattner et al. 1989; Desvilettes et al. 1994; Ederington et al. 

1995; Cripps and Hill 1998; Falk-Petersen et al. 1999). On tlus basis, and by using 

propmiions of non-biomarker fatty acids and lipid classes (e.g., fatty alcohols, storage 

lipid, monounsaturated fatty acids, relative lipid content), copepods can be placed into 

broad ecological groups (i.e., omnivorous versus herbivorous; Falk-Petersen et al. 1987; 

Graeve et al. 1994a). Wlule these findings are significant, omnivory indices capable of 

establislung direct links between zooplankton and in1portant members of the n1icrobial 

food web are required. 

Levels of bacterial fatty acids (odd-numbered and/or branched (OBFA); (n-7) and 

(n-9) monounsaturates) have been used to den1onstrate ingestion of microbial material 

(bacterivorous ciliates, sediment, free bacteria, detritus, symbiotic bacterial synthate) in a 

variety of invertebrate groups including crabs (Meziane and Tsuchiya 2000), gastropods 

(Pranal et al. 1996), bivalves (Zhukova et al. 1992), cladocerans (Desvilettes et al. 1994) 
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and polychaetes (Meziane et al. 1997). In vitro feeding experiments have shown that 

increases in proportions of OBFA (Ederington et al. 1995) and 18: I (n-7) and decreases in 

unsaturation coefficients (UC; ratio of polyunsaturated to total wax esters; Stevens et al. 

in press) occur in copepod tissues after ingestion of bacterivorous ciliates and flagellates. 

Low UC are believed to reflect ingestion of prey with a reduced polyunsaturated fatty 

acid (PUF A) content. The usefulness of these three omnivory indices in establishing 

connections between pelagic copepods and the microbial food web in situ has not been 

determined. 

Similar lipid-based indices have been developed and used to demonstrate 

carnivory in other zooplankton groups. High ratios between PUFA and SF A (saturated 

fatty acids) signify carnivorous feeding in Antarctic krill (Cripps and Atkinson 2000). In 

addition, 18:1 (n-9)118: I (n-7) ratios have been used as carnivory indices in polar krill 

(Falk-Petersen et al. 2000), amphipods (Nelson et al. 2001; Auel et al. 2002), benthic 

invertebrates (e.g., decapods, echinoderms, polychaetes; Graeve et al. 1997) and deep-sea 

copepods (Auel 1999). These indices may also help deduce feeding strategies of pelagic 

copepods. 

This work is part of the International North Water Polynya Study, a project aimed 

at determining food web patterns and evaluating the influence of physical parameters on 

biological processes. The North Water is a large area of open water (130 000 lan2
), 

bounded by Ellesmere Island and Greenland, which is generated and maintained by local 

4-5 



winds and currents (Ingram et al. 2002). These physical conditions produce a spectrum of 

changing prey environments (Lovejoy et al. 2002) that present an ideal setting in which 

to investigate copepod omnivory. In this context, the usefulness of UC, 18: 1(n-7) and 

OBFA in demonstrating connections between Calanus hyperboreus CV, C. glacialis CV 

and Metridia Zanga females and the microbial food web during autunu1 was investigated. 

The utility of other dietary indices (i.e., PUFA/SFA, 18:1(n-9)/18:1(n-7)) was also 

evaluated. The chosen species are the most abundant of the large pelagic copepods found 

in the North Water (Ringuette et al. 2002) and are of central importance in oceanic food 

webs (Sargent et al. 1976). Metridia spp. and Calanus spp. occupy different ecological 

niches (references in Norrbin et al. 1990) and it is hypothesized that the proposed 

omnivory indices, as well broad lipid data, will reflect their respective feeding strategies. 

This study represents the first comprehensive analysis of zooplankton lipids in the North 

Water. 

4.3 Materials and Methods 

4.3.1 Classification of regions in the North Water 

Sampled stations were grouped into geographical regions according to Lovejoy et 

al. (2002) who found distinct spatial trends in microplankton assemblages in the North 

Water in July 1998 (Figure 4.1). Although the copepod lipid data presented here were 

collected in autunm (September-October 1999), there is a considerable time lag in 

biomarker accumulation after prey ingestion (ca. 6 weeks; Graeve et al. 1994b ), making 

late summer protist distributions particularly relevant. Given that the phytoplankton 
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bloom was unusually late at Station 58 and 1nicrobial processes dominated until 

Septe1nber (Booth et al. 2002; Lovejoy et al. 2002), this station was not grouped with 

others in the region (i.e., Station 54 near the Carey Islands; Figure 4.1 ). 

4.3.2 Field sampling 

From 1 September to 1 October 1999, discrete strata were sampled below the 

mixed layer at 11 stations in the North Water using a messenger-activated closing net 

system equipped with 200 J..Lm mesh nets and partially closed cod ends (Table 4.1; Figure 

4.1). All nets were towed vertically. Sampled strata represented low chlorophyll 

environments; all were below both the thermocline and sub-surface chlorophyll 

maximum, as verified by in situ fluorescence and CTD (conductivity, temperature, depth) 

traces. Nets were retrieved at a speed of 0.3-0.5 1n s- 1
• As soon as the nets came on board, 

the contents of the codends were gently placed in coolers containing surface seawater. 

Single or triplicate samples of Calanus hyperboreus CV (2-6 individual sample-1
), 

C. glacialis CV (4-10 ind. san1ple- 1
) and Metridia Zanga females (5-27 ind. sample-1

) 

were picked out of the net tow catches using the blunt end of a pipette, a dissecting 

microscope, and a 10 n1l sorting cell (Table 4.1). Sorted copepods were placed in 

specimen cups filled with ~50 ml filtered seawater (0.2 J.-Ll11) and kept on ice. After a 

sufficient number was picked, the contents of the cups were filtered onto con1busted 25 

111m GF/C filters and then folded, quick-frozen on an aluminum block (pre-cooled to 

-80°C), placed in combusted foil envelopes, and stored at -80°C. Unsorted assen1blages 
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of copepods (~200-300 individuals) were also taken from each net tow, collected on 

combusted 47 mn1 GF/C filters , quick-frozen, and stored as above. Later, filters were 

partially thawed and copepods were removed and sorted for dry mass analysis and 

isolation of wax ester (see below). 

4.3.3 Dry mass analysis 

Between 1 and 5 C. hyperboreus CV, 1-8 C. glacial is CV and 1-13 M long a 

females were gently removed from partially frozen filters and placed in pre-weighed, 

con1busted tin cups. Where possible (~70% of the time), 1-2 additional replicate samples 

were taken. The tin cups were then dried at ~60°C and weighed on a Mettler Toledo 

microbalance (UMT2). 

4.3 .4 Wax ester isolation 

A total of 48 Cal anus hyperboreus (females, CV, CIV, CIII) were removed from 

filters collected at Station 6, placed in 2 ml chloroform and total lipids extracted (see 

below). Following Olunan (1997), lipids were dried, re-suspended in hexane, and applied 

to a combusted glass column with a 6 ml bed volume of silica gel. Wax esters (WE) were 

eluted with 45 ml 1 o/o diethyl ether in hexane, dried under a stream ofN2, and weighed to 

constant mass. This native WE (95% pure) was then used to calibrate the Iatroscan. 

Stevens et al. (in press) found that during Iatroscan development, WE in C. hyperboreus 

split according to the degree of unsaturation of acyl lipid. The first peak contained 

predominantly saturated and monounsaturated fatty acids, whereas the second contained 
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n1ostly polyunsaturated fatty acids. Unsaturation coefficients (UC; Stevens et al. in press) 

were calculated as the ratio of the second WE peak area to that of total WE (peak 1 + 

peak 2). 

4.3.5 Determination of lipid classes and fatty acids 

Frozen samples of sorted copepods were brought to the laboratory on ice and 

placed in 2 n1l chloroform. Lipids were extracted following Parrish (1999). To separate 

and quantify lipid classes, smnples were 1TI311ually spotted on silica-coated Chron1arods 

(Sill), developed, and passed through the flame ionization detector (FID) of an Iatroscan 

MK V. The air and hydrogen flow rates were set to 2 1 n1in-1 and 190 n1l min- 1
, 

respectively. Rod development was done following Pan-ish (1987) where WE were 

resolved by double development in a non-polar solvent syste1n (hexane:diethyl 

ether:fonnic acid (99: 1 :0.05), 25 min + 20 min). Conm1-ercial stm1dards (Sig1na-Aldrich 

Canada Ltd.) were used to calibrate the Iatroscan and establish peak identities. 

Fatty acids were quantified as 1nethyl esters by FID using a Varian 3400 gas 

chromatograph (GC), following total lipid derivatization of samples with BF3-methanol 

(85°C, 1 h). Methyl esters were m1alyzed on an 01negawax colmnn following Budge and 

Parrish (1998). Tricosanoic acid (23:0) was used as an internal standard at a 

concentration of ~ 10% total fatty acids. Peaks were identified by comparing smnple 

retention ti1nes to those of cmnn1ercial standard n1ixtures (Supelco, Sig1na-Aldrich 

Canada Ltd.) following Ackman (1986), and by using a Varian 2000 GC/n1ass 
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spectrometer. The term "odd and/or branched fatty acids, (OBF A) is used to describe 

those fatty acids that have odd-numbered carbon chains (with the exception of 21 :5(n-3)) 

and/or iso or anteiso branches. 

4.3 .6 Statistical analysis 

To test for species-specific differences in onuuvory indices between Calanus 

hyperboreus, C. glacialis and Metridia longa, a one-way ANOVA was performed for 

each region of the polynya, in conjunction with post-hoc multiple comparisons (Tukey; 

SPSS 9.0). All testing was done on untransformed values . Model-l regressions were used 

to describe relationships between 16:1(n-7) and 18:1(n-7) in copepod tissues (SPSS 9.0). 

For all statistical testing, the rejection criterion was set to a=0.05. 

4.4 Results 

Across all regions, Calanus hyperboreus CV dry mass ranged from 2.4 to 3.6 mg 

(Table 4.2). C. glacialis CV (1.0-1.4 mg) and Metridia longa females (0.4-0 .5 mg), 

weighed considerably less. The total lipid content of C. hyperboreus (1.5-1.8 mg ind.- 1
) 

was 3-4 times greater than that of C. glacialis (0.4-0.7 mg ind.-1
) and 10-37 times higher 

than in M longa (0.04-0.2 mg ind.- 1
). On a dry mass basis, C. hyperboreus and C. 

glacialis were 46-70% and 32-58% lipid, respectively, while M longa contained 11-35% 

lipid. Within species, regional differences in lipid class composition and lipid content 

were minor in C. hyperboreus and C. glacialis. However, M longa from the Carey Island 
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(CI) region and Station 58 had much lower total lipid levels and contained proportionally 

less lipid as a function of body 1nass than in the other regions. 

Wax esters (WE) were the major lipid class in all species, ranging between 49 and 

93% of total lipid (Table 4.2). Generally, Calanus hyperboreus contained higher relative 

runounts of WE (84-93%) than either C. glacial is (82-90%) or Metridia longa ( 49-75%); 

the latter species always had the lowest values. Triacylglycerols (TG; Sn1ith Sound (SS), 

Central Northen1 Baffin Bay (CNBB)) or phospholipids (PL; CI, West Greenland Current 

(WGC), Station 58) were the next most abundant lipid classes. Proportions of TG were 

generally lower in C. hyperboreus (0-6%) than in C. glacialis (5-9%) ru1d M longa (5-

13%) whose values were roughly equal. The relative abundance of PL was always 

highest in M longa (6-38%) and lowest in C. hyperboreus (2-5o/o) and C. glacialis (2-

3%). Hydrocarbons (HC; 0-3o/o across all sru11ples) and acetone-1nobile polar lipids 

(AMPL; 1-5%) were less important lipid classes. Proportions of methyl esters (ME), free 

fatty acids (FFA), alcohols (ALC), sterols (ST), and diacylglycerols (DG) were almost 

always < 1% of total lipid (data not shown). M longa consistently had higher proportions 

of polar (AMPL, PL) lipid classes (1 0-43o/o) than either Calanus species (3-7%), which 

were richer in neutral lipid (i.e. , WE, TG, ME, FFA, ALC, ST, DG). 

In all but two cases (Metridia longa in WGC and Station 58), 16:1(n-7) and 

20:5(n-3) were the two 1nost abundru1t fatty acids in Calanus hyperboreus, C. glacialis 

and M longa (16:1(n-7)=15-30%, 20:5(n-3)=11-30% total fatty acids overall; Table 4.3). 
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M longa was somewhat different from the two Calanus species in tern1s of its fatty acid 

cmnposition. It contained relatively less 20:1(n-9) and 22:1(n-11), and more 18:1(n-9) 

and 24:1. Moreover, M longa had lower relative an1ounts of 16:4(n-l) and 20:5(n-3), and 

more 22:6(n-3). In the WGC region, 22:6(n-3) was particularly abundant in M longa, 

accounting for 19~o of the total fatty acids. In regions SS, CNBB and CI, proportions of 

16:1 (n-7) in M longa were comparable to or greater than in C. hyperboreus and C. 

glacialis. Except for the WGC region, lv1. longa contained lower proportions of 

polyunsaturated fatty acids (PUF A) and larger relative amounts of monounsaturated fatty 

acids (MUFA) than the other two species. All species contained large runounts of (n-3) 

PUF A and small amounts of (n-6) PUF A. The 111ajor difference between the two Cal anus 

species was that C. glacial is had higher proportions of saturated fatty acids (SF A), 

principally 14:0. 

In the SS, CNBB and CI regions, Metridia longa had significru1tly lower n1ean 

unsaturation coefficients (UC) than both Calanus species (SS: p<0.001, CNBB: p<O.Ol, 

CI: p<0.04; Figure 4.2a). At Station 58, UC was notably low in M longa (0.03) and 

appeared son1ewhat reduced in C. hyperboreus (0.30) and C. glacialis (0.26). In the 

WGC region, mean UC were equivalent across species (p=0.521-0.921). The proportion 

of odd ru1d/or branched fatty acids (OBFA) was usually less than 2% of the total (Figure 

4.2b ). In the SS and CNBB regions of the polynya, C. glacialis had significantly higher 

OBFA levels than C. hyperboreus (SS: p<0.02, CNBB: p<0.04). No other species

specific differences were found in these or other regions. At Station 58, unusually high 
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and moderately elevated OBFA levels were observed m M Zanga (3.9%) and C. 

hyperbareus (1.6%), respectively. 

In regwns SS and CNBB, relative proportions of 18:1 (n-7) were highest in 

Metridia Zanga followed by Calanus hyperbareus and C. gZacialis (SS: p~0.04, CNBB: 

p<O.Ol; Figure 4.2c). In regions CI and WGC, and at Station 58, the srune trend was 

observed, but the patterns of statistical significance were different. In the CI region, a 

difference in the proportion of 18:1 (n-7) was observed only between ]IJ. Zanga and C. 

gZacialis (p<0.03), while in the WGC region, C. glacialis had lower levels thru1 the other 

two species (p<0.01). At Station 58, relative 18:1(n-7) levels were elevated in M Zanga 

(3.2%) and C. hyperbareus (1.8%). Moderate to strong relationships were found between 

relative (r2=0.34, p<0.001; Figure 4.3a) and absolute (r2=0.55, p<0.001; Figure 4.3b) 

runounts of 18:1(n-7) and 16:1(n-7) in copepod tissues. 

In all regions, PUF A/SF A ratios were generally highest in Calanus hyperbareus, 

followed by Metridia Zanga and C. gZacialis (Figure 4.2d). These species-specific 

differences were statistically significant only in the SS region of the polynya (p<0.01). In 

the CI region, PUFA/SF A ratios were significru1tly higher in C. hyperbareus, relative to 

the two other species (p~0.04). In the CNBB and WGC regions, PUFA/SFA ratios were 

significantly higher in C. hyperbareus, as compared to levels in C. gZacialis (CNBB: 

p<0.02, WGC: p<0.03). At Station 58, PUFA/SFA ratios were reduced in all copepod 

species (C. hyperbareus=4.0, C. glacialis=2.2 , M longa=1.7). The 18:1(n-9)118:l(n-7) 
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ratio was highest in M longa, in all regions of the polynya, except at Station 58 (Figure 

4.2e; SS: p<0.001 , CNBB: p<0.001 , CI: p<0.01, WGC: p<0.02). In the SS, CNBB and 

WGC regions, 18:1 (n-9)/18: 1 (n-7) ratios were also significantly higher in C. glacialis, 

relative to C. hyperboreus (SS: p<0.01 , CNBB: p<0.01 , WGC: p<0.04). Values of tllis 

ratio were notably low in M longa at Station 58 (3.9). 

4.5 Discussion 

As a result oftllick first-year ice cover on the southern border of the North Water 

in 1998, sampling of Station 58 was not possible until mid-June (Lovejoy et al. 2002). 

There is thus an incomplete picture of microplankton dynamics at this station, compared 

to others where a semi-continuous 6-month period of data exists (August 1997, April

July 1998, August-October 1999). From the available data, it appears that substantial 

accumulations of diatoms (mainly Chaetoceros socialis) did not occur until September at 

Station 58, while the major phytoplankton bloom at nearby Station 54 (1nostly 

Thalassiosira and Fragilariopsis spp.) occurred in May (Booth et al. 2002). Therefore, 

although both stations were characterized by large num.bers of microbial prey 

(dinoflagellates, ciliates, small flagellates) and few diatoms in July (Lovejoy et al. 2002), 

the copepods at Station 58 were likely in a pre- and not a post-bloom state. Also, 

Middleboe et al. (2002) found that bacterial abundance and production rates were much 

higher at Station 58 than at Station 54 in July, indicating the enhanced importance of the 

microbial loop. Although Station 58 was included in the Carey Island region by Lovejoy 

et al. (2002), it was not labeled as such here because it represented a unique case. 

4-14 



The lipid cmnpositions of all three copepod species, particularly the high levels of 

16:1 (n-7) and 20:5(n-3), indicate that diatoms were an i1npmiant food source in 

Septe1nber in the polynya. Diatom production is prolonged in the North Water, with a 

sizeable Chaetaceras saciaZis population persisting well into autunm (Booth et al. 2002). 

Dinoflagellate bimnarker (22:6(n-3), 18:4(n-3)) levels were high in copepods frmn the 

southeasten1 polynya, particularly in Metridia Zanga females frmn the WGC region where 

1nicrobially-based microplankton (dinoflagellates, ciliates, s1nall flagellates) don1inated at 

the 1% light depth in July (Lovejoy et al. 2002). The fatty acid 16:4(n-1) is a particularly 

useful diatom biomarker (Viso and Marty 1993). Higher proportions of this fatty acid in 

the two CaZanus species, relative to M Zanga, suggest that the former were 1nore 

dependent on diatoms. During periods of food scarcity, arctic copepods preferentially 

conserve energetic long-chain n1onounsaturated fatty acids and use stored PUF A to fuel 

Inetabolisin (Lee 1974). Despite the lateness of the season, the high PUFA contents and 

relatively low 20:1 (n-9) and 22:1 (n-11) levels suggest ongoing active feeding during the 

sampling period. Furthermore, phytoplankton pigments were detected in copepod guts at 

several stations in the polynya in autumn (H. Hattori et al. unpublished data). 

Arctic and Antarctic copepods, including Metridia spp. and CaZanus spp., have 

distinct lipid profiles relating to feeding strategy. Relative to carnivorous or highly 

omnivorous species, copepods that rely heavily on phytoplankton store 1nostly WE and 

very little TG, contain higher proportions of 20:1 (n-9), 22:1 (n-11) and PUFA, have 

longer-chain fatty alcohols in their wax esters, depend highly on lipid stores, and are 
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characterized by a strong seasonal accumulation of lipid (Falk-Petersen et al. 1987; 

Graeve et al. 1994a; Albers et al. 1996). Although fatty alcohols were not analyzed, nor a 

seasonal study perfonned, in all other respects the data presented here confirm that C. 

hyperboreus CV and C. glacialis CV were feeding more herbivorously than were M 

longa fen1ales. 

The unsaturation coefficients corroborate this conclusion. The higher UC noted in 

Calanus hyperboreus and C. glacialis indicate that these species ate proportionally more 

phytoplankton than Metridia Zanga. Although Metridia spp. eat diatoms and autotrophic 

dinoflagellates, known to be rich in PUFA (Viso and Marty 1993), their diet can also 

include substantial amounts of heterotrophic prey including ciliates, flagellates, detritus 

and the small omnivorous copepods Oithona spp. and Oncaea spp. (reviewed in Ron1ano 

et al. 1999 for M gerlachei). Lipid data on these prey items are scarce. However, 

bacterivorous marine ciliates (Harvey et al. 1997) and Oithona spp. from the marginal ice 

zone of the Bellingshausen Sea (Cripps and Hill 1998) contain only s1nall proportions of 

PUFA. Large pelagic copepods incorporate dietary fatty acids relatively unchanged into 

storage lipid (Lee et al. 1971). UC values thus n1irror the relative PUFA content of the 

prey. This index is detennined during routine Iatroscan analysis. Given the robustness of 

this system compared to other n1ethods (reviewed in Parrish et al. 2000), the resulting 

estimates of copepod feeding strategy are more accurate, replicable and quickly obtained. 
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UC and PUFA/SF A were not in agree1nent. It was expected that M Zanga would 

have the lowest values of the PUFA/SFA ratio, relative to both CaZanus species, since it 

is known to store less PUFA (Falk-Petersen et al. 1987; Albers et al. 1996). Instead, 

PUFA/SFA ratios in M Zanga were generally greater than or equivalent to levels in C. 

gZacialis and C. hyperbareus, respectively. This may relate to the high phospholipid (PL) 

content of M Zanga (see Table 4.2), as con1pared to the two CaZanus species. Since 

PUF A/SF A ratios are usually calculated after total lipid derivatization (e.g., Cripps and 

Atkinson 2000; Auel et al. 2002), they contain significant amounts of structural PUFA. 

Calanoid copepod PL is rich in PUFA, primarily 20:5(n-3) and 22:6(n-3) (Fraser et al. 

1989; Albers et al. 1996; Scott et al. 2002). PUFA/SFA ratios may therefore be 

inappropriate for species-specific comparisons when the animals of interest differ in their 

relative PL content. The PUF A/SF A index was not useful in identifying species-specific 

and regional differences in Arctic hyperiid amphipod feeding strategy (Auel et al. 2002). 

As 1nirrors of ingested prey, UC provided n1ore accurate estimates of feeding strategy in 

copepods fron1 the polynya than did PUF A/SF A ratios. 

At Station 58, UC values were low in all three species, particularly M Zanga, 

relative to other regions in the North Water. This result was not surprising, given that 

until September copepods from this station were probably exposed n1ostly to 1nicrobial 

prey (see references above). It therefore appears that UC are also sensitive to spatial 

changes in prey composition. The low values at Station 58 are presun1ably directly 

related to a sustained period of microbial activity (low availability of PUFA-rich 
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phytoplankton). During post-bloom conditions, when diaton1s are less dominant, Calanus 

spp. and Metridia spp. from the North Water ingest substantial numbers of protozoans 

(Saunders et al. tmpublished data). No species-specific differences in UC were detected 

in the WGC region where all species, especially M Zanga, were probably consu1ning 

significant amounts of PUFA-rich dinoflagellates. 

Proportions of odd and/or branched fatty acids (OBFA) in copepod tissues did not 

relate to feeding strategy. There is little reason to believe that OBFA levels should be 

higher in CaZanus gZacialis than in C. hyperbareus in the SS and CNBB regions, 

especially since M Zanga values were equivalent to those in both of these species. At 

Station 58, however, M Zanga had elevated OBFA levels, relative to the other species 

and regions, which agrees with the UC data. Perhaps OBFA accumulate in copepod 

tissues only after prolonged feeding on prey high in these con1pounds and such 

conditions are rare in the diatom-driven North Water. Although detailed information on 

protozoan assemblages at Station 58 is lacking for September, the copepod fatty acid 

profiles observed here could reflect ingestion ofbacterivorous microzooplankton. 

At first glance, it appears that levels of the bacterial fatty acid 18: 1 (n-7) in 

copepod tissues 1nirror differences in feeding strategy, since relative amounts were 

significantly higher in Metridia Zanga than in one or both CaZanus species in most 

regions of the North Water. However, differences between C. hyperbareus and C. 

gZaciaZis were also significant three-quruiers of the time. Close inspection of the fatty 
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acid data revealed that proportions of 16: 1 (n-7) were often higher in M longa and C. 

hyperboreus than in C. glacialis (Table 4.3). Furthermore, there were moderate to strong 

relationships between relative and absolute amounts of 16:1(n-7) and 18:1(n-7) in 

copepod tissues. It is possible that 18: 1 (n-7) levels in all species are a direct result of in 

vivo chain elongation of dietary 16:1 (n-7) (Kattner and Hagen 1995). On the other hand, 

proportions of 18: 1 (n-7) in M long a were elevated at Station 58, relative to other regions, 

and tlus fatty acid (but not 16:1 (n-7)) was shown to increase in C. glacial is following a 6-

week diet of bacterivorous Oxyrrhis marina (0. marina: 15o/o 18:1(n-7), 

16:1(n-7)118:1(n-7)=0.1~ Stevens et al. in press). Although this finding suggests that 

18:1 (n-7) is a promising omnivory index, results could easily be misinterpreted if 

elongation is an important process and, perhaps, where 16:1 (n-7) to 18:1 (n-7) ratios are 

rugh in the prey 0 

High values of the 18: 1 (n-9)118: 1 (n-7) mm1ivory index in M longa, relative to the 

two Calanus species, indicated that during fall in the polynya, this species was the 1nost 

carnivorous. The data also suggest that C. glacialis was generally feeding more 

carnivorously than C. hyperboreus. These patterns conformed to the other lipid data and 

the 18: 1 (n-9)/18: 1 (n-7) ratio may therefore be a useful omnivory index for pelagic 

calanoids. The underlying assumption of this index is that 18:1 (n-9) is derived directly 

frmn anin1al prey, while 18: 1 (n-7) is formed in vivo by chain elongation of the diatmn 

fatty acid, 16:1 (n-7) (e.g., Graeve et al. 1997; Falk-Petersen et al. 2000). In cases where 

diatom productivity is high, as it was in much of current sampling period, the 
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18:1 (n-9)/18: 1 (n-7) index will probably work well. However, in oligotrophic conditions, 

tllis index may be complicated by bacterial input in the diet. Bacteria produce significant 

a111ounts of (n-7) and (n-9) monounsaturates, including 18: 1 (n-7) (Sargent et al. 1987; 

Pranal et al. 1996 and references therein). Graeve et al. (1997) observed n1arkedly low 

18:1(n-9)/18:1(n-7) ratios among deposit-feeding brittle stm·s. Although the authors 

asse11ed that the high 18:1(n-7) content derived from chain elongation of dietary 

16:1 (n-7), a high bacterial input is an equally likely scenario in the benthic environment. 

Low values of the 18:1(n-9)/18:1(n-7) ratio in M longa at Station 58 may be an example 

of this problem, since microbial prey were probably an important part of the diet (high 

OBFA and 18:1(n-7)). 

4.6 Conclusions 

Most omnivory indices tested in this chapter could be used to de1nonstrate 

c01mections between copepods and the microbial food web. Unsaturation coefficients 

were capable of distinguishing between arctic copepods on the basis of feeding strategy 

and levels in animals were also related to spatial differences in prey assemblages. An 

alternative index, PUF A/SF A, was inappropriate for species-specific con1parisons 

because the copepods of interest differed in their relative phospholipid content. 

Proportions of bacterial fatty acids (OBFA, 18:1(n-7)) were less sensitive to differences 

in feeding strategy perhaps because much biological production in the North Water is tied 

to intense and prolonged diatom blooms. Bacterial fatty acids may be particularly useful 

during oligotrophic conditions and m more opportunistic copepod species. 
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18: 1 (n-9)/18: 1 (n-7) ratios proved useful for determining copepod feeding strategy; 

however, this index may not be appropriate when bacteria are an important component in 

the diet. The omnivory indices explored here may aid in predicting carbon flow via 

copepods as further investigations into the North Water food web continue. 
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4.9 Tables 

Table 4.1. Descriptions of Nm1h Water stations where samples of Calanus hyperboreus CV (C.h.), C. 
glacialis CV (C.g.) and Metridia longa females (M.l.) were collected in autumn 1999. 

Region a Station# Date Depth Temperature Range Lipid 
(1999) (m) (oC) Sameles 

Smith Sound 02 11 Sept 250-50 -1 .6 to -1.3 (s) C.h. (6,5,5t 
(SS) -1.5 to -0.6 (d) C.g. (5,5, 1 0) 

M.l. (22) 
03 04 Sept 250-60 -1.3 to -0.4 (s) C.h. (4) 

-1.3 to -0.5 (d) C.g. (4) 
M.l. (25,24,24) 

06 13 Sept 150-75 -1.1 to -0.7 (s) C.h. (6) 
-1.1 to -0.8 (d) C.g. (!0) 

M. l. (15) 
14 25 Sept 300-100 -1.4 to -0.7 (s) C.h. (5) 

-1.1 to -0.4 (d) C.g. (9) 
M.l. (24) 

Central Northern 32 22 Sept 195-75 -1.5 to -0.7 (s) C.h. (5) 
Baffin Bay -1.0 to -0.7 (d) C.g. (9,10,10) 
(CNBB) M.l. (17) 

35 01 Sept 250-60 -1.3 to + 1.5 (s) C .h. (4) 
-1.3 to +0 .2 (d) e.g. (8) 

M.l. (20) 
45 17 Sept 250-75 -1.5 to -0.4 (s) C.h. (3) 

-1.4 to -0.6 (d) C .g. (9) 
M.l. (20) 

Carey Islands 54 07 Sept 250-75 -0.8 to +2.3 (s) C.h. (4) 
(CJ) -0.8 to 0.0 (d) C.g. (7) 

M .l. (25,23,20) 
54 19 Sept 250-75 -0.9 to +0.7 (s) C.h. (2) 

-0.9 to+ 1.5 (d) e.g. (IO) 
M.l. (23) 

Station 58 58 08 Sept 150-50 -1.0 to +1.7 (s) C.h. (4) 
-1.0 to +0.1 (d) e.g. (8) 

M.l. (27) 

West Green land Current 66 29 Sept 250-75 -1.0 to +0.6 (s) C.h. (4) 
(WGC) -1.0 to +1.0 (d) C.g. (9) 

M.l. (5) 
76 01 Oct 250-75 -1.0 to +0.8 (s) C.h. (4,4,4) 

+0.1 to +2.4 (d) e.g. (9) 
M. l. (18) 

"after Lovejoy et al. (2002) 
bapproximate temperature range in surface (s) and deep (d) strata according to CTD traces: deep strata as in preceding 
column; surface strata from top of deep strata to surface 
cnumbers in brackets refer to copepods per sample 
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Table 4.2. Dry mass, lipid content and relative lipid class composition of Calanus hyperboreus ev, C. glacialis ev and Metridia longa females in four 
regions of the North Water (abbreviations as in Table 4.1) and at Station 58 (TL=total lipid, He==hydrocarbon, WE==wax ester, TG=triacylglycerol , 
AMPL=acetone-mobile polar lipid, PL=phospholipid; error estimates are I standard deviation). 

Dry mass TL He WE TG AMPL PL Neutral Polar % Lipid 
(mg ind-1

) (mg ind-1
) (%1 (%) (%) (%) (%) (%) (%) (wt) 

ss 
e.h. 3.05 ± 0.93 1.53 ± 0.29 2.8 ± 0.3 84.2 ± 2.8 5.5 ± 2.9 2.3 ± 2.1 4.5 ± 1.3 93 7 50 
e.g. 1.12 ± 0.36 0.57 ± 0.13 1.8 ± 0.4 82.8 ± 3.4 8.3 ± 3.2 2.0 ± 1.0 3.4 ± 0.8 95 5 51 
M.l. 0.46 ± 0.05 0.16±0.03 0.6 ± 0.3 71.9±3.2 12.2 ± 2.1 3.4 ± 2.0 10.0± 1.3 87 13 35 

CNBB 
C. h. 2.93 ± 0.59 1.79 ± 0.29 1.7±0.4 89.9 ± 2.7 2.9 ± 1.7 2.2 ± 1.1 2.5 ± 1.1 95 5 61 
C. g. 1.39 ± 0.21 0.44 ± 0.07 1.9 ± 0.1 82.1 ± 4.0 9.1±4.3 2.8 ± 1.3 2.5 ± 1.0 95 5 32 
M.l. 0.52 ± 0.02 0.17±0.04 0.4 ± 0.5 75.4±3.5 12.7 ± 2.3 3.9 ± 0.4 6.4 ± 4.3 90 10 33 

Cl 
C. h. 2.38±1.18 1.67 ± 0.28 2.7±1.4 89.5±2.1 3.2 ± 0.0 1.3 ± 0.2 2.6 ± 0.4 96 4 70 
C. g. 1.19 ± 0.19 0.60 ± 0.05 1.4 ± 0.3 88.3 ± 0.6 6.4 ± 1.7 1.5 ± 0.9 1.6 ± 0.6 97 

,., 
51 .) 

M.l. 0.45 ± 0.05 0.06 ± 0.01 0.5 ± 0.0 74.4 ± 5.3 8.1 ± 4.6 3.1 ± 0.8 13.4±3.7 83 17 14 

STN 58 
C. h. 3.23 1.48 1.4 93.1 0.4 2.2 2.5 95 5 46 
C. g. 1.04 ± 0.18 0.55 1.4 90.0 5.6 0.8 1.9 97 

., 
53 .) 

M.l. 0.37 ± 0.03 0.04 0.2 49.3 4.6 5.0 37.7 57 43 1 I 

WGC 
C. h. 3.57 ± 0.40 1.76 ± 0.31 1.6 ± 0.6 90.2±3.1 1.3 ± 1.2 1.7±0.4 3.9 ±0.7 94 6 49 
e.g. 1.19 ± 0.06 0.69 ± 0.06 1.2 ± 0.4 85.9 ± 8.2 4.9 ± 3.6 2.1 ± 0.6 3.4 ± 1.5 95 5 58 
M.l. 0.45 ± 0.01 0.14 ± 0.03 0.5 ± 0.3 73.4 ± 2.7 4.9 ± 1.8 3.0 ± 1.2 16.0 ± 0.3 81 19 30 

~ 
I 
w 
.......... 



Table 4.3. Relative fatty acid composition of Calanus hyperboreus ev, C. glacialis ev and Metridia longa females in 
four regions of the North Water (abbreviations as in Table 4.1) and at Station 58 (OBFA=odd and/or branched fatty 
acids, SF A=saturated fatty acids, M UF A=monounsaturated fatty acids, PUF A=polyunsaturated fatty acids; error 
estimates are 1 standard deviation) . 

Fatty acid" ss eNBB e1 
(%) e.h . e .g. M.l. e.h. e .g. M.l. e.h . C.g M .l. 
14:0 2.8 ± 0.2 8.6 ± 0.7 2.0± 0.3 3.2 ± 0.5 8.3 ± 0.3 2.3 ± 0.5 3.1 ±0. 1 8.6 ± 0.2 1.7 ± 0.3 
i- 15 :0 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.1 ±0. 1 0.2 ± 0.0 0.2± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.1 
ai - 15:0 tr 0.1 ± 0.0 0.1 ± 0.0 tr 0.1 ± 0.0 tr 0.1 ±0.1 0.1 ±0.0 0.1 ±0.0 
15 :0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ±0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ±0.0 0.2 ± 0.0 0.2 ± 0.0 
15 : I 0.1 ± 0.0 0.2 ±0.1 0.3 ± 0.1 0.1 ±0.1 0.2 ± 0.1 0.3 ± 0.0 0.2 ±0.1 0.1 ±0.0 0.3 ± 0.0 
16:0 2.8 ± 0.3 5.9 ± 0.4 5.0 ± 0.4 2.9 ± 0.4 5.8 ± 0.3 5.8 ± 0.5 3.1 ± 0.7 6.1 ±0.2 5.6±0.7 
16:1(n-7) 20.4 ±2.4 18.8 ±2.4 28 .7 ±4.4 25 .3±4.1 20.3 ± 1.0 29.5 ± 6.7 21.8 ± 3.3 19.3±1.0 24 .9 ± 5.9 
i- 17:0 tr 0.1 ±0.1 0.1 ± 0.0 tr 0.1 ±0.0 0.1 ±0.1 tr 0.1 ±0.0 0.2 ± 0.0 
ai-17 :0 0.3 ± 0.0 0.3 ±0.1 0.2 ± 0.0 0.3 ±0.0 0.4 ± 0. 1 0.2 ± 0.0 0.3 ±0.1 0.3 ± 0.0 0.2 ± 0.0 
16:2(n-4) 1.5 ± 0.1 1.0 ± 0.1 0.5 ± 0.1 1.5 ± 0.1 1.0 ± 0.1 0.6 ±0.1 1.6 ± 0.3 !.0 ± 0.0 0.5 ± 0.1 
16:3(n-4) 1.6 ± 0.2 1.6 ± 0.2 0.8 ± 0.1 1.4 ± 0. 1 1.3±0.I 0.6 ± O.I 1.8±0.4 1.5 ± 0.0 0.6± 0.0 
17: l 0.1 ± 0.1 tr nd O. I ±O.I O.I ±0.1 0.1 ± 0.2 0.1 ± 0.0 O.I ± 0.0 nd 
16:4(n-1) 5.3 ± 0.6 5.2 ± 0.4 0.9 ±0.1 4 .1 ± 1.3 4.5 ± 0.4 1.0 ± O. I 4 .6 ± 1.6 4.8 ± 0.8 0.8 ± 0.3 
18:0 0.2 ± 0.2 0.3 ± O. I 0.3 ±O. I O.I ± 0.0 0.2 ± 0.0 0.4±0.1 0.2 ±0.1 0.3 ± 0.1 0.4 ± 0.0 
18: I (n-9) 1.9 ± 0.3 2.5 ± 0.4 12.3 ± 1.1 2.1 ± 0.6 1.9 ± 0.4 13 .2 ± 1.4 1.8 ± 0.0 2.5 ± 0.3 I3.3±2.3 
18:1(n-7) 1.2±0.1 0.8 ± 0.1 2.2 ± 0.4 1.4 ± 0.2 0.8 ± O. I 2.2 ± 0.2 1.2±0.1 0.9 ±0.0 1.9 ± 0.5 
18 :1(n-5) 0.5 ± O. I 0.4 ± 0. 1 0.4 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 0.4 ± O. I 0.5 ± 0.2 0.4 ± 0.0 0.7 ± 0.4 
18 :2(n-6) 0.6 ±O.I 0.4±0.I 1.2 ± 0.1 0.9 ± 0.3 0.5 ± 0.2 1.2±0.1 I.O±O. I 0.6 ± O. I 1.4 ± 0.3 
18:3(n-3) 0.2 ± 0.0 0.3 ±0.1 0.6 ±0.1 0.3 ± O. I 0.2 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.1 0.4 ± 0. 1 
18:4(n-3) 1.8 ± 0.2 2.2 ± 0.2 2.5 ± 0.2 2.7 ± 1.8 1.9 ± 0.2 2.5 ± 0.4 3.1 ± 1.0 2.7 ±0.6 2.7 ± 0.2 
20:1 (n-9) 7.0 ± 1.1 9.7 ± 0.9 3.7 ± 0.8 5.8 ±0.8 7.0±1.7 3.7 ± 1.6 5.9 ± 2.4 9.3 ± 2.0 4 .3 ± 3.9 
20 : I (n -7) l.I±0.3 0.2 ± 0.0 0.3 ± O. I I .4 ± 0.4 0.2 ± 0.1 0.4 ± 0.5 1.0 ± 0.2 0.2 ± 0.0 1.6 ± 2.8 
20:4(n-6) 0.6 ±O. I 0.4 ± 0.1 0.6 ±0.2 0.6 ±O. I 0.5 ± 0.0 1.3±1.2 0.5 ± 0.0 0.5 ± 0.0 0.7 ± 0.4 
20:4(n-3) 0.9 ± 1.1 0.3 ± 0.0 0.5 ± 0.1 0.5 ± 0. 1 0.4 ± 0.0 0.6 ± 0.3 1.2 ± 1.3 0.4 ± 0.0 3.3 ±4.9 
20 :5(n-3) 28 .6 ±4.0 24 .5 ±2.2 I7.3±0.9 25 .5 ± 5.5 30.4 ± 2.5 16.1 ±2.2 28. I ±2.7 25.9 ± 3.8 16.3 ±2.9 
22 :1(n-11) 6.5 ± 1.0 5.9±1.5 1.5 ± 0.5 6.3 ± 1.2 4.6 ±0.6 2.2 ± 0.0 5.0 ± 1.8 4.8 ± 1.0 2. I ± 0.5 
22:1 (n-9) 1.8±0.4 0.8 ± 0.3 0.3 ±0.1 1.4 ± 0.4 0.7 ± 0.3 0.5 ± 0.2 1.0 ± 0.8 0.6 ± O.I 0.5 ± 0.0 
21 :5(n-3) 0.1 ± 0.2 0.7 ± 0.4 0.9 ± 0.7 0.1 ±0.2 0.3 ± 0.0 0.3 ± 0.2 1.0 ± 1.2 0.4 ± 0.0 0.4 ± 0.4 
22:5(n-3) 1.8±0.1 1.0 ± 0.4 1.4 ± !.I 1.9 ± 0.6 1.0±0.1 0.9 ± 0.8 1.9 ± 0.2 0.9 ± 0.2 0.7 ± 0.2 
22 :6(n-3) 5.7 ± 1.6 4.0 ± 1.9 9.9 ± 5.0 5.3 ± 2.2 3.7 ± 1.0 7.1 ± 5.5 4.8 ± I.4 3.7±1.6 8.0 ± 0.2 
24 :1 0.5 ± 0.3 0.6 ± 0.6 2.0 ± 1.2 0.4 ± 0.2 0.3 ± O. I 1.2 ± 0.6 0.6 ± 0.4 0.3 ± 0.0 0.7 ± 0.1 
OBFA 0.8 ± O. I 1.2 ± 0.3 0.9 ± 0.2 0.7 ± 0.1 1.3 ± 0.4 1.2 ± 0.2 0.8 ± 0.4 1.4 ± 0.3 1.2 ± 0.2 
SFA 6.6 ± 0.3 15.7±1.4 8.0 ± 0.6 7.1±1.1 I5.4±0.5 9.5 ± 1.0 7.5 ± 0.9 16.2 ± 0.8 9.0 ± 1.3 
MUFA 41.8±3 .7 40.7 ±2.0 52.2 ± 5.2 45 .7±6.I 37 .2±2.8 54.3 ± 8.0 39 .9±1 .9 39 .2 ±4.7 51.0 ±2.5 
PUFA 51.6 ±3 .9 43.6±3 .1 39.8 ± 5.6 47 .3 ± 6.9 47.4±2.9 36 .2 ± 8.5 52 .6 ± I .O 44.6 ± 5.5 39.9 ± 3.6 
(n -3) 39.4 ± 3.9 33.4 ± 3.4 33 .1 ± 6.0 36.6 ± 6.0 38 .3 ± 2.8 27 .7 ± 8.5 40.7 ± 2.4 34.7 ±4.8 32.2 ±3 .3 
(n-6) 1.8 ± 0.3 I .4 ± 0.2 2.7 ±0.6 2.0 ±0.7 1.5 ± 0.2 4.3 ± 2.2 1.9 ± 0.0 1.5 ± 0.2 3.0 ± 0.2 
"data not shown for fatty acids (excluding odd and/or branched chains) < I% total in all samples (i.e., I4 : I, 16: I (n-5), 16:4(n-3), 
I8:2(n-4), 18 :3(n-6), 18:3(n-4), I8:4(n- I), 20:0, 20:2(n-6), 20:3(n-6), 20:3(n-3), 22 : I (n-7) ; see Appendices 7-I2); tr=trace (<0.1% 
total); nd=not detected 
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Table 4.3. Continued. 

Fatty acid STN 58 WGC 
(%) C. h. C. a. M.l. C.h. C. a. M.l. 
14:0 4.6 8.4 2.7 3.6 ± 0.3 9 .2 ± 0.7 1.4 ± 0.5 
i-15:0 0.2 0.2 0.2 0.1 ± 0.0 0.3 ± 0.0 nd 
ai-15:0 0.3 0.1 0.4 0.1 ± 0.1 0.1 ± 0.0 nd 
15:0 0.4 0.3 1.1 0.2±0.1 0.3 ± 0.1 0.1 ±0.1 
15: I 0.1 0.1 1.0 0.1 ± 0.1 0.2 ± 0.0 tr 
16:0 5.3 6.6 13.1 3.8 ± 0.5 6 .8 ± 1.0 5.6±1.4 
16:1(n-7) 22.3 23.8 19.1 19.3 ± 6.2 21.2 ± 3.6 15.0 ± 1.4 
i-17:0 0.1 0.1 0.1 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.2 
ai-17:0 0.2 0.3 nd 0.2 ± 0 .0 0.2 ± 0 .0 0.2 ± 0.3 
16:2(n-4) 1.3 0.7 0.6 1.0 ± 0.3 0 .9 ± 0.2 0.8 ± 0.6 
16:3(n-4) 0.7 1.0 0.8 0.9 ± 0.4 1.2 ± 0.4 0.2 ± 0.1 
17:1 0.1 nd nd nd 0.1±0.1 nd 
16:4(n-1) 1.6 1.7 0.3 1.5 ± 0.9 2.1 ± 1.1 0 .6 ± 0.4 
18:0 0.4 0.3 1.1 0.3 ± 0.1 0.4±0.1 1.0 ± 0.4 
18:1(n-9) 3.9 4 .6 12.7 2.9 ± 0.7 3.7 ± 1.2 13.6±4.1 
18:1(n-7) 1.8 0.8 3.2 1.4±0.0 0.8 ± 0.1 1.6 ± 0.2 
18:1(n-5) 1.0 0.4 1.3 0.6 ± 0.1 0.4 ± 0.1 0.9 ±0.3 
18:2(n-6) 3.5 1.2 2.2 2.0 ± 0.8 0 .9 ± 0 .5 3.6 ± 1.9 
18:3(n-3) 1.6 0.8 0.5 1.3 ± 0 .7 0 .7 ± 0.2 0.9 ± 0 .1 
18:4(n-3) 10.1 5.7 1.6 8.7±4.1 3.6±1.1 3.7 ± 0.9 
20: 1 (n-9) 3.1 12.0 7.2 10.5 ± 2.5 9.3 ± 1.0 3.5 ± 1.6 
20: 1 (n-7) 0.2 0.2 0.2 1.3 ± 0.3 0.3 ± 0.0 0 .5 ± 0.7 
20:4(n-6) 0.3 0.3 0.2 0.4 ± 0.0 0.4 ± 0.0 0.3±0.1 
20:4(n-3) 1.1 0.7 nd 0 .7 ± 0.6 0.6 ± 0.2 0.5 ± 0.1 
20:5(n-3) 10.9 14.1 11.1 12.7±3.3 15.7 ± 6.6 10.9 ± 4.0 
22:1(n-ll) 8.0 5.3 2.9 7.3 ± 1.3 5.9 ± 0.8 1.1 ±0.5 
22:1 (n-9) 1.9 0.9 0.4 2.4 ± 0.6 0.6 ±0.0 0.1±0.2 
21 :5(n-3) 0.2 0.3 nd 0.3±0.1 1.4±0.9 0.5 ± 0.7 
22:5(n-3) 1.1 0.6 0.2 1.6 ± 0.8 1.2 ± 0.3 3.0 ± 2.0 
22:6(n-3) 7.9 4.9 9 .8 9.8 ± 1.2 6.9 ± 1.0 19.1 ± 4.3 
24:1 0.4 0.4 1.9 0.8 ± 0.5 1.8 ± 0.2 6.4 ± 3.0 

OBFA 1.6 1.3 3.9 0.9 ± 0.3 1.4±0.3 0.8 ± 0.4 
SFA 12.2 16.5 20.2 8.5 ± 0.9 17.7 ± 1.7 9.5±2.1 
MUFA 44.5 49 .5 50.8 47 .9±1.8 45 .0 ± 5.5 44.6 ± 6.5 
PUFA 43.3 33.9 29.0 43.5 ± 1.3 37.3 ± 7.2 45.9 ± 8.6 
(n-3) 33.5 27.5 23.1 35.5±2.1 30.3±7.1 38.6 ± 8.4 
(n-6) 4.6 2.3 2.7 3.3 ± 0.8 2.0 ± 0.9 4 .8 ± 1.2 
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4.10 Figures 
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Figure 4.1. Stations srunpled below the 1nixed layer in the North Water Polynya during 
autumn 1999 (Regional groupings after Lovejoy et al. (2002) where SS=Smith Sound, 
CNBB=Central Northern Baffin Bay, CI=Carey Islands and WGC=West Greenlru1d 
Current). 
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Figure 4.2. Values of several dietary indices in Calanus hyperboreus CV, C. glacialis CV 
and Metridia longa females from four regions of the North Water (regional abbreviations 
as in Figure 4.1 ), and at Station 58, sampled in autumn 1999 (UC=unsaturation coefficient; 
PUF A=polyunsaturated fatty acids; SFA=saturated fatty acids; error bars represent 1 
standard deviation;'*' denotes significance at a=0.05). 

4-36 



(a) 3.5 

r2=0.34 0 
n=47 

3.0 p<O.OOl 

2.5 0 
ego ,....__ 

t--
I 

c 0 oo '-" 
2.0 0 00 

0 Oo 
~ 

1.5 0 
o~o (Q) 

0 0 000 
1.0 0 

~8 © 
0 

0.5 
10 15 20 25 30 35 40 

o/o 16:1(n-7) 

(b) 
10 

r2=0.55 
n=47 

8 p<O.OOl 

·~ 
Q 
01) 6 0 
8 0 0 ,....__ 

~ t--
I 

s:: 
'-" 4 
00 

01) 

::t 
2 

0 20 40 60 80 100 120 140 160 180 200 

).lg 16:1 (n-7) mg DM-1 

Figure 4.3. Relationship between (a) relative(%) and (b) absolute ().lg mg DM-1
; DM=dry 

n1ass) amounts of 16:1(n-7) and 18:1(n-7) in copepods collected during autumn in the 
North Water (regression statistics in upper left hand corner of each panel). 

4-37 



Chapter 5. Copepod omnivory in the North Water Polynya during 

autumn: spatial patterns in lipid composition 
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5.1 Abstract 

To deduce spatial patterns in copepod lipid cmnposition and feeding strategy in 

the North Water Polynya, three dominant species were sampled extensively over a broad 

geographical area (~75-78°N; 77-69°W). Calanus hyperboreus CV, C. glacialis CV and 

Metridia Zanga females were collected in shallow and deep strata at 16 stations during 

autumn. Principal components analysis revealed that all species fed omnivorously in the 

southeastern (SE) region of the polynya. Here, copepods generally had elevated levels of 

carnivorous (e.g., 18:1(n-9)), dinoflagellate (e.g., 18:4(n-3); 22:6(n-3)) and bacterial fatty 

acid markers (e.g., odd-numbered and/or branched; 18:1 (n-7)). Copepods in the SE 

contained low proportions of diatom (e.g., 16:4(n-1); 20:5(n-3)) and phytoplankton (e.g., 

polyunsaturated fatty acids) markers, relative to animals from northwest stations. Values 

of the omnivory index "UC" (unsaturation coefficient) were also low in the SE, which 

implied reduced phytoplankton ingestion. Spatial patterns in seston fatty acid 

cmnposition resembled the dietary signatures in that dinoflagellate and bacterial indices 

were highest in the SE. Estimates of primary production, particulate organic carbon, 

carbon to chlorophyll ratios, and abundances of diatoms, dinoflagellates and bacteria, 

provided further evidence of the importance of the microbial loop at SE stations. Similar 

spatial patterns in feeding strategy were observed in both sampling layers, indicating that 

copepods frmn the entire water colunm were feeding on a similar food source. 
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5.2 Introduction 

Fatty acids have been used extensively in zooplankton ecological studies to 

determine trophic relationships and diet (e.g., Falk-Petersen et al. 1987; Kattner et al. 

1989; Desvilettes et al. 1994; Cripps and Hill 1998; Scott et al. 1999; Falk-Petersen et al. 

2000; Nelson et al. 2001; Auel et al. 2002). These compounds are suitable dietary 

biomarkers because they can differentiate between prey groups (Ackman and Tocher 

1968; Volkman et al. 1989; Viso and Marty 1993), they are conservative (Lee et al. 1971; 

Weers et al. 1997) and are essential for optimal growth and development (Brett and 

Mtiller-Navarra 1997; DeMott and Mtiller-Navarra 1997). 

The fatty acids 16:1(n-7), 20:5(n-3) (eicosapentaenoic acid; EPA), 16:4(n-1), 

16:2(n-7) and 16:2(n-4) are diatom biomarkers (Viso and Marty 1993). Principal 

dinoflagellate indicators are 18:4(n-3) and 22:6(n-3) (docosahexaenoic acid; DHA) (Viso 

and Marty 1993 ). Diaton1s thus contain primarily C 16 and C2o PUF A (polyunsaturated 

fatty acids), while dinoflagellates are characterized by C 1s and C22 PUFA. DHA to EPA 

ratios have been used to show dominance of dinoflagellates over diatmns in the seston 

(Budge and Parrish 1998) and may also be applicable to zooplankton. Odd and/or 

branched fatty acids (OBFA) and (n-7) and (n-9) monounsaturates (e.g., 18:1(n-7)) are 

considered markers of bacteria (Sargent et al. 1987; Kaneda 1991; Pranal et al. 1996 and 

references therein). The fatty acid 18:5(n-3) has been used as a marker of both 

prymnesiophytes (Sargent et al. 1985; Pond et al. 1998) and dinoflagellates (Mayzaud et 
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al. 1976). Relative proportions of the above acids in zooplankton tissues have been used 

to infer diet in 1nany aquatic environments (e.g. , Sargent et al. 1985; Kattner et al. 1989; 

Desvilettes et al. 1994; Nelson et al. 2001). 

Broad feeding strategies of zooplankton can also be established using fatty acid 

co1nposition. High ratios between (n-3) and (n-6) PUFA, as well as 16:1(n-7)116:0 > 1, 

are considered indications of herbivory in copepods (Sargent and Falk-Petersen 1981; 

Graeve et al. 1994). In addition, copepods feeding herbivorously generally contain higher 

proportions of PUFA than those feeding omnivorously or carnivorously (Falk-Petersen et 

al. 1987; Graeve et al. 1994). Monounsaturated fatty acid distributions are also related to 

feeding strategy. Copepods feeding herbivorously contain high relative amounts of 

20:1(n-9) and 22:1(n-11), and cmnparatively little 18:1(n-9) (Graeve et al. 1994). The 

fatty acids 20:1(n-9) and 22:1(n-11) are thought to be formed de novo by polar copepods 

via desaturation and elongation of saturated fatty acids originating fro1n a phytoplankton

don1inated diet (Kattner and Hagen 1995). 

Fatty acid biomarkers are particularly useful in monitoring diet over large 

geographical areas where gradients in n1icroplankton assemblages_are often encountered. 

Copepods collected in open water versus marginal ice zones (MIZ) in the Arctic and 

Antarctic had distinct lipid compositions that closely mirrored the available prey (Kattner 

et al. 1989; Cripps and Hill 1998). In these studies, copepods at bloom stations contained 
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high proportions of diatom biomarkers and were lipid-rich. Conversely, animals from the 

MIZ, largely exposed to flagellates, contained high proportions of 18 :4(n-3) and 

22:6(n-3). It was also shown that omnivory was more conu11on in low chlorophyll 

envirom11ents. These results imply that copepods eat the n1ost abundant prey. In response 

to phytoplankton shortage, copepods often switch to alten1ate prey including nauplii 

(Landry 1981 ), ciliates (Atkinson 1996) and heterotrophic dinoflagellates (Levinsen et al. 

2000). 

In large-scale spatial studies where many biological and environmental variables 

are si1nultaneously measured, 1nultivariate statistics can aid greatly with data 

interpretation and illustration of important differences among samples. Tools such as 

principal components analysis and cluster analysis have been used to detern1ine sources 

of organic n1atter in estuarine environments (Yunker et al. 1995; Colon1bo et al. 1996), 

establish causal relationships between biological processes and environmental conditions 

(J6nasd6ttir et al. 1995), delineate biotic cmnmunities (Field et al. 1982; Mees and 

Han1erlynk 1992) and identify zooplankton feeding strategies (Hopkins 1987; Hopkins 

and Torres 1989; Albers et al. 1996; Cripps and Hill 1998). 

This chapter is part of the International North Water Polynya Study, a Inulti

disciplinary investigation into the workings of a remote polar system. The North Water is 

a large, productive, recurring polynya in northern Baffin Bay that supports large seabird 
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and manne mammal populations (Detning et al. 2002). Inflows fron1 three principal 

points converge to produce the water colun1n structure characteristic of the N mih Water: 

(1) Arctic inflow via Smith Sound in the nmih and (2) Jones Sound in the southwest, and 

(3) the West Greenland Current in the southeast (Bade et al. 2002). These water 1nasses 

are associated with distinct 1nicroplankton communities (Lovejoy et al. 2002a) and 

varying levels of phytoplankton biomass (Klein et al. 2002) and diatom productivity 

(Tremblay et al. 2002). It is proposed that these prey gradients will produce spatially 

distinct groups of copepods with different lipid compositions and feeding strategies. 

Although a number of pritnary trophic linkages have been established throughout 

the North Water (Acufia et al. 2002; Karnovsky and Hunt 2002; Hobson et al. 2002; 

Middleboe et al. 2002), copepod diet has not yet been rigorously investigated in a spatial 

context. This chapter reports the lipid compositions of three dominant arctic copepods 

(Calanus hyperboreus CV, C. glacialis CV, Metridia Zanga CVI (female)) collected at 

nm11erous stations in the North Water. Using principal components and cluster analyses, I 

classified regions of the polynya dominated by herbivory and on1nivory and identified 

prin1ary dietary itetns in each. These analyses also allowed assessment of spatial changes 

in bacterial dietary input, diapause and general copepod health. 
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5.3 Materials and Methods 

5.3.1 Field sampling 

From 27 August to 01 October 1999, copepods were collected at 16 stations in the 

North Water polynya (Table 5.1; Figure 5.1). Animals were collected from one or two 

discrete strata using a messenger-activated, closing net system equipped with 200 )..1m 

mesh nets and partially closed codends. All nets were towed vertically and were retrieved 

at a speed of 0.3-0.5 m s-1
• CTD (conductivity, temperature, depth) and fluorescence 

profiles were used to determine sampling strata. Generally, upper strata (e.g., 75-0 m) 

were above the thermocline and contained peak fluorescence values while deep strata 

(e.g., 250-75 m) were below the thermocline and were characterized by low, uniform 

fluorescence values. 

Single or triplicate samples of Calanus hyperboreus CV (2-8 individual sample- 1
), 

C. glacialis CV (3-11 ind. sample-1
) and Metridia Zanga females (5-27 ind. sample-1

) 

were picked out of the catches using the blunt end of a pipette, a dissecting microscope, 

and a 10 ml smiing cell (Table 5.1). Sorted copepods were placed in specimen cups filled 

with ~50 ml filtered seawater (0.2 1-1m) and kept on ice. After a sufficient number was 

picked, the contents of the cups were filtered onto combusted 25 1mn GF/C filters and 

then folded, quick-frozen on an aluminum block (pre-cooled to -80°C), placed in 

combusted foil envelopes, and stored at -80°C. Unsorted assemblages of copepods (~200-

300 individuals) were also taken from each net tow, collected on combusted 47 nun GF/C 
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filters , quick-frozen, and stored as above. Later, filters were thawed and copepods were 

removed and sorted for dry mass analysis and isolation of wax ester (see sections 5.3.2 

and 5.3.3). 

Seston samples were collected using a rosette (General Oceanics Inc.) equipped 

with 10-1 Niskin bottles and a CTD (ICTD, Falmouth Scientific Inc.). Water from depths 

conesponding to copepod sampling strata (i.e. , the 1% light depth and within the deep 

stratum (e.g., 200m)) was collected at most stations. The 1% light depth was determined 

aboard ship using a Secchi disk, in situ PAR (photosynthetically available radiation) 

profiles, or a posteriori using established relationships between the euphotic depth (1% 

light) and chlorophyll concentration in the euphotic zone (see Klein et al. 2002). Because 

different methods of determination were used, shallow seston sampling depths did not 

always correspond to the 1% light depths (compare columns 3 & 7 of Table 5.1). Water 

was gently drained from the bottles with silicon tubing and collected in 10-1 

polycarbonate carboys. Between 3.2 and 5.3 1 seawater from each depth were collected 

on combusted 47 mm GF/F filters , quick-frozen on the aluminum block and stored at 

-80°C. Although rare, any visible zooplankton retained by the filters were removed and 

discarded. 
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5.3.2 Dry mass analysis 

Between 1 and 5 Calanus hyperboreus CV, 1-8 C. glacialis CV and 1-13 

Metridia Zanga females were gently removed from thawed filters and placed in pre

weighed, combusted tin cups. Where possible (> 80% of the time), 1-2 additional 

replicate san1ples were taken. The tin cups were then dried at ~60°C and weighed on a 

Mettler Toledo microbalance (UMT2). 

5.3.3 Wax ester isolation 

Forty-eight Calanus hyperboreus (females, CV, CIV, CIII) were removed from 

filters collected at Station 06, placed in 2 ml chloroform and total lipids extracted (see 

section 5.3 .4). Following Olunan (1997), lipids were dried, re-suspended in hexane, and 

applied to a combusted glass colun1n with a 6 ml bed volume of silica gel. Wax esters 

(WE) were eluted with 45 ml 1% diethyl ether in hexane, dried under a stream ofN2 , and 

weighed to constant mass. This native WE (95% pure) was then used to calibrate the 

Iatroscan. Stevens et al. (in press 'a') found that during Iatroscan development, WE in C. 

hyperboreus split according to the degree of unsaturation of acyl lipid. The first peak 

contained predominantly saturated and monounsaturated fatty acids, whereas the second 

contained mostly polyunsaturated fatty acids. Unsaturation coefficients (UC; Stevens et 

al. in press 'a') were calculated as the ratio of the second WE peak area to that of total 

WE (peak 1 + peak 2). UC have been shown to reflect diet: high values in copepods 
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correspond to herbivory and low values to ingestion of microbial prey (Stevens et al. in 

press 'a'). 

5.3.4 Determination of lipid classes and fatty acids 

Smnples were brought to the laboratory on ice and placed in 2 ml chlorofonn. 

Lipids were extracted following Parrish (1999). To separate and quantify lipid classes, 

sa1nples were manually spotted on silica-coated Chromarods (Sill), developed, m1d 

passed through the flmne ionization detector (FID) of an Iatroscm1 MK V. The air and 

hydrogen flow rates were set to 2 1 min- 1 and 190 1nl min- 1
, respectively. Rod 

developn1ent was done following Parrish (1987) where WE were resolved by double 

developn1ent in a non-polar solvent system (hexane:diethyl ether:forn1ic acid (99: 1 :0.05), 

25 min + 20 n1in). Conm1ercial standards (Sigma-Aldrich Canada Ltd.) were used to 

calibrate the Iatroscm1 and establish peak identities. 

Fatty acids were quantified as methyl esters by FID usmg a Varian 3400 gas 

chromatograph (GC), following total lipid derivatization of saiTiples with BF3-methanol 

(85°C, 1 h). Methyl esters were analyzed on a11 Omegawax colunm following Budge a11d 

Parrish (1998). Tricosanoic acid (23 :0) was used as an inten1al standard at a 

concentration of ~ 10% total fatty acids. Peaks were identified by cmnparing san1ple 

retention times to those of cmnmercial standard 1nixtures (Supelco, Sign1a-Aldrich 

Canada Ltd.) following Ackman (1986), and by using a Varian 2000 GC/mass 
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spectrometer. The term "odd and/or branched fatty acids" (OBF A) is used to describe 

those fatty acids that have odd-nun1bered carbon chains (with the exception of 21 :5(n-3)) 

and/or iso or anteiso branches. 

5.3.5 Statistical analysis 

Principal components analysis (PCA; SPSS 9.0) was used to elucidate spatial 

patterns in copepod lipid composition and lipid-based omnivory indices. Because 

Calanus spp. and Metridia spp. have unique lipid compositions related to feeding strategy 

(Stevens et al. in press 'b ' ), species were considered separately in order to n1aximize 

spatial resolution. Tables 5.2-5.6 show all of the variables that were significantly 

correlated with either of the first two principal components (r;;:::J0.7J; Meglen 1992) or 

were of particular interest (i.e., omnivory indices UC, 18:1(n-7), L:OBFA). Collectively, 

the variables in these tables account for most of those included in all PCA (see Appendix 

15 for all variables included in each analysis and Appendices 1-12 for corresponding raw 

data). Following Meglen (1992), variables with missing values in > 30% of cases were 

excluded from analyses; otherwise, missing values were replaced with variable n1eans 

and cases below detection limits were included as zeros. In the interest of space and 

clarity, estimates ofvariability associated with triplicate samples (see Table 5.1) were not 

shown in Tables 5.2-5.6 (overall, individual coefficients of variation (cv) ranged between 

0.05 and 173.21 ; mean cv ranged between 21.90 and 46.74; see raw data in Appendices 

1-12). Prior to analysis, all variables were standardized (z-scores) . 
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PCA loadings are the correlation coefficients between the original variables and 

the principal components - linear, orthogonal combinations of these variables that 

smnmarize natural associations within the data (Me glen 1992). Loadings (e.g., Figures 

5.2a- 5.6a) thus show relationships among variables. PCA scores are the positions of the 

original variables along the new axes (principal components; PC). Graphical 

representations of the scores on these axes (e.g., Figures 5.2b - 5.6b) show relationships 

among samples (Meglen 1992). The loadings 1natrix is used in the derivation of scores, 

thus variables with high loadings are the most influential in the calculation of scores. 

Discrete station groups (Figures 5.2b - 5.6b) were objectively delineated by perfonning 

hierarchical cluster analysis (CA; SPSS 9.0) on PC-1 and PC-2 scores. The ntm1ber of 

clusters was determined visually, by plotting agglomeration coefficients against 

clustering stage. Clusters con1bined in stages preceding the steepest increase in 

coefficient value (which represents a significant infonnation gain, or, between-case 

dissimilarly) were not recognized. 

5.4 Results 

In all five PCA perfonned (surface-layer Calanus hyperboreus & C. glacialis; 

deep-layer C. hyperboreus, C. glacialis & Metridia longa; Figures 5.2-5.6), principal 

cmnponents (PC) 1 and 2 accounted for 51 to 54o/o of the total variance in copepod lipid 

content and composition. In surface-layer samples of Calanus hyperboreus, several 

diatom, phytoplankton, and herbivory biomarkers (16:2(n-4), 16:4(n-1 ), 20:5(n-3), 
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L:PUFA, UC, (n-3)/(n-6)) were negatively correlated with PC-I (Figure 5.2a). 

Conversely, lipids with positive PC-I correlations were mainly saturated (SF A) and 

n1onounsaturated (MUFA) fatty acids (14:0, I6:0, 18:0, L:SFA, L:MUFA), including 

copepod (18:1(n-9), 20:I(n-9), 22:1(n-11)) and dinoflagellate (18:4(n-3), DHA/EPA) 

biomarkers. PC-1 thus represents a separation of phytoplankton/herbivorous and 

ani1nal/carnivorous lipid. PC-2 separated diatom from dinoflagellate biomarkers. 

16:1(n-7), 20:3(n-6), and 16:I(n-7)/16:0 were positively correlated with PC-2, while 

22:6(n-3) was negatively correlated with PC-2. 

Cluster analysis of scores revealed four groups of stations characterized by 

distinct lipid compositions (Figure 5.2b). Interpretation of PC-I and PC-2 suggest that 

surface-layer Calanus hyperboreus at Stations OI, 03, 14, 32, 35, 44, 45, 54b and 68 were 

feeding herbivorously on diatoms, while copepods at Stations 06, 40 and 66 were feeding 

herbivorously on dinoflagellates. Thus copepods from Stations 50, 54a and 58 were 

presmnably feeding omnivorously, with animals from the latter two stations having eaten 

more dinoflagellates and fewer diatoms. The raw lipid data reflect these classifications. 

Surface-layer C. hyperboreus from Stations 50, 54a and 58 contained lower relative 

amounts of 16:4(n-1), 20:5(n-3), L:PUFA and had lower UC and (n-3)/(n-6) ratios than 

animals frmn almost all other stations (Table 5.2). Anin1als from Stations 06, 40, 54a, 58 

and 66 were characterized by low I6:1(n-7)116:0 ratios. Furthermore, those at Stations 
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54a and 58 had high proportions of 18:4(n-3) and 22:6(n-3) and elevated DHA/EPA 

ratios. 

For samples of Calanus hyperboreus from the deep layer, several diatom 

(16:3(n-4), 16:4(n-1), 20:5(n-3), 16:1 (n-7)/16:0) and herbivory ((n-3)/(n-6)) indices were 

negatively correlated with PC-1 (Figure 5.3a). On the other hand, C 1s PUFA (18:2(n-6), 

18:3(n-3), 18:4(n-3)), DHA/EPA ratios and bacterial1narkers (15:0, 18:l(n-7), L:OBFA) 

were characterized by high positive PC-1 conelations. PC-2 separated copepod fatty 

acids from bacterial ones: 20:1(n-7), 22:l(n-7), TFA (total fatty acids) and L:MUFA were 

negatively conelated with PC-2 while 15:1 and L:OBFA were positively conelated with 

PC-2. 

Based on this information and the results of the CA of station scores (Figure 

5.3b), deep-layer Calanus hyperboreus at Stations 02, 03, 06, 14, 32, 35, 45 , 54a, 54b and 

66 had probably consumed diatoms. Copepods from Station 54b may have eaten bacteria 

(preswnably indirectly as marine snow or bacterivorous microzooplankton) in addition to 

diatoms, and animals at Stations 35 and 66 were possibly in early diapause. Raw data 

show that proportions of20:1(n-7), 22:l(n-7), L:MUFA as well as total lipid (TL) and 

fatty acid content were highest in ani1nals frmn Stations 35 and 66 (Table 5.3). Anin1als 

at Stations 58 and 76 were feeding omnivorously with a dinoflagellate and bacterial 

component in their diet. The raw data confinn that copepods from Stations 54b, 58 and 
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76 had slightly higher relative mnounts of OBFA and those at Stations 58 and 76 had 

elevated levels of 18:4(n-3), 22:6(n-3) and very high DHA/EPA ratios. 

In surface-layer Calanus glacialis samples, PC-1 separated diatmn, phytoplankton 

and herbivory markers (16:4(n-l), 20:5(n-3), L:PUF A, UC, (n-3)/(n-6); negative scores) 

frmn copepod (18:l(n-9), 20:1(n-9)), bacterial (15:0, i-17:0, 18:1(n-7), L:OBFA) and 

dinoflagellate (18:4(n-3)) markers (Figure 5.4a). PC-2 separated dinoflagellate 

(22:6(n-3), DHA/EPA) from bacterial biomarkers (ai-17:0). The classification of scores 

by CA revealed five station groups (Figure 5.4b). PC-1 and PC-2 indicate that C. 

glacialis fed mostly herbivorously on either diatoms (Stations 01, 03 , 06, 32, 35, 40, 44, 

45, 54b, 66, 68) or dinoflagellates (Station 14). Animals feeding on diaton1s may have 

ingested bacteria as well (especially at Station 44). Copepods at Stations 54a and 76 were 

likely feeding omnivorously with a substantial dinoflagellate and small bacterial input in 

their diet. The raw data show that UC and (n-3)/(n-6) ratios were lowest at Stations 54a 

and 76 and relative contributions of 16:4(n-l) and 20:5(n-3) were much reduced 

compared to all other stations (Table 5.4). Copepods fron1 these two stations m1d those at 

Station 14 generally had elevated DHA/EPA ratios and high proportions of 18:4(n-3) and 

22:6(n-3). Relative proportions of OBFA were low at Station 14 and highest at Stations 

44 and 54a. 
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PC-1 separated diatom (16:4(n-1), 20:5(n-3)), phytoplankton (L:PUFA) and 

herbivory (UC, (n-3)/(n-6)) markers from copepod (18:1(n-9) , 20:1(n-11), WE), 

dinoflagellate (18:4(n-3), DHA/EPA) and bacterial (15:0) markers in deep samples of 

Calanus glacialis (Figure 5.5a). PC-2 was negatively correlated with TL and positively 

correlated with a minor 16-carbon PUFA (16:4(n-3)), two bacterial fatty acids (i-17:0, 

ai-17:0) and L:OBFA. According to theCA, the station scores fell into four main groups 

(Figure 5.5b). Therefore, it was deduced that copepods from 1nost stations were feeding 

herbivorously on diatoms (02, 03, 06, 14, 32, 35 , 45, 54a, 54b, 66) and those with high 

PC-2 scores may have also eaten bacteria (02, 32). Animals at Stations 58 and 76 were 

mnnivorous and had probably ingested significant amounts of dinoflagellates. Smnples 

with negative PC-2 scores (03 , 06, 14, 35 , 66) were possibly in early diapause due to their 

higher TL content (Table 5.5). Copepods frmn Stations 58 and 76 had lower UC and 

16:4(n-1) and 20:5(n-3) levels compared to all other stations. Also, copepods at these 

stations were generally characterized by higher proportions of 18 :4(n-3) m1d 22:6(n-3) 

and elevated DHA/EP A ratios. 

For deep-layer smnples of Metridia Zanga, PC-1 represented a separation of 

copepod health indices (TFA, TL, % lipid, WE, WE/DM (DM=dry 1nass)) and variables 

associated with phytoplankton (UC, 20:4(n-3)) from bacterial biomarkers (15 :0, 15:1, 

18:1(n-7), L:OBFA) (Figure 5.6a). PC-2 separated diatom (16:1(n-7), 16:3(n-4), 

16:4(n-1), 16:1 (n-7)116:0) from dinoflagellate biomarkers (C 18 PUFA, 22:6(n-3), 
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DHA/EP A). Based on these distinctions and the grouping of station scores by CA (Figure 

5.6b), copepods from Station 58 were lipid-poor 01n11ivores with a bacterial con1ponent in 

their diet. Copepods frmn Stations 01, 02, 03 , 06, 14, 32, 35, 40, 45, 54a and 54b tnay 

have been lipid-rich anin1als that were feeding herbivorously on diatoms. Animals at 

Stations 66 and 76 had likely ingested large proportions of dinoflagellates. The 

omnivorous copepods (Station 58) were characterized by low lipid levels (TFA, TL, 

WE/DM, % Lipid) and high proportions of OBFA (Table 5.6). Copepods at this station, 

as well as those at Stations 66 and 76, had very high DHA/EPA ratios and elevated 

proportions of22:6(n-3) cmnpared to animals at other stations. 

The principal con1ponents and cluster analyses identified a discrete geograplllcal 

regwn where omnivory and dinoflagellate consun1ption appeared to be in1portant 

processes in all three species- the southeast (SE) corner of the polynya (Tables 5.7 & 

5.8; Figure 5.1). However, at smne SE stations all copepods fed herbivorously (54b, 68). 

For the two Calanus species, diapause was associated with prior diatmn consmnption and 

not with a recent history of onmivory or ingestion of dinoflagellates. In all species, 

ingestion of bacteria was conunon at "ormlivory" stations, but it also occurred at stations 

where diatoms formed a large portion of the diet (mainly in C. glacialis). 

The lipid composition of the seston was notably different at northwest (NW) and 

SE stations as well (Table 5.9). Considering both san1pling depths, relative proportions of 
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16:1(n-7), 16:4(n-1), 20:5(n-3), and 16:1(n-7)/16:0 ratios were usually lower at SE 

stations. SE stations were also characterized by higher proportions of 18:4(n-3), 22:6(n-3) 

and l:OBFA, and higher dinoflagellate indices (i.e., C 1sPUFA+C22PUFA; DHA/EPA). 

Furthermore, absolute amounts of TL, TF A and PUF A were lower at SE stations as 

con1pared to those in the NW. Considering only the 1% light depth, SE stations had lower 

levels of pmiiculate organic carbon (POC), autotrophs and the diatom Chaetoceros 

socialis, as well as lower overall rates of prilnary production (total, > 5J..un, < 5!-lm) 

(Table 5.1 0). Stations in the SE were also characterized by higher carbon to chlorophyll 

ratios (C:Chl), n1ore autotrophic dinoflagellates and higher bacterial bimnass. 

5.5 Discussion 

Stations identified as southeastern (50, 54a, 54b, 58, 66, 68, 76; Figure 5.1) are 

under the same physical control: all are influenced by a north-moving brm1ch of the West 

Greenland CmTent (WGC). SE stations are part of the "Southern Asse1nbly" (SA) or 

"Southern-North Water Assembly" (S-NWA) as defined by Bacle et al. (2002). SA 

stations are entirely influenced by the WGC that carries water from the Labrador Sea and 

Baffin Bay northward along the western coast of Greenland. The "North Water 

Assembly" results from the n1ixing of arctic water (from Smith m1d Jones Sounds) and 

the WGC; those in the south (i.e., S-NW A) are characterized by the strongest presence of 

Atlantic water. Depending on the sampling month, Station 50 was sometimes considered 

a "Central-NWA" station by Bacle et al. (2002) because Atlm1tic water was not always 
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detected. Except for very early in the year (e.g., April), the WGC IS 1nuch poorer in 

nitrate and silicate than is arctic water (Tren1blay et al. 2002). 

Lovejoy et al. (2002a) found that 1nicroplankton assen1blages were strongly 

related to water mass gradients within the Nmih Water. During July 1998 (te1nporally 

closest to my data), ~70% of the microplankton biomass at 1% light in S1nith Sound (e.g., 

Stations 01, 02, 03, 06, 14) was diatoms, while at central (e.g., 32, 35, 44, 45) and Carey 

Island stations (e.g., 40, 54) diatoms constituted ~30% of the bion1ass. Diatom 

contributions were lowest ( ~ 1 Oo/o) in the WGC region (Stations 68, 76). In all cases, the 

remaining microplankton was cmnposed of varying proportions of ciliates, flagellates and 

dinoflagellates, with the highest ciliate contributions at SE stations. These results 

corroborate the seston data (Tables 5.9 & 5.10) and den1onstrate that towards the end of 

the open water season, the 1nicrobial loop was n1ore dmninant at SE than NW stations. 

These spatial differences may be related in part to the nutrient characteristics of the water 

supplying the SE region. 

Despite the localized microbial conditions, copepod diets were not uniform within 

the SE region. Animals at Stations 54b, 68 (all species) and 66 (two Calanus species) 

were feeding herbivorously at the time of smnpling. Based on the seston data, copepods 

from all SE stations were expected to be feeding omnivorously. However, a fall diatmn 

blomn n1ay have been occurring at Station 54b. Cmnpared to Station 54a, san1pled 12 
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days earlier, Station 54b was characterized by pri1nary productivity, chlorophyll and total 

seston lipid levels roughly two-fold higher (data not shown). Moreover, between 07 

Septe1nber (54a) and 19 Septe1nber (54b ), the 1% light level decreased from 39 to 23 n1. 

High nutrient levels were observed at Station 54a at 1% light (N03+N02=13.5 J..lM) and 

by the time 54b was sarnpled, they were con1pletely depleted (0.8 J..lM). Presun1ably this 

station experienced a localized pulse of nutrients that created favorable diatmn bloon1 

conditions. In addition to WGC input, Stations 66 and 68 may have been influenced by 

water originating frmn Jones Sound. Lovejoy et al. (2002a) found that in June 1998, 

nearby Station 64 (75°15'N, 77°08 ' W) had a distinct n1icroplankton assemblage, 

characterized by high proportions of ribbon-forming pem1ate diatmns, that was attributed 

to Jones Sound outflow. An input of silicate-rich Arctic water could have caused a short

lived trar1sient bloom at Stations 66 ar1d 68, although there is no specific evidence to 

support this suggestion. 

These observations indicate that copepods responded to both large (NW vs. SE) 

and small-scale (54a vs. 54b) changes in microplankton assemblages. This is in 

agreement with other studies conducted in polar oceans, in which copepod lipids closely 

mirrored available prey (Kattner et al. 1989; Cripps and Hill 1998). Copepods in the 

NOW thus appeared to feed on the n1ost abundant prey, including diatoms, 

dinoflagellates and microbial material. The highly varied diet observed may relate to the 

continuous presence of suitable prey throughout the sampling region. Lovejoy et al. 
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(2002b) found that both protist and diatom cormnunities 1n the polynya were 

characterized by a prolonged dominance of large cells (> 20 1-1n1). Copepods usually 

prefer larger cells when offered a choice (Mullin 1963; Frost 1977). This led Lovejoy et 

al. to speculate that the constant availability of opti1nal prey for zooplankton contributes 

to the overall productivity of the polynya. 

Similar spatial patterns in copepod feeding strategy were observed in both surface 

and deep layers. PCA and CA revealed that at "mnnivory" stations (Tables 5.7 & 5.8), 

copepods often fed mnnivorously in both layers. Tllis n1ay n1ean that copepods frmn the 

entire water column were feeding on the san1e food source, probably that derived from 

the chlorophyll 1naximun1. Food was n1uch more plentiful (higher TL, TFA, PUFA 

levels) and nutritious (higher %PUFA) at 1% light than at depth (Table 5.9). Animals in 

deep strata at smne stations may have stopped feeding and entered diapause. By autmnn 

in the North Water, Calanus hyperboreus and C. glacialis no longer produce eggs 

(Ringuette et al. 2002), which suggests that their active feeding season was coming to a 

close. Thus, lipid signals in ani1nals at depth 1nay reflect food ingested weeks ago in 

shallow water. Alternatively, arumals in the deep layer could have been actively feeding 

via vertical migration or on sinking 1naterial. 

The 1nultivariate analyses suggest that bacteria formed part of the diet of all 

copepods investigated, but to varying extents. In Calanus hyperboreus and Metridia 
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Zanga, ingestion of bacteria occurred only at SE stations where bacterial bimnass was 

highest. C. gZacialis , on the other hand, appears to have ingested bacteria in both the SE 

and NW, often in association with diaton1-based herbivory. A n1oderately strong linear 

relationship between seston and copepod OBF A concentration was found for this species 

but not the other two (data not shown). Also, Stevens et al. (in press ' b ' ) found that 

relative OBF A contributions were often higher in C. gZacialis than in C. hyperbareus and 

M Zanga. Com.pared to the other copepods, C. gZacialis may be 1nore likely to eat dying 

cells or tnarine snow, where bacterial and diato1n biomarkers presmnably co-occur. At SE 

stations, all species may have ingested bacterivorous protists. 

Considering the variable loadings, UC, (n-3)/ (n-6), and l:PUFA were always 

associated with diatmn bion1arkers. Conversely, microbial 1narkers like l:OBFA and 

18:l(n-7) were always associated with dinoflagellate and carnivory indices. PCA was 

therefore very useful in separating microbial bimnarkers frmn those associated with the 

classical food web; there was rarely any overlap. The specific variable groupings suggest 

that PUFA content and UC, and hence herbivory, were dependent on diatom production 

and not on other autotrophic 1nicroplankton (e.g., dinoflagellates). As expected, copepod 

omnivory in the polynya was inversely related to the availability of diatoms. 
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5.6 Conclusions 

Results indicate that herbivory is an i1nportant process in the NOW, even at the 

end of the open water season, and is strongly linked to the prolonged diatom blooms that 

characterize this productive region in the fall. Copepods fed omnivorously only at 

stations in the SE where the microbial loop was predominant, but even in this region, 

they quicldy responded to localized diatom bloon1 events. In all samples analyzed, the 

essential fatty acids EPA and DHA were abundant, although relative levels changed with 

diet and feeding strategy. Copepods feeding both herbivorously and omnivorously 

represent nutritious sources of food for higher order consumers in the NOW. 

5.7 Acknowledgements 

The author would like to thank the officers, crew and captain of the N. G. C. C. 

Pierre Radisson, as well as M. Fortier, N. Kobayashi, M. Ringuette, M. San1pei, P. Sirois 

and K. Takahashi for assistance in the field. Funding for this project was provided by an 

NSERC grant awarded to D. Deibel, R. Rivkin and M. Anderson, the NSERC Discovery 

Grant of D. Deibel, and a Northern Scientific Training Program grant awarded to C. 

Stevens. 

5-23 



5.8 References 

Aclm1an RG, Tocher CS (1968) Marine phytoplankter fatty acids. J Fish Res Board Can 

25:1603-1620 

Aclm1m1 RG (1986) WCOT (Capillary) Gas-liquid chrmnatography. In: Hamilton RJ, 

Rossell JB (eds) Analysis of Oils and Fats. Elsevier, London, pp 137-206 

Acuna JL, Deibel D, Saunders PA, Booth B, Hatfield E, Klein B, Mei Z-P, Rivkin R 

(2002) Phytoplill1kton ingestion by appendicularians in the North Water. Deep

Sea Res II 4 9: 51 0 1-5 115 

Albers CS, Kattner G, Hagen W (1996) The compositions of wax esters, triacylglycerols 

and phospholipids in Arctic m1d Antarctic copepods: evidence of energetic 

adaptations. Mar Chern 55:347-358 

Atkinson A (1996) Subantarctic copepods in an oceanic, low chlorophyll environment: 

ciliate predation, food selectivity and i1npact on prey populations. Mar Ecol Prog 

Ser 130:85-96 

Auel H, Harjes M, de Rocha R, Sttibing D, Hagen W (2002) Lipid biomarkers indicate 

different ecological niches and trophic relationships of the Arctic hyperiid 

amphipods Themisto abyssorum and T libellulua. Polar Biol25:374-383 

Bacle J, Carmack EC, Ingram RG (2002) Water column structure and circulation under 

the North Water during spring transition: April-July 1998. Deep-Sea Res II 

49:4907-4925 

5-24 



Booth BC, Larouche P , Belanger S, Klein B, A1niel D, Mei Z-P (2002) Dynamics of 

Chaetoceros socials blooms in the North Water. Deep-Sea Res II 49:5003-5025 

Brett MT, Muller-Navarra DC (1997) The role of highly unsaturated fatty acids in aquatic 

foodweb processes. Freshw Biol 38:483-499 

Budge SM, Parrish CC (1998) Lipid biogeoche1nistry of plankton, settling 1natter and 

sediments in Trinity Bay, Newfoundland. II. Fatty acids. Org Geoche1n 29:1547-

1559 

Colombo JC, Silverberg N, Gearing JN (1996) Lipid biogeoche1nistry in the Laurentian 

Trough: !-fatty acids, sterols and aliphatic hydrocarbons in rapidly settling 

particles. Org Geochem 25:211-225 

Cripps GC, Hill HJ ( 1998) Changes in lipid con1position of copepods and Euphausia 

superba associated with diet and environmental conditions in the marginal ice 

zone, Bellingshausen Sea, Antarctica. Deep-Sea Res I 45:1357-1381 

Deming JW, Fortier L, Fukuchi M (2002) The International North Water Polynya Study 

(NOW): a brief overview. Deep-Sea Res II 49:4887-4892 

DeMott WR, Milller-Navarra D (1997) The importance of highly unsaturated fatty acids 

in zooplankton nutrition: evidence from experiments with Daphnia, a 

cyanobacterium and lipid e1nulsions. Freshw Biol 38:649-664 

Desvilettes Ch, Bourdier G, Breton JC, Cmnbrouze Ph (1994) Fatty acids as organic 

markers for the study of trophic relationships in littoral cladoceran com1nunities. J 

Plankton Res 16:643-659 

5-25 



Falk-Petersen S, Sargent JR, Tande KS (1987) Lipid composition of zooplankton 1n 

relation to the sub-arctic food web. Polar Biol8:115-120 

Falk-Petersen S, Hagen W, Kattner G, Clarke A, Sargent J (2000) Lipids, trophic 

relationships, and biodiversity in Arctic and Antarctic krill. Can J Fish Aquat Sci 

57:178-191 

Field JC, Clarke KR, Warwick RM (1982) A practical strategy for analyzing n1ultispecies 

distribution patterns. Mar Ecol Prog Ser 8:37-52 

Frost BW (1977) Feeding behavior of Calanus pacificus in mixtures of food particles. 

Limnol Oceanogr 22:472-491 

Graeve M, Hagen W, Kattner G (1994) Herbivorous or mnnivorous? On the significance 

of lipid compositions as trophic n1arkers in Antarctic copepods. Deep-Sea Res I 

41:915-924 

Hobson KA, Fisk A, Kamovsky N, Holst M, Gagnon J-M, Fmiier M (2002) A stable 

isotope (d13C, d 15C) model for the North Water food web: implications for 

evaluating trophodynrunics ru1d the flow of energy and contaminants. Deep-Sea 

Res II 4 9: 513 1-515 0 

Hopkins TL (1987) Midwater food web in McMurdo Sound, Ross Sea, Antarctica. Mar 

Bioi 96:93-106 

Hopkins TL, Torres JJ (1989) Midwater food web in the vicinity of a marginal ice zone 

in the western Weddell Sea. Deep-Sea Res I 36:543-560 

5-26 



J6nasd6ttir SH, Fields D, Pantoja S (1995) Copepod egg production in Long Island 

Sound, USA, as a function of the che1nical composition of seston. Mar Ecol Prog 

Ser 119:87-98 

Kaneda T ( 1991) I so- and anteiso-fatty acids in bacteria: biosynthesis, function, and 

taxonomic significance. Microbial Rev 55:288-302 

Kamovsky NJ, Hunt GJ (2002) Estilnation of carbon flux to dovekies (Alle alle) in the 

North Water. Deep-Sea Res II49: 5117-5130 

Kattner G, Hirche HJ, Krause M (1989) Spatial variability 1n lipid composition of 

calanoid copepods from Fram Strait, the Arctic. Mar Bioi 102:473-480 

Kattner G, Hagen W (1995) Polar herbivorous copepods - different pathways in lipid 

biosynthesis. ICES J Mar Sci 52:329-335 

Klein B, LeBlanc B, Mei Z-P, Beret R, Michaud J, Mundy C-J, von Quillfeldt CH, 

Garneau M-E, Roy S, Gratton Y, Cochran JK, Belanger S, Larouche P, Pakulski 

JD, Rivkin RB, Legendre L (2002) Phytoplankton biomass, production and 

potential export in the North Water. Deep-Sea Res II 49:4983-5002 

Landry MR (1981) Switching between herbivory and carnivory by the planktonic 1narine 

copepod Calanus pacificus. Mar Bioi 65:77-82 

Lee RF, Nevenzel JC, Paffenhofer G-A (1971) Ilnportance of wax esters and other lipids 

in the marine food chain: phytoplankton and copepods. Mar Bioi 9:99-108 

Levinsen H, Turner JT, Nielsen TG, Hansen BW (2000) On the trophic coupling between 

protists and copepods in arctic marine ecosyste1ns. Mar Ecol Prog Ser 204:65-77 

5-27 



Lovejoy C, Legendre L, Martineau M-J, Bacle J, von Quillfeldt CH (2002a) Distribution 

of phytoplankton and other protists in the North Water. Deep-Sea Res II 49:5027-

5047 

Lovejoy C, Legendre L, Price NM (2002b) Prolonged diatmn blooms and microbial food 

web dynamics: experimental results fron1 an Arctic polynya. Aquat Microb Ecol 

29:267-278 

Mayzaud P, Eaton CA, Ackman RG (1976) The occurrence and distribution of 

octadecapentaenoic acid in a natural plankton population. A possible food chain 

index. Lipids 11:858-862 

Mees J, Hamerlynck 0 (1992) Spatial conununity structure ofthe winter hyperbenthos of 

the Schelde Estuary, the Netherlands, and the adjacent coastal waters. Neth J Sea 

Res 29:357-370 

Meglen RR (1992) Exan1ining large databases: a chen1ometric approach using principal 

cmnponent analysis. Mar Chern 39:217-237 

Middleboe M, Nielson TG, Bj0rnsen PK (2002) Viral and bacterial production in the 

North Water: in situ measurements, batch-culture experi1nents and 

characterization and distribution of a virus-host system. Deep-Sea Res II 49:5063-

5079 

Mullin MM (1963) Some factors affecting the feeding of marine copepods of the genus 

Calanus. Limnol Oceanogr 8:239-250 

5-28 



Nelson MM, Mooney BD, Nichols PD, Phleger CF (2001) Lipids of Antarctic Ocean 

amphipods: food chain interactions and the occurrence of novel biomarkers. Mar 

Chem 73:53-64 

Ohman MD (1997) On the determination of zooplankton lipid content and the occurrence 

of gelatinous copepods. J Plankton Res 19:1235-1250 

Parrish CC (1987) Separation of aquatic lipid classes by Chrmnarod thin-layer 

chron1atography with 1neasurement by Iatroscan flan1e ionization detection. Can J 

Fish Aquat Sci 44:722-731 

Parrish CC (1999) Determination of total lipid, lipid classes, and fatty acids in aquatic 

samples. In: Arts MT, Wairunan BC (eds) Lipids in Freshwater Ecosystems. 

Springer-Verlag, New York, pp 4-20 

Pond DW, Bell MV, Harris RP, Sargent JR (1998) Microplanktonic polyunsaturated fatty 

acid 1narkers: a 1nesocosm trial. Est Coast Shelf Sci 46:61-67 

Pranal V, Fiala-Medioni A, Gueze1mec J (1996) Fatty acid characteristics 1n two 

symbiotic gastropods from a deep hydrothermal vent of the West Pacific. Mar 

Ecol Prog Ser 142:175-184 

Ringuette M, Fortier L, Fortier M, Runge JA, Belanger S, Larouche P, Weslawski J-M, 

Kwasniewski S (2002) Advanced recruitment and accelerated population 

development in Arctic calanoid copepods of the North Water. Deep-Sea Res II 

49:5081-5099 

5-29 



Sargent JR, Falk-Petersen S (1981) Ecological investigations on the zooplankton 

cmnmunity in Balsfjorden, Northern Norway: Lipids and fatty acids in 

Meganyctiphanes norvegica, Thysanoessa raschi and T inermis during mid

winter. Mar Biol62:131-137 

Sargent JR, Eilersten HC, Falk-Petersen S, Taasen JP (1985) Carbon assin1ilation and 

lipid production in phytoplankton in northen1 Norwegian fjords. Mar Bio1 85:109-

116 

Sargent JR, Parkes RJ, Mueller-Harvey I, Henderson RJ (1987) Lipid bion1arkers in 

n1arine ecology. In: Sleig MA ( ed) Microbes in the Sea. Ellis Harwood, 

Chichester, p 119-13 8 

Scott CL, Falk-Petersen S, Sargent JR, Hop H, L0nne OJ, Poltern1mm M (1999) Lipids 

and trophic interactions of ice fauna and pelagic zooplankton in the n1arginal ice 

zone of the Barents Sea. Polar Biol 21:65-70 

Stevens CJ, Deibel D, Parrish CC. (a) Incorporation of bacterial fatty acids and changes 

in a wax ester-based omnivory index during a long-term incubation experiment with 

Calanus glacialis Jaschnov. J Exp Mar Bioi Ecol (in press). 

Stevens CJ, Deibel D, Parrish CC. (b) Species-specific differences in lipid cmnposition 

and mnnivory indices in arctic copepods collected in deep water dm·ing autumn 

(North Water Polynya). Mar Bioi (in press). 

5-30 



Tre1nblay J-E, Gratton Y, Fauchot J, Price NM (2002) Clin1atic and oceanic forcing of 

new, net, and diatmn production in the North Water. Deep-Sea Res II 49:4927-

4946 

Viso A-C, Mruiy J-C (1993) Fatty acids from 28 manne microalgae. Phytoche1nistry 

34:1521-1533 

Volkmru1 JK, Jeffrey SW, Nichols PD, Rogers GI, Garland CD (1989) Fatty acid ru1d 

lipid composition of 10 species of n1icroalgae used in n1ariculture. J Exp Mar Bioi 

Ecoll28:219-240 

Weers PMM, Siewertsen K, Gulati RD (1997) Is the fatty acid composition of Daphnia 

galeata determined by the fatty acid composition of the ingested diet? Freshw 

Biol38:731-738 

Yunker MB, Macdonald RW, Veltkamp DJ, Cretney WJ (1995) Terrestrial and marine 

biomarkers in a seasonally ice-covered Arctic estuary - integration of n1ultivariate 

and bion1arker approaches. Mar Che1n 49:1-50 

5-31 



5.9 Tables 

Table 5.1. Descriptions of stations sampled for lipids in the North Water Polynya. 

Station Date (1999) Z1% (In) Zm(m) Copepod San1ples Seston Samples 
Depth (m) Description a De2th (m) 

01 02-03 Sept 20 18 75-0 Ch,Cg 12 
150-0 Ml 100 

02 11 Sept 20 9 50-0 ncp 
250-50 Ch*, Cg*, Ml 200 

03 04 Sept 23 12 60-0 Ch,Cg 15* 
250-60 Ch, Cg, Ml* 200 

06 13 Sept 23 14 75-0 Ch,Cg 20 
150-75 Ch, Cg, Ml 200 

14 25 Sept 34 12 100-0 Ch*, Cg, Ml 25 
300-100 Ch, Cg, Ml 200 

32 22 Sept 42 17 75-0 Ch,Cg 42* 
195-75 Ch, Cg*, Ml 100 

35 01 Sept 15 13 60-0 Ch,Cg 15 
250-60 Ch, Cg, Ml 200 

40 05 -06 Sept 24 9 60-0 Ch,Cg 24 
250-0 Ml 200 

44 30 Aug 49 12 75-0 Ch,Cg 
45 17-18 Sept 35 20 75-0 Ch, Cg, Ml 29 

200-75 Ch, Cg, Ml 150 
50 29Aug 34 14 75-0 Ch 
50 10 Sept 22 12 22* 
54 07 Sept 39 7 75-0 Ch,Cg 39 

250-75 Ch, Cg, Ml* 200 
54 19 Sept 23 18 75-0 Ch, Cg* 23 

250-75 Ch, Cg, Ml 200 
58 08 Sept 28 6 50-0 Ch 29* 

150-50 Ch, Cg, Ml 100 
66 29-30 Sept 42 11 75-0 Ch, Cg, Ml* 35 

250-75 Ch, Cg, Ml 200 
68 27 Aug ....,...., 

18 100-0 Ch,Cg 
....,..., 

.).) .).) 

76 01 Oct 32 18 75-0 Cg, Ml 32 
250-75 Ch*, Ca, Ml 200 

aCh=Calanus hyperboreus CV; Cg=Calanus glacialis CV; Ml=Metridia longa female; ncp=no copepods 
present; *3 replicate samples taken; Z 1%=1% light depth (data provided by B. Klein); ~n=mixed layer 
depth (data provided by Y. Gratton) 
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Table 5.2. Variables with significant PCA loadings in surface-layer Calanus hyperboreus CV collected in the North Water during autumn 1999. 

LiEida (%) 01 03 06 14 32 35 40 44 45 *50 *54a *54b *58 *66 *68 
14:0 2.9 2.9 2.7 2.4 2.7 3.0 2.6 2.7 2.6 4.2 4.3 2.7 3.5 2.6 3.3 
15:0 0.1 tr nd 0.1 0.1 0.2 tr 0.1 0.1 0.2 0.3 nd 0.2 0.1 0.1 
16:0 3.2 2.6 2.3 2.3 2.5 3.0 2.3 2.4 2.6 3.9 5.0 2.5 4.3 2.8 3.2 
16:1(n-7) 23.6 19.7 ] 1.7 16.8 18.4 20.5 13.0 19.0 20.0 29.7 13.8 16.8 1 1.1 13.8 19.9 
16:1(n-5) 0.3 0.2 0.1 0.2 0.2 0.5 0.2 0.2 0.2 0.2 0.5 0.2 0.5 0.2 0.3 
16:2(n-4) 1.6 1.5 1.6 1.8 1.5 1.8 1.6 1.5 1.7 1.5 1.2 1.8 1.3 1.6 1.4 
16:4(n-l) 5.1 4.7 7.2 6.8 5.6 5.7 6.0 4.9 6.1 2.7 2.3 5.1 1.6 5.2 4.0 
18:0 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.6 0.7 0.1 0.4 0.5 0.2 
18:1 (n-9) 2.0 1.4 1.0 1.6 1.5 1.7 1.3 1.6 1.6 2.0 3.0 1.6 3.9 1.5 2.3 
18:1(n-7) 1.3 1.2 0.9 1.2 1.2 1.1 1.0 1.5 1.1 1.6 1.3 1.2 1.4 1.1 1.3 
18:J(n-5) 0.5 0.4 0.4 tr 0.4 0.4 0.4 0.5 0.4 0.5 0.7 0.4 0.7 0.4 0.5 
18:2(n-6) 0.6 0.6 0.4 0.5 0.5 0.6 0.5 0.7 0.5 0.7 2.0 0.6 3.1 0.5 1.3 
18:3(n-6) 0.5 0.4 0.2 0.3 0.2 0.3 0.2 0.3 0.3 0.7 0.2 0.3 0.3 0.4 0.3 
18:3(n-3) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 1.1 0.2 1.9 0.6 0.6 
18:4(n-3) 1.9 1.3 1.1 1.7 1.4 1.6 2.0 0.1 1.7 1.3 7.5 2.2 9.7 1.7 4.6 
20:1 (n-9) 8.1 6.2 4.7 7.3 5.5 7.0 6.0 4.7 7.5 6.9 10.0 7.2 I 0.2 5.6 9.0 
20:2(n-6) 0.2 tr nd nd tr 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.3 nd 0.2 
20:3(n-6) 0.2 0.1 tr 0.1 0.1 0.1 0.1 0.1 0.1 0.6 nd 0.2 nd nd nd 
20:5(n-3) 26.1 33.7 42.7 35.2 34.8 30.9 42.1 39.6 32.3 20.0 16.8 33.2 12.4 30.3 25.3 
22: l(n-11) 6.6 6.6 4.1 7.] 5.8 5.9 5.4 4.4 5.6 8.5 8.4 7.9 13.0 5.2 7.2 
22:1 (n-9) 1.3 0.9 0.7 1.2 0.8 1.1 1.4 1.1 1.5 1.2 1.8 2.0 2.4 0.8 1.5 
22:1(n-7) 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.5 0.3 0.2 0.4 0.1 0.2 
22:6(n-3) 3.1 6.1 5.6 3.4 7.2 3.0 4.2 3.6 3.0 2.6 7.4 4.2 9.7 9.9 4.6 
2:0BFA 0.8 0.5 1.1 0.7 0.6 1.5 0.7 0.9 1.3 0.7 1.1 0.8 1.0 0.6 0.9 
2:SFA 4.2 3.2 3.5 3.1 3.3 4.3 3.2 " " 3.8 6.8 9.5 3.2 5.7 4.2 4.3 .) . .) 

2:MUFA 45.6 37.9 25.0 36.6 35.4 40.4 29.8 34.3 39.8 53.8 41.2 38.7 45.2 30.1 43.7 
2:PUFA 47.1 55.5 68.7 54.0 57.7 52.0 64.0 59.5 54.8 34.5 44.4 55.0 45.3 63.1 48.4 
16:1/16:0 7.3 7.6 5.0 7.2 7.2 6.8 5.7 7.8 7.6 7.6 2.7 6.7 2.6 4.9 6.2 
DHA/EPA 0.12 0.18 0.13 0.10 0.21 0.10 0.10 0.09 0.09 0.13 0.44 0.13 0.78 0.33 0.18 
(n-3)/(n-6) 15.3 28.1 55.9 34.2 34.8 22.8 33 .7 23.0 28.2 12.1 12.8 24.1 7.6 56.4 9.1 
uc 0.44 0.53 0.67 0.52 0.55 0.53 0.69 0.58 0.55 0.30 0.47 0.40 0.50 0.46 
aall data% or ratios; column headings are North Water station numbers; *SE stations; 16:1 =16: 1 (n-7); DHA=docosahexaenoic acid (22:6(n-3)); 

VI 
EPA=eicosapentaenoic acid (20:5(n-3)); nd=not detected; tr=trace ( <0.1 %)) 

I 
uJ 
I..IJ 



Table 5.3. Lipid variables with significant PCA loadings in deep-layer Calanus hyperboreus CV collected in the North Water during autumn 1999. 

LiQid (%) 02 03 06 14 32 35 45 *54a *54b *58 *66 *76 
14:0 2.9 2.8 3.0 2.5 2.8 3.8 3.2 3.0 3.2 4.6 3.3 3.5 
15:0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.2 
I 5:1 0.1 0.1 0.1 tr 0.1 nd 0.1 0.1 0.3 0.1 0.1 0.1 
16:0 2.8 3.2 2.9 2.5 2.5 3.3 2.9 2.6 3.6 5.3 3.5 3.7 
16:1(n-5) 0.2 0.1 0.1 0.2 0.2 0.4 0.2 0.2 0.4 0.6 0.2 0.6 
16:3(n-4) 1.7 2.0 1.5 1.7 1.5 1.3 1.3 1.5 2.1 0.7 1.4 0.7 
16:4(n-1) 5.5 5.3 4.7 4.5 5.1 2.5 4.5 3.4 5.7 1.6 2.8 0.7 
18:1(n-9) 2.4 1.9 1.7 1.8 1.7 1.9 2.8 1.8 1.8 3.9 2.0 3.4 
18: 1(n-7) 1.3 1.2 1.3 1.0 1.2 1.4 1.5 1.2 1.1 1.8 1.4 1.3 
18: l(n-5) 0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.4 0.6 1.0 0.5 0.7 
18:2(n-6) 0.6 0.6 0.6 0.7 0.7 1.2 0.7 0.9 1.0 3.5 0.9 2.3 
18:3(n-3) 0.2 0.2 0.2 0.2 0.1 0.4 0.2 0.3 0.3 1.6 0.3 1.7 
18:4(n-3) 1.9 1.9 1.7 1.6 1.3 4.8 2.0 3.8 2.4 10.1 2.6 11.5 
18:4(n-1) 0.6 0.7 0.6 0.5 0.6 0.5 0.6 0.5 0.9 0.4 0.4 0.3 
20:l(n-7) 1.2 0.9 1.5 1.2 1.0 1.8 1.5 1.1 0.9 0.2 1.8 1.1 
20:2(n-6) 0.1 tr 0.1 0.1 0.1 0.2 0. I 0.1 0.1 0.4 0.1 0.3 
20:3(n-6) 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 nd 0.1 0.1 
20:5(n-3) 27.5 24.4 27.6 26.1 31.1 20.2 25.1 26.2 30.0 10.9 17.5 10.6 
22:1 (n-7) 0.3 0.2 0.3 0.3 0.2 0.4 0.3 0.3 nd 0.2 0.3 0.2 
22:5(n-3) 1.9 1.9 1.9 1.7 2.5 1.5 1.6 2.1 1.8 1.1 2.8 1.0 
L:OBFA 0.8 0.6 0.7 0.8 0.8 0.5 0.7 0.5 I. I 1.6 0.5 0.9 
L:SFA 7.1 6.7 6.7 6.3 6.1 8.3 6.8 6.9 8.2 12.2 7.9 8.3 
L:MUFA 43.4 43.5 44.6 43.9 38.6 48.9 49.5 41.2 38.5 44.5 50.3 47.0 
16:1116:0 7.6 7.1 7.6 8.0 8.2 8.7 9.0 7.6 6.7 4.3 8.2 4.6 
DHA/EPA 0.16 0.30 0.20 0.30 0.24 0.27 0.12 0.22 0.13 0.72 0.47 1.02 
(n-3)/(n-6) 17.5 16.8 25.3 21.2 27.1 11.9 19.4 22.5 20.5 7.3 15.2 10.9 
TFAa 719.3 983.2 989.7 744.8 860.1 1118.6 794.9 485.4 438.3 453.8 1 132.3 706.1 
uc 0.51 0.34 0.46 0.41 0.46 0.34 0.38 0.46 0.44 0.30 0.29 0.37 
3Total fatty acids (J.lg copepod-1

) 



V1 
I 

l.J.) 
V1 

Table 5.4. Lipid variables with significant PCA loadings in surface-layer Calanus glacialis CV collected in the North Water during autumn 1999. 

LiEid (%) 01 03 06 14 32 35 40 44 45 *54 a *54b *66 *68 
14:0 8.2 7.9 7.8 7.0 8.1 8.9 7.6 9.1 8.2 10.4 7.7 8.4 8.3 
14:1 0.1 0.3 0.3 0.2 0.1 0.2 0.1 0.2 0.1 0.4 0.1 0.2 0.2 
15:0 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.8 0.2 0.2 0.3 
16:0 5.8 5.3 5.5 5.6 5.9 5.7 4.9 6.2 5.5 8.5 5.9 5.6 6.5 
16: I (n-5) 0.4 0.3 0.3 0.3 0.4 0.5 0.4 0.5 0.5 0.8 0.4 0.4 0.4 
i-17:0 0.1 nd 0.1 tr tr 0.1 0.1 0.2 0.1 0.3 tr 0.1 nd 
ai-17:0 0.4 0.3 0.4 0.3 0.3 0.5 0.6 0.7 0.5 0.5 0.4 0.4 0.4 
16:4(n-l) 5.2 5.8 7.0 5.6 4.9 5.4 5.2 5.0 4.7 2.1 5.2 5.8 5.4 
18: I (n-9) 2.1 1.6 1.6 1.6 1.4 1.7 1.8 1.9 1.6 4.6 1.9 1.7 2.4 
18:1(n-7) 0.9 0.5 0.6 0.6 0.7 0.8 0.6 0.8 0.7 1.0 0.8 0.7 0.7 
18:2(n-6) 0.4 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.4 1.3 0.5 0.4 0.6 
18:2(n-4) 0.1 nd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.1 tr 
18:3(n-3) 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.7 0.2 0.2 0.2 
18:4(n-3) 1.7 2.0 2.3 1.5 1.7 1.8 2.1 1.7 2.1 7.6 2.7 2.3 2.3 
20:0 0.1 tr 0.1 0.3 0.1 0.1 0.1 0.1 0.1 nd 0.1 0.3 0.1 
20: I (n-9) 8.7 8.6 6.6 4.6 5.2 6.9 6.9 6.8 5.6 9.4 7.2 6.3 7.0 
20:4(n-3) 0.3 0.4 0.3 0.3 0.3 0.4 0.4 0.4 0.3 0.7 0.4 0.4 0.4 
20:5(n-3) 27.0 29.8 32.7 29.3 33 .1 35.2 36.9 30.4 33 .5 10.6 32.2 31.3 31.6 
22:6(n-3) 2.1 3.9 6.6 11 .0 5.6 2.7 4.6 2.3 3.1 3.5 5.4 5.7 3.3 
24:1 0.3 0.6 0.7 1.6 0.8 0.3 0.3 0.2 0.3 0.4 0.3 1.6 0.2 
Z:OBFA I. I 0.7 1.0 1.0 1.1 1.3 1.9 2.2 1.6 3.9 1.1 1.3 1.5 
Z:SFA 7.0 6.7 6.6 6.9 7.0 7.2 6.6 8.3 7.1 12.0 7.2 7.3 8.1 
Z:MUFA 41.6 36.3 29.0 27.2 31.9 31.7 29.5 35.8 34.5 45 .1 31.9 30.1 33 .9 
Z:PUFA 42.9 48.6 55.9 57.3 52.3 52.0 56.0 46.6 49.9 32.2 52 .6 52.6 49.4 
DHA/EPA 0.08 0.13 0.20 0.37 0.17 0.08 0.12 0.08 0.09 0.34 0.17 0.18 0.10 
(n-3)/(n-6) 25.5 27.8 46.0 44.3 38.5 31.1 38.3 27.7 35.6 12.0 32.3 29.2 21.6 
WE 84.7 81.1 83.6 75.0 76.8 84.7 84.7 76.1 82.9 90.6 87.5 81.8 81.3 
uc 0.43 0.44 0.47 0.50 0.50 0.59 0.59 0.48 0.50 0.25 0.53 0.53 0.50 

*76 
9.5 
0.5 
0.4 
8.3 
0.7 
0.1 
0.2 
1.2 
4.5 
0.9 
1.4 
0.6 
1.0 
6.4 
0.3 

12.5 
0.7 
9.9 
6.1 
1.1 
1.6 

10.6 
45.4 
33.5 
0.61 

8.1 
89.4 
0.23 



Table 5.5. Lipid variables with significant PCA loadings in deep-layer Calanus g!acialis CV collected in the N011h Water during autumn 1999. 

Li2id (%) 02 03 06 14 32 35 45 *54a *54b *58 *66 *76 
15:0 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.4 
16:0 6.2 5.6 5.5 5.7 6.0 6.1 5.6 6.2 5.9 6.6 6.1 7.6 
i-17:0 0.1 nd tr nd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
ai-17:0 0.4 0.3 0.3 0.3 0.5 0.3 0.3 0.4 0.3 0.3 0.3 0.2 
16:4(n-3) 0.7 0.3 0.3 0.2 0.5 0.3 0.3 0.5 0.4 0.4 0.2 0.4 
16:4(n-1) 5.7 5.1 5.4 4.5 4.2 4.5 4.1 4.3 5.4 1.7 2.8 1.3 
18:1(n-9) 3.2 2.4 2.0 2.5 1.7 2.4 2.4 2.8 2.3 4.6 2.9 4.6 
l8:1(n-7) 0.9 0.7 0.7 0.8 0.7 0.8 0.9 0.9 0.8 0.8 0.7 0.9 
18:1(n-5) 0.5 0.3 0.3 0.4 0.3 0.3 0.3 0.4 0.4 0.4 0.3 0.5 
l8:2(n-6) 0.5 0.4 0.4 0.4 0.4 0.5 0.6 0.7 0.5 1.2 0.6 1.2 
18:3(n-6) 0.2 0.4 0.3 0.6 0.3 0.3 0.4 0.4 0.3 0.6 0.3 0.7 
18:3(n-3) 0.2 0.2 0.5 0.3 0.1 0.2 0.2 0.3 0.2 0.8 0.5 0.8 
18:4(n-3) 2.0 2.3 2.3 2.1 2.0 2.0 2.1 3.1 2.3 5.7 2.8 4.4 
20:1(n-11) nd nd tr tr tr tr tr 0.1 0.1 0.2 tr 0.2 
20:4(n-3) 0.3 0.4 0.3 0.3 0.4 0.4 0.4 0.5 0.4 0.7 0.4 0.7 
20:5(n-3) 23.6 25.0 28.0 22.1 31.9 28.7 26.7 23.2 28.6 14.1 20.4 11.0 
l:OBFA 1.5 0.8 1.0 1.1 1.9 1.1 1.3 1.6 1.2 1.3 1.2 1.6 
~SFA 17.6 14.7 14.3 15.0 15.7 16.0 15.0 16.8 15.7 16.5 16.5 19.0 
l:MUFA 41.0 41.4 37.5 40.7 35.0 39.6 40.8 42.5 35.9 49.5 41.1 48.8 
l:PUFA 41.4 44.0 48.1 44.3 49.3 44.4 44.2 40.7 48.5 33.9 42.4 32.2 
DHA/EPA 0.08 0.19 0.17 0.29 0.14 0.09 0.15 0.11 0.17 0.35 0.37 0.57 
(n-3)/(n-6) 24.5 25.8 31.1 19.6 29.7 25.2 22.8 19.3 27.9 12.1 25.4 9.7 
TL3 493.0 618.6 645 .9 694.8 443.5 707.2 702.2 638.7 565.9 548.3 735.3 652.8 
WE 83.0 81.5 82.8 83.3 82.8 75.7 86.5 87.9 88.7 90.0 80.1 91.7 
uc 0.47 0.40 0.47 0.39 0.47 0.47 0.42 0.36 0.43 0.26 0.39 0.25 
3Totallipid; sum of all lipid classes (11g copepod-1

) 



Table 5.6. Lipid variables with significant PCA loadings in deep-layer Metridia tonga CVI (female) collected in the North Water during autumn I 999. 

LiEid (%) 01 02 03 06 14 32 35 40 45 *54 a *54b *58 *66 *76 
14:1 0.2 0.1 0.1 0.2 0.1 0.5 0.1 0.1 0.1 0.1 0.1 nd 2.1 0.9 
15:0 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.2 1.1 0.1 0.2 
15:1 0.4 0.4 0.3 0.2 0.2 0.3 0.3 0.2 0.3 0.3 0.3 1.0 tr 0.1 
16:0 6.0 5.6 5.5 4.7 4.8 5.2 6.0 4.8 6.2 6.3 5.6 13 .I 4.6 6.6 
16: I (n-7) 30.6 31.6 32.3 23.5 22.7 22.2 35.4 31.0 3 1.1 28.8 27.7 19.1 16.0 14.0 
16: I (n-5) 0.3 0.4 0.3 0.2 0.2 0.2 nd 0.2 0.3 0.3 0.3 0.8 O.I 0.2 
16:3(n-4) 0.6 0.9 0.9 0.7 0.7 0.5 0.6 0.7 0.7 0.6 0.6 0.8 0.1 0.3 
16:4(n-1) 1.1 1.0 0.9 0.9 0.9 0.9 1.0 0.9 1.2 0.6 1.0 0.3 0.3 0.8 
18:1(n-7) 2.6 2.4 2.5 1.8 1.8 2.0 2.4 1.7 2.4 2.1 2.2 3.2 1.4 1.7 
18: I (n-5) 0.5 0.4 0.4 0.3 0.4 0.3 0.4 0.3 0.5 0.6 0.5 1.3 1.1 0.7 
18:2(n-6) I.3 1.3 1.2 l.l 1.1 1.2 1.3 I.4 1.0 1.7 1.4 2.2 4.9 2.3 
l8:2(n-4) 0.3 0.2 0.2 nd 0.1 0.1 0.2 0.1 0.3 0.1 0.2 0.1 nd nd 
18:3(n-3) 0.6 0.7 0.6 0.6 0.7 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.8 1.0 
20:4(n-3) 0.4 0.5 0.4 0.4 0.4 0.9 0.4 0.4 0.4 0.5 0.4 nd 0.4 0.5 
22: I (n-9) 0.2 0.6 0.3 0.3 0.2 0.3 0.6 0.4 0.6 0.5 0.6 0.4 nd 0.2 
22:5(n-3) 0.5 0.6 0.5 2.8 0.9 1.8 0.4 nd 0.5 0.9 0.7 0.2 4.4 1.6 
22:6(n-3) 3.7 4.6 6.5 14.1 17.4 13.4 3.5 4.6 4.4 8.4 9.8 9.8 22.2 16.1 
24: I 0.8 1.2 0.9 1.9 3.9 1.9 1.1 1.0 0.7 0.8 0.6 1.9 4.3 8.5 
L:OBFA 1.7 1.2 1.2 0.6 0.9 1.3 1.4 0.8 1.0 1.2 1.0 3.9 1.1 0.5 
L:SFA 9.9 8.8 8.7 7.7 8.1 8.5 9.5 7.6 10.5 I 0.4 8.9 20.2 8.0 11.0 
L:MUFA 58.1 57.7 56.8 46.5 45.6 46.2 62.1 59.1 54.6 53.8 49.2 50.8 40.0 49.2 
16:1/16:0 5.1 5.6 5.9 5.0 4.8 4.3 5.9 6.4 5.0 4.6 5.0 1.5 3.5 2.1 
DHA/EPA 0.23 0.28 0.39 0.78 1.06 0.72 0.25 0.28 0.28 0.57 0.50 0.88 1.61 1.99 
TFA 86.9 96.4 92.5 I37.0 127.8 167.6 96.7 51.0 61.1 35.1 67.0 16.0 128.6 35.4 
TL 152.7 147.1 144.6 186.6 199.8 2I3.0 134.4 143.5 163.9 82.1 186.4 40.3 156.2 1 18.3 
WE 68.4 67.0 74.3 72.6 69.2 71.4 77.4 79.3 77.4 75.9 69.9 49.3 75.4 71.5 
TG 14.6 15.9 11.8 I 0.3 11.3 10.5 12.6 13 .6 15.1 5.9 14.8 4.6 3.7 6.2 
PL 11.9 11.9 9.2 9.1 11.3 11.3 4.7 3.9 3.2 13.9 12.0 37.7 15.9 16.2 
WE/OM a 229.2 197.5 265.9 267.7 302.1 287.4 219.6 276.1 241.0 137.1 264.7 54.5 257.6 189.6 
%LIPID 33.5 29.5 35.7 36.9 43.6 40.3 28.4 34.8 31.2 20 .6 37.9 11.1 34.2 26.5 
uc 0.26 0.25 0.21 0.26 0.26 0.30 0.20 0.22 0.24 0.21 0.32 0.03 0.31 0.27 
8units=11g mg"1 (DM=dry mass); TG=triacylglycerol ; PL=phospholipid 

Vl 
I 

l.J.) 
-....) 



Table 5. 7. Smmnary of feeding strategies and diets of copepods collected in the surface 
layer as deduced by Principal Con1ponents Analysis (nun1bers refer to stations). 

Herbivory 
(Diaton1s) 

Herbivory 
(Dinoflagellates) 

01nnivory 

Calanus hyperboreus 
01, 03, 14, 32, 35, 44, 45, 
54b,68 

06,40,66 

50, 54a, 58, 
Underlined numbers=SE stations 
b=bacterial input 

Calanus glacialis 

14 

5-38 



Table 5.8. Sumn1ary of feeding strategies and diets of copepods collected in the deep layer 
as deduced by Principal Components Analysis (numbers refer to stations). 

Herbivory 
(Diatmns) 

01m1ivory/ 
Dinoflagellate
eating 

Calanus hyperboreus 
02, 03, 06, 14, 32, 
35d, 45, 54a, 54bb, 
66d 

58b 76b _,_ 

Underlined numbers=SE stations 
b=bacterial input 
d=diapause 

Calanus glacialis Metridia longa 
01, 02, 03, 06, 14, 
32, 35, 40, 45, 54a, 
54b 

58b, 66, 76 

5-39 



Table 5.9. Relative fatty acid composition and lipid content of seston collected at I% light and at depth during autumn in 
the North Water (error bars represent 1 standard deviation). 

Lipidb (%) NORTHWEST STATIONS SOUTHEAST STATIONS 
(0 I ,02,03.06, 14,32,35,40,45) (50,54a,54b,58,66,68, 76) 

1% light" Deee" 1% light" Deep" 
14:0 11.7± 1.1 10.8 ± 2.2 9.7 ± 2.0 11.7±5.9 
i-15:0 0.8 ± 0.3 1.1 ±0.7 1.0 ± 0.2 2.1 ± 0.9 
ai-15:0 0.6 ± 0.3 1.8 ± 3.8 0.8 ± 0.2 0.9 ± 0.7 
15:0 0.6 ± 0.2 0.9 ± 0.3 0.6 ±0. 1 1.4±1.1 
I 5:1 0.3 ± 0.2 0.6 ± 0.4 0.3 ± 0.2 0.7 ± 0.7 
i-16:0 0.4 ± 0.4 0.4 ± 0.2 0.7 ± 0.3 0.6 ± 0.5 
ai-16:0 0.5 ± 0.4 0.3 ± 0.2 0.7 ± 0.4 nd 
16:0 13.5 ± 1.9 16.6 ± 2.9 14.4±5.0 19.5 ± 9.5 
I 6:1 (n-9) 1.1 ±0.7 0.3 ± 0.3 1.4 ± 0.7 0.1 ±0.2 
16:1(n-7) 24.8 ± 5.3 25.2 ± 5.5 15.5 ± 4.5 17.9± 10.1 
I 6:1 (n-5) 0.7 ± 0.2 1.6 ± 2.7 0.8 ± 0.2 0.5 ±0.3 
i-17:0 0.8 ± 0.2 0.5 ± 0.4 0.9 ± 0.1 I. 1 ± 1.0 
ai-17:0 0.4±0.1 0.3 ± 0.2 0.6 ± 0.3 0.2 ± 0.3 
16:2(n-4) 1.5 ± 0.3 0.9 ± 0.3 1.6 ± 0.2 1.3 ± 0.9 
17:0 0.1±0.1 0.4 ± 0.2 0.4 ± 0.4 0.5 ± 0.4 
16:3(n-4) 1.1±0.4 0.7 ± 0.3 2.3 ± 0.6 1.3 ± 0.9 
16:4(n-l) 3.7± 1.1 1.4 ± 0.6 2.8 ± 0.4 1.5 ± 0.9 
18:0 1.0 ± 0.2 4. 1 ± 2.1 1.9±0.7 5.0 ± 2.7 
18:1(n-9) 3.5 ± 1.7 7.2 ± 4.4 5.1 ± 2.6 7.1 ± 5.7 
18:1(n-7) 1.5 ± 0.5 1.3 ± 0.6 1.8 ± 0.5 1.2 ± 0.7 
18:2(n-6) 1.0 ± 0.3 2.1 ± 1.3 1.7±0.7 1.5 ± 0.9 
18:2(n-4) 0.5 ± 0.4 1.3 ± 0.8 0.8 ± 0.6 2.3 ± 1.6 
18:4(n-3) 1.6±0.4 1.3 ± 0.4 3.1 ± 1.3 1.4 ± 1.2 
20:1(n-11) 0.5 ± 0.2 0.4 ± 0.3 2.2 ± 1.3 0.7 ± 0.8 
20: I (n-9) 0.4 ± 0.3 1.1±1.1 0.6 ± 0.3 1.6 ± 1.3 
20:4(n-6) 0.4 ± 0.1 0.1 ± 0.1 0.4 ± 0.3 0.1 ± 0.2 
20:5(n-3) 16.9± 1.9 7.9 ± 3.0 12.7±2.4 7.7 ± 3.8 
22:6(n-3) 5.0 ± 1.5 2.5 ± 1.4 8.5 ± 3.6 3.7 ± 2.2 

LOBFA 4.6 ± 1.3 6.4±4.1 6.1 ± 1.0 7.8 ± 3.7 
LSFA 30.4 ± 2.1 37.5 ± 4.8 32.0 ± 5.6 43.5 ± 20.4 
l:MUFA 34.9 ± 3.8 40.6 ± 5.3 29.6 ± 3.3 32.1±17.2 
l:PUFA 34.7 ± 4.6 21.8 ± 5.5 38.4 ± 3.9 24.4 ± 5.9 
16:1 (n-7)116:0 1.8 ± 0.3 1.5 ± 0.3 1.2 ± 0.4 1.3 ± 1.0 
C16/C1s 5.9 ± 1.8 3.5 ± 1.0 3.2 ± 1.5 3.7 ± 2.4 
C 16PUFNC 18PUFA 2.1 ± 0.7 0.8 ± 0.3 1.2±0.4 0.9 ±0.6 
C1 8PUFA+C22PUFA 9.5 ± 2.6 8.7 ± 2.4 16.3 ± 4.8 10.4 ± 3.4 
DHNEPA 0.30 ± 0.09 0.31 ± 0.13 0.72 ± 0.41 0.51±0.17 
(n -3 )/(n-6) 15.5±3.2 7.9 ± 6.5 12.5±3.6 5.9 ± 4.2 

TL (ng mr1) 49.9± 16.8 11.6 ± 6.5 40.3 ± 12.1 10.3 ± 6.8 
TFA (ng mr1) 30.7 ± 13.0 5.8 ± 3.8 19.1±5.9 3.8 ± 2.4 
PUFA (ng mr1

) 10.5 ± 3.9 1.1 ± 0.6 7.4 ± 2.0 0.8 ± 0.6 
"sampling depth as in last column of Table 5.1 (actual 1% light depth as in column 3) 
bdata not shown for fatty acids :<:;1% of the total in all samples (exceptions are odd/and or branched acids and 20:4(n-6); see 
Appendices 13-14) 
nd=not detected 
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Table 5.10. Concentrations of various seston parmneters n1easured at l% light during 
autumn in the North Water (error bars are 1 stm1dm·d deviation). 

Seston 1neasurement NORTHWEST SOUTHEAST 
POCa (J.!g r 1

) 276.0 ± 125.2 160.5 ± 86.1 
C:Chla 34.0 ± 22.6 43.3 ± 29.3 
1° prod., total a (mg C n1-3 d- 1

) 16.3 ± 33.5 1.5 ± 1.0 
1° prod.,> 5J.!ma (n1g C n1-3 d-1

) 10.0 ± 20.0 0.8 ± 0.4 
1° prod.,< 5J.!ma (1ng C m-3 d- 1

) 6.3 ± 13.6 0.7 ± 0.6 
Total autotrophsb (J.!g C r 1

) 101.3 ± 48.1 86.2 ± 34.8 
Chaetoceros socialisb (J.!g C r 1

) 71.8 ± 39.9 47.8 ± 27.8 
Auto. Dinoflagellatesb (J.!g C r 1

) 2.1 ± 2.4 6.7 ± 3.5 
Bacterial biomassc (mg C m-2

) 76.3 ± 48.7 118.6 ± 49.0 
adata provided by B. Klein; 6data from Booth et a1. (2002); cdata provided by R. Rivkin; POC=particulate 
organic carbon; C:Chl=carbon:chlorophyll; prod=production; auto=autotrophic 
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5.10 Figures 
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Chapter 6. Thesis summary 

This thesis reports the first cmnprehensive description of copepod and seston 

lipids in the North Water, the largest and most productive polynya in the Canadian 

Arctic. A new wax-ester based mnnivory index, the unsaturation coefficient (UC), was 

developed and tested. The utility of bacterial fatty acids (odd and/or branched; 18:1 (n-7)) 

as on1nivory indices for pelagic copepods was also investigated. Using these tools, in 

addition to extensive fatty acid and lipid class data, species-specific and spatial patterns 

in copepod on1nivory were investigated throughout the polynya. This work focused on 

on1nivory by three nmnerically dmninant copepods: Calanus hyperboreus CV, C. 

glacialis CV and Metridia longa CVI (fe1nales). 

The lipid data revealed that all species ingested non-phytoplankton prey, but to 

varying degrees. Levels of several mnnivory indices de1nonstrated that Metridia longa 

was the most onu1ivorous of the three species studied. However, bacterial fatty acid 

patten1s in Calanus glacialis suggest that this species is n1ost closely linked to the 

microbial food web. It is probable that the onmivorous feeding habit of each species has 

evolved to exploit particular prey in the Arctic Ocean and that these three copepods 

represent a trophic continumn m1der the conditions encountered in tlus study. M longa 

may be n1ore likely to eat small 1netazoans and copepod eggs and C. glacialis, marine 

snow and dying phytoplankton cells. C. hyperboreus is probably more herbivorous. 

Principal components analysis revealed that all copepods fed 01m1ivorously in the 
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southeastern comer of the polynya where the microbial loop was active. Elsewhere, 

phytoplankton was more abundant and the copepods fed herbivorously. 

Copepods in the North Water responded quickly to transient bloom events and 

dietary shifts were minored in their lipid signatures. These changes imply a certain 

degree of adaptability on the part of the copepods. Arctic calanoids are thus not strict re

packagers of photosynthetically produced carbon and probably have a highly varied diet. 

Because of the possible stabilizing role of mnnivory in food webs, such s1nall-scale 

processes should be considered when including zooplankton in dynamic ecosystem 

models. 

The heterotrophic 1narkers explored in this thesis were very useful at 

demonstrating connections between pelagic copepods and the microbial food web. Their 

sensitivity on both species-specific and spatial scales suggests much promise for their use 

in other pelagic ecosystems, especially those characterized by oligotrophy. A continued 

interest in the assessment of omnivory may lead to the development of quantitative, true 

in situ methods. To this end, future studies should focus on the lability and in vivo 

turnover of n1icrobial markers. Detailed inforn1ation on microplankton asse1nblages and 

biochemical signatures of heterotrophic prey in systems of interest are also required. 

Studies that combine several methods to deduce diet and feeding strategy (e.g., lipid 
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biomarkers, pigments, incubations, multivariate statistics, stable isotopes, gut analysis, 

faecal pellet analysis, modeling) will probably be fruitful. 
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Appendices 
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Appendix 1. Complete lipid class composition of surface-layer Calanus hyperboreus CV sampled in the 
North Water Polynya during fall 1999 (column headings refer to stations; HC=hydrocarbons, WE=wax esters, 
ME=methyl esters, KET=ketones, TG=triacylglycerols, FF A=free fatty acids, ALC=alcohols, ST=sterols, 
DG=diacylglycerols, AMPL=acetone-mobile polar lipids, PL=phospholipids, TL=totallipid, DM=dry mass). 

Lipid 01 03 06 14-A 14-B 14-C 32 35 40 44 45 
Class(%) 
HC 3.12 3.61 4.04 2.80 2.73 2.27 4.12 2.62 2.30 3.61 5.87 
WE 77.80 87.04 89.16 91.46 92.55 91 .62 88 .63 87.27 83 .75 86.32 83 .02 
ME 1.18 0. 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
KET 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TG I I .49 3.06 1.8 I 0.00 0.80 0.16 1.96 2.02 2.72 3.02 1.90 
FFA 0.25 0. 12 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.22 0.00 
ALC 0.65 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 
ST 0.44 0.17 0.00 0.00 0.00 0.00 0.61 0.00 0.00 0.00 0.00 
OG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AMPL 1.95 2.17 1.65 3 .22 2 .58 3.22 0.74 4.66 7.42 2 .28 3.64 
PL 3.13 3.71 3.34 2.52 1.35 2 .72 3.94 3.43 3.81 4.54 5.57 

WE (J.lg) 1347.1 913 .0 1017.9 805.6 1240.3 959. I I 183.3 860.5 1087.4 803. I I 068.3 
TL (J.lg) I 731.5 1048.9 I 141.7 880.9 1340.1 1046.8 1335.0 986. I 1298.4 930.4 1286.9 
OM (mg) 1.72 1.88 1.59 1.59 1.59 1.63 2 .41 2.52 1.76 

Appendix 1. Continued. 
Lipid 50 54 a 58 66 68 
Class(%) 
HC 3.98 1.69 3.56 2.74 2.82 
WE 89.75 91.49 83 .77 82.97 88.79 
ME 0.00 0.00 0.00 0 .58 0.00 
KET 0.00 0.00 0.00 0.00 0.00 
TG 1.77 0.00 4.17 1.20 1.32 
FFA 0.00 0.00 0.00 0.00 0.00 
ALC 0.00 0.00 0.00 0.00 0.00 
ST 0.40 0.00 0.00 2.00 0.22 
OG 0.00 0.00 0.00 0.32 2.79 
AMPL 1.73 2.89 1.46 4.29 1.85 
PL 2.37 3.93 7.04 5.88 2 .21 

WE ()..tg) I 103.4 848. 1 731 .2 1049.9 1414.1 
TL (J.lg) 1229.5 927.0 872.9 1265.4 1592.7 
OM (mg) 2.51 1.45 2.87 2.09 2.33 

B 



Appendix 2. Complete lipid class composition of deep-layer Cal anus hyperboreus CY (NOW; fall 1999). 

Lipid 02-A 02-B 02-C 03 06 14 32 35 45 54 a 54b 
Class(%) 
HC 2.47 3.05 2.60 2 .93 3.16 2.78 2 . 14 1.52 1.51 1.73 3.70 
WE 82 .35 83 .76 83 .03 85 .02 89.45 81.76 87.12 90 . 19 92.45 90.98 88 .06 
ME 0.00 0.00 0.00 0 .11 0.00 0.40 0.00 0.00 0.00 0.00 0.00 
KET 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TG 9.89 7.22 6.52 3.32 3.28 2.59 2 .01 4 .82 1.79 3. 15 3.15 
FFA 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.48 
ALC 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.37 
ST 0.30 0.00 0.35 0.63 0.00 1.23 1.44 0.00 0.84 0.00 0.46 
DG 0.00 0.00 0.00 0.00 0.39 0.31 0.00 0.00 0.00 0.00 0.00 
AMPL 0.59 I. 73 0.92 3.98 0.75 5.87 3.51 1.39 1.74 1.21 1.43 
PL 4.40 4.24 6.58 3.93 2.68 5.06 3.78 2.08 1.68 2.93 2.35 

WE (f.lg) 1302.7 989.9 1197.6 1330.2 1829.8 1134.6 1613.1 1850.7 1364.2 1342.2 1645.4 
TL (~tg) 1581.9 1181.8 1442.4 1567.7 2045.8 1387.7 1845.7 2051.9 1475.6 1475.3 1868.4 
OM (mg) 2.25 2 .25 2 .25 3. 13 3.71 3.51 3.27 2.97 2.18 1.20 3.56 

Appendix 2. Continued. 
Lipid 58 66 76-A 76-B 76-C 
Class(%) 
HC 1.42 2.18 1.06 2.02 1.04 
WE 93.13 85.52 92.22 90.98 91.96 
ME 0.00 0.51 0.00 0.00 0.00 
KET 0.00 0.00 0.00 0.00 0.00 
TG 0.38 2.76 0.00 1.66 0.72 
FFA 0.00 0.00 0.00 0.71 0.90 
ALC 0.00 0.60 0.00 0.00 0 .31 
ST 0.35 0.96 0.82 0.00 0.19 
DG 0.00 0.42 0.00 0.00 0.00 
AMPL 2.20 2.24 1.58 1.23 1.64 
PL 2.53 4.80 4.31 3.40 3.25 

WE (f.lg) 1379.3 1806.7 1396.9 1737.9 1371.7 
TL (~tg) 1481.1 2112.6 1514.7 1910.2 1491.7 
OM (mg) 3.23 3.17 3.96 3.96 3.96 

c 



Appendix 3. Complete lipid class composition of surface-layer Cal anus glacialis CV (NOW; fall 1999). 

Lipid 01 03 06 14 32 35 40 44 45 54 a 
Class(%) 
HC 2.02 3.10 2.88 1.30 1.76 2.79 2.02 1.59 1.12 1.94 
WE 84.66 81.11 83.58 75.03 76.82 84.72 84.66 76.11 82.87 90.55 
ME 0.00 0.35 0.00 1.10 0.00 0.00 0.00 0.00 0.85 0.00 
KET 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TG 8.26 6.52 4.95 7.90 9.73 5.00 8.26 16.29 7.72 3. 10 
FFA 0.00 1.10 0.00 0.00 0.72 0.00 0.00 0.00 0.91 0.00 
ALC 0.00 0.03 0.00 0.11 4.51 0.00 0.00 0.00 0.00 0.00 
ST 0.00 0.50 0.42 0.82 0.38 0.00 0.00 0.00 0.53 0.00 
OG 0.00 0.00 0.59 0.53 0.00 0.00 0.00 0.00 0.30 0.00 
AMPL 1.92 4.30 4.46 5.71 2.93 4.39 1.92 2.31 3.07 3.25 
PL 3.13 3.00 3.12 7.51 3.16 3.10 3. 13 3.70 2.61 1.16 

WE (J..lg) 398.1 424.1 340.4 400.2 344.3 338.8 465.2 337.8 372.3 315.3 
TL (J..lg) 521 .1 522.9 407.3 533.4 448.1 399.9 549.4 443 .8 449.3 348.2 
OM (mg) 0.86 1.01 1.20 1.0 I 0.71 1.20 0.81 1.12 0.99 

Appendix 3. Continued. 
Lipid 54b-A 54b-B 54b-C 66 68 76 
Class(%) 
HC 1.42 1.94 1.67 1.18 1.45 0.88 
WE 86.55 87.54 88.47 81.85 81.31 89.40 
ME 2.31 1.33 1.60 1.65 2.40 1.22 
KET 0.00 0.00 0.00 0.00 0.00 0.00 
TG 5.49 5.24 4.99 6.82 5.53 2.31 
FFA 0.00 0.00 0.00 0.05 0.00 0.00 
ALC 0.00 0.00 0.00 0.00 0.22 1.26 
ST 0.00 0.08 0.00 1.92 2.11 0.00 
DG 0.00 0.00 0.00 0.00 0.00 0.00 
AMPL 2.05 2.10 1.35 3.75 1.77 2.22 
PL 2.18 1.78 1.91 2.77 5.21 2.71 

WE (J..lg) 489.8 440.9 542.3 485.7 328.9 470.4 
TL (J..lg) 565.9 503.79 613.0 593.4 404.5 526.2 
OM (mg) 0.84 0.84 0.84 0.72 0.91 

D 



Appendix 4. Complete lipid class composition of deep-layer Calanus g/acialis CV (NOW; fall 1999). 

Lipid 02-A 02-B 02-C 03 06 14 32-A 32-B 32-C 35 45 
Class (%) 
1-lC 1.92 2.27 2.24 1.46 1.23 1.63 1.89 1.93 1.75 1.96 1.78 
WE 88.19 83.20 77.65 81.51 82.78 83 .25 81.47 83 .30 83 .68 75 .70 86.48 
ME 0.00 0.00 0.00 0.94 2.39 0.98 2. 12 1.17 1.85 0.00 0.83 
KET 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 0.00 0.00 
TG 3.35 8.42 13 .50 8.13 7.87 8.60 7.52 8.11 6. 12 16.67 7.04 
FFA 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 
ALC 0.00 0.00 1.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ST 0.00 0.22 0.96 0.41 0.38 1.43 0.00 0.04 0.00 0.15 0. 18 
OG 0.00 0.00 0.00 0.93 0.00 0.00 0.31 0.77 0.31 0.00 0.00 
AMPL 1.43 2.76 1.79 3.70 1.76 0.79 4.61 2.76 3.59 1.42 1.80 
PL 4.91 3. 13 2.75 2.93 3.59 3.31 2.08 1.72 2.70 4.10 1.89 

WE (J..tg) 280.0 452.4 479.7 504.2 534.7 578.4 377.6 420.8 302.8 535.3 607.3 
TL (J..tg) 317.4 543 .8 617.7 618 .6 645 .9 694.8 463 .5 505.2 361.9 707.2 702.2 
OM (mg) 1.19 1.38 1.22 1.22 1.22 1.33 1.39 

Appendix 4. Continued. 
Lipid 54 a 54b 58 66 76 
Class(%) 
HC 1.15 1.56 1.43 1.46 0.94 
WE 87.90 88.74 90.01 80.08 91.65 
ME 0.73 0.21 0.24 1.17 0.40 
KET 0.00 0.00 0.00 0.00 0.00 
TG 5. I 7 7.54 5.63 7.38 2.34 
FFA 0.00 0.00 0.00 0.51 0.00 
ALC 0.00 0.00 0.00 0.00 0.68 
ST 0.00 0.00 0.00 2.43 0.00 
OG 0.87 0.00 0.00 0.00 0.00 
AMPL 2.13 0.81 0.79 2.53 1.65 
PL 2.06 1.14 1.90 4.44 2.35 

WE (J..tg) 561.5 626.5 493 .5 588.9 598.3 
TL (J..tg) 638.7 565.9 548.3 735 .3 652 .8 
OM (mg) 1.14 1.24 1.04 1.20 1.15 

E 



Appendix 5. Complete lipid class composition of surface-layer Metridia tonga 
CVI-F (NOW; fall 1999). 

Lipid 14 45 66-A 66-B 66-C 76 
Class(%) 
HC 1.2+ 0.38 0.64 0.72 1.09 0.54 
WE 65.62 74.72 79.69 80.32 78.04 62.28 
ME 0.28 0.00 0.009 0.002 0.00 4.60 
KET 0.00 0.00 0.009 0.002 0.00 0.00 
TG 8.88 13.59 4.24 4.66 4.00 3.58 
FFA 0.00 0.13 1.11 1.37 1.49 0.66 
ALC 0.00 0.00 0.00 0.007 0.71 1.27 
ST 1.22 0.80 0.35 0.31 0.94 3.30 
DG 0.64 0.00 0.00 0.00 0.00 0.08 
AMPL 6.66 3.35 1.54 1.58 1.21 4.80 
PL 15.47 7.03 12.44 11.05 12.54 18.87 

WE (~Lg) 196.1 204.6 120.6 120.1 J 17.4 127.4 
TL (~g) I 96. I 204.6 I 51.3 149.5 150.4 127.4 
OM (mg) 0.46 0.53 0.37 0.37 0.37 0.36 

F 



Appendix 6. Complete lipid class composition of deep-layer Metridia tonga CYJ-F (NOW; fall1999). 

Lipid 01 02 03-A 03-B 03-C 06 14 32 35 40 45 
Class(%) 
HC 0.77 0.80 0.97 0.20 0.27 0.72 0.61 0.38 0.91 0.46 0.00 
WE 68.45 67.01 73.49 75.47 73.89 72.61 69.23 71.37 77.42 79.28 77.37 
ME 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.00 
KET 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TG 14.63 15.86 11.58 I 0.48 13.32 10.34 11.34 10.53 12.58 13.61 15.08 
FFA 0.60 0.82 1.33 2.18 1.56 0.00 0.00 0.00 0.30 0.00 0.25 
ALC 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.05 0.00 0.00 0.00 
ST 0.73 1.02 0.81 0.62 0.57 0.84 1.10 1.62 0.45 0.42 0.39 
DG 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.38 0.00 0.00 0.00 
AMPL 2.91 2.60 2.22 2.10 1.48 6.26 5.63 4.41 3.60 2.33 3.74 
PL 11.90 11.89 9.61 8.95 8.91 9.10 11.32 11.27 4.73 3.90 3.17 

WE (J-tg) 104.5 98.6 I 01.6 111.5 109.2 135.5 138.4 152.0 104.1 113 .7 126.8 
TL (pg) 152.7 147.1 138.2 147.7 147.8 186.6 199.8 213.0 134.4 143.5 163.9 
DM (mg) 0.46 0.50 0.41 0.41 0.41 0.51 0.46 0.53 0.47 0.41 0.53 

Appendix 6. Continued. 
Lipid 54a-A 54a-B 54a-C 54b 58 66 76 
Class(%) 
HC 0.54 0.52 0.55 0.57 0.24 0.25 0.69 
WE 79.62 78.29 69.69 69.86 49.32 75.37 71.48 
ME 0.00 0.00 0.00 0.00 0.00 0.00 0.20 
KET 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TG 4.81 5.53 7.23 14.81 4.59 3.65 6.21 
FFA 0.00 0.00 0.00 0.25 0.71 0.47 0.00 
ALC 0.00 0.00 0.00 0.00 0.00 0.71 1.17 
ST 0.35 0.23 0.64 0.44 2.44 1.24 0.00 
DG 0.00 0.00 0.00 0.00 0.00 0.24 0.17 
AMPL 3.30 4.02 3.06 2.05 4.97 2.21 3.86 
PL 11.37 1 I .40 18.84 12.00 37.73 15 .86 16.22 

WE (J-tg) 54.6 65.8 130.2 19.9 117.7 84.6 
TL (p.g) 69.7 94.5 186.4 40.3 156.2 118.3 
DM (mg) 0.40 0.40 0.40 0.49 0.37 0.46 0.45 

G 



Appendix 7. Complete fatty acid composition of surface-layer Cafanus hyperboreus CV (NOW; fall 1999); 
column headings refer to stations; TFA=total fatty acids (~Lg copepod- 1

). 

Fatty acid (%) 03 06 01 14-A 14-B 14-C 32 35 40 44 45 
14:0 2.91 2.74 2.88 2.40 2.72 2.65 2.75 3.02 2.61 2.67 2.63 
14:1 0.34 0.70 0.16 0.28 0.25 0.27 0.37 0.20 0.18 0.25 0.18 
i-15:0 0.09 0.68 0.06 0. 11 0.13 0.09 0.12 0.13 0.14 0.20 0.14 
ai-15:0 0.00 0.00 0.06 0.05 0.00 0.07 0.00 0.07 0.00 0.07 0.22 
15:0 0.04 0.00 0.08 0.06 0.05 0.09 0.05 0.16 0.05 0.05 0.13 
15: I 0.05 0.00 0.09 0.08 0.07 0.12 0.09 0.30 0.06 0.07 0.12 
i-16:0 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
ai-16:0 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
16:0 2.59 2.34 3.25 2.33 2.55 2.43 2.55 3.02 2.27 2.42 2.64 
16:1 (n-9) 0.20 0.13 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 
16:l(n-7) 19.65 11.75 23.56 16.81 15.02 23.08 18.37 20.49 12.99 19.02 19.98 
16: I (n-5) 0.19 0.13 0.25 0.19 0 .20 0.23 0.17 0.53 0.17 0.18 0.23 
i-17:0 0.00 0.00 0.03 0.05 0.00 0.03 0.00 0.14 0.05 0.04 0.00 
ai-17:0 0.30 0.31 0.38 0.33 0.30 0.30 0.30 0.60 0.33 0.34 0.51 
16:2(n-4) 1.5 I 1.59 1.62 1.76 1.47 1.53 1.54 1.79 \.56 1.48 1.69 
16:2? 0.06 0.00 0.10 0.00 0.04 0.05 0.03 0.24 0.00 0.00 0.08 
17:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 1.70 1.70 1.68 1.91 1.38 1.79 1.29 1.81 1.97 2.69 1.54 
17 :1 0.05 0.08 0.10 0.05 0.07 0.04 0.07 0.13 0.10 0.09 0.00 
16:3? 0.79 1.36 1.12 1.18 1.14 0.98 1.03 1.17 1.00 1.01 1.10 
16:4(n-3) 0.45 0.27 0.46 0.35 0.33 0.45 0.36 0.43 0.06 0.27 0.43 
16:4(n-l) 4.68 7.19 5.05 6.84 6.61 5.07 5.55 5.68 5.97 4.95 6.14 
] 8:0 0.16 0.13 0.19 0.14 0 . 12 0.17 0.18 0.14 0.14 0.15 0.10 
18:1(n-9) 1.41 1.02 2.04 1.60 1.32 2.22 1.49 1.69 1.29 1.60 1.57 
18:1(n-7) 1.18 0.88 1.25 1.19 1.06 1.12 1.15 1.14 0.97 1.50 1.13 
18:1(n-5) 0.35 0.39 0.47 0.00 0.46 0.41 0.40 0.41 0.37 0.46 0.38 
18:2(n-6) 0.57 0.39 0.64 0.51 0.44 0.65 0.52 0.59 0.54 0.68 0.47 
18:2(n-4) 0.06 0.12 0.13 0.18 0.19 0.16 0.12 0. 17 0.13 0.23 0.17 
l8:3(n-6) 0.37 0.16 0.51 0.29 0.23 0.41 0.23 0.34 0.20 0.34 0.31 
18:3(n-4) 0.08 0.03 0.21 0.05 0.06 0.04 0.03 0.07 0.06 0.07 0.11 
18:3(n-3) 0.21 0.22 0.20 0.21 0.14 0.19 0.19 0.20 0.23 0.21 0.23 
18:4(n-3) 1.29 1.14 1.88 1.74 1.18 1.60 1.40 1.61 1.97 0.07 1.67 
18:4(n-l) 0.57 0.58 0.71 0.88 0.65 0.62 0.58 0.78 0.64 0.56 0.78 
20:0 0.04 0.04 0.14 0.05 0.10 0.05 0.07 0.04 0.26 0.03 0.00 
20:l(n-11) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20: I (n-9) 6.16 4.67 8.12 7.27 7.32 8.32 5.47 7.04 5.98 4.73 7.47 
20:1(n-7) 0.65 0.40 1.46 0.67 0.87 1.02 1.05 1.06 0.71 0.65 1.39 
20:2(n-6) 0.04 0.00 0.23 0.00 0.05 0.06 0.04 0.08 0.07 0.08 0.09 
20:3(n-6) 0.08 0.03 0.24 0.07 0.06 0.11 0.07 0.11 0.13 0.11 0.06 
20:4(n-6) 0.53 0.41 0.61 0.40 0.43 0.58 0.47 0.57 0.58 0.81 0.50 
20:3 (n-3) 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.13 
20:4(n-3) 0.44 0.33 0.48 0.42 0.44 0.48 0.40 0.48 0.43 0.5 I 0.43 
20:5(n-3) 33.73 42.71 26.12 35.21 33.82 27.00 34.83 30.86 42.13 39.57 32.31 
22:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
22:1(n-1 I) 6.56 4.07 6.60 7.09 7.19 8.13 5.77 5.94 5.41 4.45 5.62 
22:1(n-9) 0.90 0.67 1.27 ·1.23 1.34 1.49 0.83 I. 11 1.43 1.08 1.45 
22:1(n-7) 0.17 0.07 0.23 0.17 0.19 0.27 0.14 0.22 0.16 0.20 0.23 
21 :5(n-3) 0.05 0.07 0.09 0.15 0.10 0.06 0.10 0.11 0.08 0.07 0.09 
22:5(n-3) 2.21 4.75 1.77 2.06 2.85 2.15 1.69 1.94 2.07 2.19 2.16 
22:6(n-3) 6.08 5.60 3.14 3.35 5.71 3.08 7.20 2.95 4.21 3.60 2.99 
24:1 0.50 0.12 0.21 0.27 1.33 0.32 0.95 0.31 0.29 0.20 0.29 
TFA (!-lg) 569.5 513.4 786.0 381.6 639.3 414.3 517.3 450.7 690.9 386.1 733.5 

H 



Appendix 7. Continued. 
Fattl: acid (%) 50 54 a 54b 58 66 68 
14:0 4.17 4.31 2.71 3.45 2.63 3.33 
14:1 0.29 0.31 0 .20 0.19 0.30 0.25 
i-15:0 0.12 0.19 0.13 0.14 0.11 0.16 
ai-15 :0 0.00 0.13 0.10 0.13 0.04 0.04 
15:0 0.16 0.32 0.00 0.19 0.07 0.09 
15 :1 0.16 0.00 0.08 0.00 0.09 0.12 
i-16 :0 0.00 0.00 0.00 0.00 0.00 0.03 
ai-16 :0 0.00 0.00 0.00 0.00 0.00 0.00 
16:0 3.89 5.04 2.49 4.26 2.82 3.19 
16: I (n-9) 0.00 0.00 0.00 0.00 0.00 0.03 
16:1(n-7) 29.66 13.83 16.76 11.09 13 .81 19.88 
16: I (n-5) 0.23 0.51 0.23 0.48 0.16 0.30 
i-17 :0 0.00 0. 18 0.00 0.13 0.00 0.10 
ai-17:0 0.32 0.29 0.36 0.27 0.29 0.27 
16:2(n-4) 1.55 1.19 1.80 1.26 1.60 1.44 
16:2? 0.00 0.00 0.00 0.00 0.03 0.00 
17:0 0.00 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 1.14 1.37 2.03 1.20 2.17 1.42 
17:1 0.00 0.00 0.10 0.14 0.05 0.06 
16:3? 0.53 0.70 0.99 0.72 1.37 0.90 
16:4(n-3) 0.00 0.35 0.24 0.00 0.17 0.23 
16:4(n- l) 2.68 2.28 5. 14 1.60 5. I 5 4.03 
18:0 0.64 0.71 0. 14 0.39 0.50 0.21 
I8:1(n-9) 1.95 3.03 1.61 3.91 1.47 2.27 
18:1(n-7) 1.57 1.33 1.17 1.35 1.09 1.29 
18:1 (n -5) 0.45 0.70 0.36 0 .74 0.45 0.47 
18:2(n-6) 0.72 1.99 0.63 3.09 0.55 1.33 
18 :2(n-4) 0.14 0.22 0.18 0.41 0.33 0.16 
18:3(n-6) 0.68 0.21 0.26 0.32 0.35 0.27 
18:3(n-4) 0.00 0.09 0.00 0.00 0.19 0.06 
18 :3(n-3) 0.25 1.07 0.24 1.85 0.58 0.62 
18 :4(n-3) 1.30 7.49 2.21 9.73 1.72 4.57 
1 8:4(n-1) 0.52 0.40 0.70 0.53 0.68 0.56 
20:0 1.71 1.69 0.00 0.00 0.33 0.15 
20:1(n-11) 0.88 0.27 0.00 0.00 0.09 0.00 
20:1 (n-9) 6.92 10.04 7.19 10.18 5.60 8.96 
20:1(n-7) 1.50 0.78 0.94 1.41 0.84 1.21 
20 :2(n-6) 0.14 0.18 0.09 0.34 0.00 0. 16 
20:3(n-6) 0.58 0.00 0. 16 0.00 0.00 0.00 
20 :4(n-6) 0.00 0.39 0.62 0.87 0.00 2. 18 
20 :3 (n-3) 0.00 0.09 0.00 0.00 0.00 0.00 
20:4(n-3) 0.00 0.84 0.52 0.00 0.40 0.49 
20:5(n-3) 20.02 16.80 33 .17 12.40 30.33 25 .31 
22:0 0.00 0.92 0.00 0.14 0.02 0.01 
22:l(n-11) 8.51 8.38 7.85 12.98 5.22 7.19 
22:1 (n-9) 1.21 1.79 1.95 2 .39 0.79 1.48 
22: I (n-7) 0.48 0.26 0.24 0.36 0. 14 0.20 
21 :5(n-3) 0.46 0.24 0.10 0.21 0.00 0. 11 
22:5(n-3) 1.20 1.10 1.73 1.06 7.57 0.00 
22:6(n-3) 2.57 7.37 4 .18 9.68 9.90 4.59 
24:1 0.69 0.62 0.38 0.37 0.00 0.26 
TFA (~tg) 693.2 427 .8 434.4 486.9 447 .8 

I 



Appendix 8. Complete fatty acid composition of deep-layer Calanus hyperboreus CV (NOW; fall 1999). 

Fatty acid (%) 02-A 02-B 02-C 03 06 14 32 35 45 54 a 54b 
14:0 2.92 3.10 2.73 2.76 3.02 2.50 2.80 3.77 3. 16 3.00 3.21 
14:1 0. 19 0. 19 0.17 0.27 0.25 0.46 0.33 0.26 0.30 0.20 0.37 
i-15 :0 0.08 0. 13 0. 14 0.08 0. 12 0. I 8 0. 19 0.09 0. 10 0.09 0.12 
ai-15 :0 0.00 0.09 0.00 0.00 0.03 0.03 0.03 0.00 0.00 0.00 0. 16 
15:0 0.06 0.09 0. 10 0.06 0.06 0.05 0.06 0.09 0.07 0.07 0.08 
15:1 0.10 0.11 0.14 0.10 0.08 0.05 0.10 0.00 O. II 0 .07 0.26 
i-16 :0 0.00 0.00 0.08 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.04 
ai-16 :0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:0 2.84 2.76 2.57 3.25 2.95 2.51 2.54 3.31 2.93 2.56 3.57 
16 : I (n-9) 0. 14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.03 0. 15 
16:1(n-7) 21.61 18.15 17.31 23 .20 22 .38 20.01 20.82 28.75 26.27 19.43 24 .09 
16:1 (n-5) 0. 16 0.26 0.19 0. 15 0.15 0.20 0.19 0.36 0.23 0.21 0.40 
i-17 :0 0.00 0.00 0.00 0.00 0.02 0.03 0.03 0.00 0.00 0.00 0.03 
ai-17 :0 0.30 0.36 0.30 0.31 0.26 0.36 0.32 0.36 0.29 0.24 0.34 
16:2(n-4) 1.55 1.49 1.57 1.67 1.33 1.49 1.5 I 1.37 1.5 I 1.33 1.81 
16:2? 0.00 0.00 0.00 0.07 0.20 0.04 0.04 0.1 I 0.00 0.00 0.00 
17:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 1.66 1.49 1.43 1.98 1.54 1.72 1.51 1.35 1.32 1.47 2.11 
17:1 0.25 0.09 0. 10 0.06 0.07 0.08 0.07 0.00 0. 13 0.06 0.08 
16:3? 0.99 1.06 1.00 1.24 0.89 0.89 1.05 0.63 0.82 0.65 1.51 
16:4(n-3) 0.46 0.40 0.35 0.25 0.18 0.27 0.29 0.33 0.27 0.21 0.16 
16:4(n-1) 5.51 6.28 5.71 5.27 4.75 4.54 5.11 2.54 4.53 3.45 5.68 
18:0 0.59 0.20 0.15 0.13 0. 12 0. 1 I 0.11 0. 15 0.12 0.15 0.23 
18:1(n-9) 2.4 1 1.95 1.81 1.91 1.67 1.79 1.67 1.94 2 .76 1.80 1.84 
18:1(n-7) 1.34 1.2 I 1.08 1.15 1.26 1.02 1.20 1.38 1.52 1.24 1.15 
18: 1 (n-5) 0.55 0.43 0.38 0.55 0.49 0.54 0.47 0.49 0.49 0.41 0.63 
18:2(n-6) 0.62 0.62 0.52 0.56 0.58 0.67 0.65 1.23 0.73 0.90 1.03 
18:2(n-4) 0.13 0.16 0.12 0.00 0.16 0.16 0.15 0.19 0. 19 0.19 0.39 
18:3(n-6) 0.50 0.40 0.37 0.62 0.27 0.45 0.23 0.53 0.30 0.29 0.28 
18:3(n-4) 0.00 0.00 0.00 0.05 0.06 0.04 0.06 0.00 0.05 0.06 0.06 
18:3(n-3) 0. 18 0.09 0.21 0.21 0.16 0. 16 0. 15 0.41 0.23 0.32 0.30 
18:4(n-3) 1.88 2. 11 1.53 1.90 1.74 1.65 1.30 4.76 2.00 3.78 2.36 
18:4(n-1) 0.61 0.85 0.67 0.71 0.62 0.54 0.62 0.55 0.62 0.48 0.87 
20:0 0.31 0.00 0. 16 0.07 0.07 0.50 0.06 0.50 0.09 0.77 0.44 
20: I (n-11) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 
20:1 (n-9) 5.74 8.34 5.66 7.24 7.43 7.60 5.91 4.94 6.61 7.59 4.19 
20: I (n-7) 1.16 1.01 0.67 0.94 1.53 1.23 0.97 1.75 1.49 1.15 0.86 
20:2(n -6) 0. 15 0.00 0.00 0.04 0.08 0.05 0. 12 0. 16 0.10 0. 11 0.08 
20:3(n-6) 0. 10 0.11 0.09 0.14 0.09 0.10 0.08 0. 16 0.09 0.08 0.08 
20:4(n-6) 0.74 0.52 0.50 0.82 0.47 0.54 0.53 0.72 0.48 0.49 0.43 
20:3 (n-3) 0.00 0.00 0.00 0.00 0.02 0.03 0.01 0.11 0.00 0.08 0.04 
20:4(n-3) 0.43 0.46 3.17 0.51 0.40 0.33 0.39 0.59 0.63 2.13 0.33 
20:5(n-3) 27.54 30.45 35 .81 24.39 27.56 26.09 31.1 I 20.22 25 .12 26.17 29.99 
22:0 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
22:1(n-11) 6.96 6.27 5.12 5.88 6.67 8.07 5.05 6.48 7.34 6.26 3.70 
22 :1(n-9) 2.24 1.98 1.61 1.18 1.93 1.59 1.07 1.79 1.45 1.53 0.47 
22:1 (n-7) 0.29 0.23 0.23 0. 18 0.32 0.32 0.18 0.36 0.28 0.25 0.00 
21:5(n-3) 0.00 0.12 0.00 0.10 0.11 0.50 0.31 0.00 0.00 1.84 0.17 
22 :5(n-3) 1.92 1.72 1.74 1.92 1.94 1.66 2.55 1.50 1.64 2.07 1.83 
22:6(n-3) 4.47 4.36 4.29 7.42 5.58 7.92 7.48 5.42 3.11 5.81 3.76 
24 :1 0.31 0.34 0.24 0.67 0.34 0.95 0.61 0.38 0.32 0.93 0.34 
TFA (1-l,s;) 393.9 707.8 653 .7 983 .2 989.7 744.8 860. I 1 I 18.6 794.9 485.4 438.3 

J 



Appendix 8. Continued. 
Fatty acid (%) 58 66 76-A 76-B 76-C 
14:0 4.64 3.31 3.48 3.52 4.05 
14:1 0.34 0.26 0.30 0.22 0.31 
i-15 :0 0.23 0.07 0.13 0. 10 0.14 
ai-15 :0 0.31 0.00 0.10 0.09 0.16 
15 :0 0.40 0.09 0.19 0. 14 0.34 
15:1 0.14 0.09 0.11 0.10 0.23 
i-16 :0 0.00 0.00 0.00 0.00 0.06 
ai- 16:0 0.00 0.00 0.00 0.00 0.00 
16:0 5.27 3.50 3.69 3.53 4.46 
I 6 :1 (n-9) 0.16 0.00 0.00 0.00 0.00 
16:1(n-7) 22.63 28.51 16.99 16.60 15.25 
16: I (n-5) 0.57 0.18 0.55 0.47 0.57 
i-17:0 0.14 0.01 0.19 0.16 0.20 
ai-17 :0 0.23 0.25 0.19 0.23 0.18 
I 6 :2(n-4) 1.27 1.34 0.87 1.02 0.76 
16:2? 0.00 0.10 0.00 0.05 0.00 
17:0 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 0.73 1.44 0.74 0.75 0.72 
17:1 0.11 0.00 0.00 0.08 0.00 
16:3? 0.88 0.72 0.57 0.73 0.54 
16:4(n-3) 0.55 0.26 0.36 0.35 0.42 
16:4(n-1) 1.62 2.76 0.73 1.54 0.83 
18:0 0.38 0.43 0.29 0.23 0.30 
18:1(n-9) 3.89 1.96 3.37 3.00 3 .37 
18:1 (n-7) 1.79 1.38 1.34 1.38 1.40 
18:1 (n-5) 1.00 0.47 0.72 0.67 0.73 
18:2(n-6) 3.53 0.92 2.31 2.13 2.80 
18:2(n-4) 0.34 0.14 0.36 0.34 0.35 
18:3(n-6) 0.45 0.52 0.32 0.47 0.36 
18:3(n-4) 0.00 0.06 0.00 0.04 0.11 
18 :3(n-3) 1.58 0.29 1.70 1.35 1.77 
18:4(n-3) 10.09 2.60 11.45 9.57 11 .08 
I 8:4(n-1) 0.39 0.41 0.28 0.47 0.39 
20:0 0.60 0.25 0.00 0.04 0.00 
20:1(n-11) 0.00 0.06 0.38 0.33 0.32 
20: I (n-9) 3.14 6.80 11 .60 1 1.93 11.84 
20:1(n-7) 0.16 1.77 1.09 1.30 0.99 
20:2(n-6) 0.:16 0 .11 0 .27 0.27 0.35 
20:3(n-6) 0.00 0.13 0.12 0.15 0. 14 
20:4(n-6) 0.27 0.46 0.44 0.38 0.39 
20:3 (n-3) 0.14 0.03 0.14 0.13 0.14 
20:4(n-3) 1.06 0.49 1.32 1.11 0.00 
20:5(n-3) 10.91 17.51 10.60 12.04 10.69 
22:0 0.00 0.02 0.00 0.00 0.00 
22:1(n-11) 7.97 5.35 7.87 8.05 7.87 
22 : I (n-9) 1.90 1.75 1.98 3.06 2.68 
22 :1(n-7) 0.24 0.30 0.21 0.30 0.21 
21 :5(n-3) 0.22 0.47 0.34 0.21 0.27 
22:5(n-3) 1.06 2.79 1.02 1.30 1.13 
22:6(n-3) 7.90 8.21 10.83 9.42 10.61 
24:1 0.44 1.43 0.49 0.65 0.48 
TFA (J..tg) 453 .8 1132.3 577.9 898.4 642.1 

K 



Appendix 9. Complete fatty acid composition of surface-layer Calanus glacial is CV (NOW; fall 1 999). 

Fatty acid (%) 03 06 01 14 32 35 40 44 45 54 a 
14:0 7.86 7.81 8.24 7.02 8. 12 8.93 7.64 9.11 8.15 10.45 
14:1 0.32 0.26 0.11 0.21 0. 14 0. 15 0.14 0.19 0.12 0.38 
i-15:0 0. 13 0. 18 0.15 0.16 0. 19 0.26 0.22 0.25 0.20 0.37 
ai-15 :0 0.00 0.00 0.06 0.00 0.00 0.08 0.06 0.04 0.08 0.31 
15 :0 0. 15 0.16 0. 16 0.15 0. 18 0. 15 0. 19 0.22 0.21 0.79 
15 :1 0. 12 0. 18 0.15 0.16 0.28 0. 13 0.32 0.28 0.25 0.78 
i-16:0 0.00 0.00 0.02 0.00 0.08 0.05 0.15 0.11 0.08 0.45 
ai-16:0 0.00 0.00 0.02 0.03 0.00 0.00 0.10 0.07 0.06 0.32 
16:0 5.32 5.48 5.84 5.61 5.92 5.73 4.93 6.23 5.53 8.50 
16: I (n-9) 0.25 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
16:1(n-7) 18.44 13 . 18 22.57 15.44 19.13 14.72 12.87 19.81 20.25 20.53 
16: I (n-5) 0.33 0.31 0.43 0.32 0.42 0.45 0.43 0.50 0.54 0.85 
i-17 :0 0.00 0.07 0.07 0.05 0.01 0.07 0.09 0. 18 0.09 0.32 
ai-17:0 0.30 0.36 0.36 0.30 0.35 0.45 0.55 0.70 0.46 0.45 
16:2(n-4) 0.83 0.94 1.05 0.73 0.83 0.75 0.87 1.16 0.96 !.II 
16:2? 0.00 0.00 0.10 0.03 0.03 0.10 0. 19 0.14 0.20 0.00 
17:0 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0. 17 0.00 0. 10 
16:3(n-4) 1.69 1.67 1.49 1.16 1.10 1.75 1.93 1.65 1.25 1.32 
17:1 0.04 0.06 0.08 0.08 0.06 0.11 0.16 0.21 0. 16 0.00 
16:3? 0.23 0.55 0.32 0.39 0.20 0.22 0.31 0.30 0.29 0.25 
16:4(n-3) 0.53 0.42 0.36 0.44 0.34 0.34 0.44 0.50 0.52 0.38 
16:4(n-1) 5.84 6.98 5.18 5.61 4.91 5.44 5.18 4.99 4.72 2.09 
18:0 0.73 0.24 0.24 0.29 0. 16 0.26 0.22 0.29 0.24 0.37 
18: I (n-9) 1.58 1.63 2.08 1.57 1.43 1.69 1.75 1.86 1.61 4.58 
18:1(n-7) 0.49 0.62 0.90 0.62 0.67 0.77 0.63 0.84 0.65 1.03 
18: I (n-5) 0.26 0.37 0.30 0.32 0.28 0.30 0.29 0.31 0.26 0.56 
18:2(n-6) 0.40 0.34 0.39 0.31 0.35 0.34 0.36 0.39 0.36 1.31 
18:2(n-4) 0.00 0.06 0.10 0.07 0.06 0.09 0.10 0.06 0.09 0.42 
18:3(n-6) 0.38 0.23 0.37 0.27 0.28 0.23 0.23 0.30 0.29 0.29 
18:3(n-4) 0.00 0.00 0.03 0.05 0.03 0.00 0.04 0.00 0.02 0.00 
18:3(n-3) 0.14 0.17 0. 13 0.16 0.14 0.14 0. 15 0.13 0. 11 0.74 
18:4(n-3) 1.97 2.27 1.75 1.54 1.74 1.84 2.06 1.73 2. 11 7.63 
18:4(n-l) 0.29 0.39 0.34 0.25 0.23 0.28 0.33 0.27 0.26 0.24 
20 :0 0.03 0.14 0.06 0.28 0.07 0.10 0.06 0.06 0.05 0.00 
20 :1(n-11) 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 
20: I (n-9) 8.61 6.65 8.65 4.63 5. 19 6.87 6.92 6.76 5.58 9.43 
.20:1 (n-7) 0.12 0.10 0.27 0.23 0.06 0. 16 0.15 0. 15 0. 15 0.17 
20:2(n-6) 0.00 0.00 0.03 0.01 0.01 0.11 0.00 0.00 0.02 0.10 
20 :3(n-6) 0.07 0.05 0.07 0.04 0.07 0.07 0.06 0.09 0.06 0.00 
20:4(n-6) 0.53 0.34 0.44 0.45 0.44 0.60 0.54 0.54 0.41 0.37 
20 :3 (n-3 ) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:4(n-3) 0.36 0.32 0.35 0.28 0.34 0.37 0.35 0.38 0.34 0.69 
20 :5(n-3) 29.77 32.70 26.98 29.34 33 .09 35.18 36.88 30.41 33.53 10.58 
22:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 
22 :1(n-l I) 5.08 5.01 5.51 3.12 3.66 5.81 4.82 4.42 3.91 5.86 
22: I (n-9) 0.53 0.44 0.45 0.40 0.47 0.42 0.95 0.36 0.94 0.45 
22:1(n-7) 0.09 0.06 0.10 0.05 0.06 0.08 0.09 0.05 0. 11 0. 10 
21 :5(n-3) 0.43 0.34 0.37 1.45 0.86 0.34 0.31 0.31 0.31 0.57 
22 :5(n-3) 1.22 1.52 0.95 3.71 1.66 1.09 1.08 0.94 0.93 0.53 
22 :6(n-3) 3.93 6.59 2.09 10.99 5.60 2.68 4 .59 2.32 3.15 3.55 
24:1 0.63 0.67 0.27 1.62 0.77 0.28 0.28 0.21 0.19 0.36 
TFA (f.Lg) 340.5 179.5 333 .9 255 .2 414.5 203 .9 351.5 197.3 297.7 128.5 

L 



Appendix 9. Continued. 
Fany acid (%) 54b-A 54b-B 54b-C 66 68 76 
14:0 7.74 8.25 8.90 8.42 8.30 9.46 
14:1 0.15 0.00 0.00 0.18 0.17 0.50 
i-15:0 0.21 0.19 0.13 0.24 0.00 0.34 
ai-15:0 0.08 0.05 0.05 0.07 0.58 0.12 
15:0 0.19 0.13 0.19 0.20 0.27 0.42 
15:1 0.18 0.09 0.16 0.16 0.21 0.15 
i-16:0 0.05 0.04 0.04 0.05 0.00 0.05 
ai-16:0 0.00 0.04 0.02 0.00 0.00 0.16 
16:0 5.91 5.19 5.23 5.62 6.49 8.33 
16:1 (n-9) 0.00 0.00 0.00 0.00 0.00 0.04 
16:1(n-7) 14.47 14.23 14.47 14.43 18.11 19.64 
16:1 (n-5) 0.38 0.00 0.00 0.40 0.39 0.66 
i-17:0 0.03 0.00 0.00 0.06 0.00 0.10 
ai-17:0 0.38 0.44 0.41 0.44 0.41 0.20 
16 :2(n-4) 0.87 0.83 0.92 0.94 0.82 0.93 
16:2? 0.08 0.09 0.00 0.00 0.00 0.00 
17:0 0.00 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 1.89 1.81 1.91 2.20 2.10 1.10 
17:1 0.11 0.00 0.00 0.05 0.05 0.00 
16:3? 0.28 0.31 0.24 0.32 0.27 0.26 
16:4(n-3) 0.33 0.54 0.28 0.33 0.36 0.36 
16:4(n-1) 5.19 5.87 5.32 5.80 5.36 1.15 
18:0 0.26 0.30 0.22 0.29 0.24 0.63 
18 : I (n-9) 1.92 1.91 2.12 1. 71 2.42 4.46 
18 :1(n-7) 0.78 0.63 0.62 0.65 0.69 0.91 
18 : I (n-5) 0.33 0.34 0.30 0.31 0.59 0.47 
18:2(n-6) 0.45 0.41 0.48 0.42 0.57 1.44 
18:2(n-4) 0.12 0.17 0.13 0.08 0.05 0.60 
18:3(n-6) 0.31 0.36 0.31 0.26 0.28 0.46 
18:3(n-4) 0.06 0.12 0.05 0.05 0.04 0.31 
18:3(n-3) 0.19 0.22 0.21 0.17 0.20 0.99 
18:4(n-3) 2.68 1.97 2.92 2.26 2.31 6.35 
18:4(n-l) 0.32 0.46 0.34 0.33 0.48 0.43 
20:0 0.08 0.15 0.07 0.29 0.14 0.27 
20:l(n-11) 0.08 0.06 0.04 0.03 0.00 0.26 
20:1(n-9) 7.23 7.35 8.40 6.32 6.99 12.48 
20: I (n-7) 0.46 0.21 0.15 0.32 0.15 0.27 
20:2(n-6) 0.00 0.05 0.03 0.02 0.18 0.83 
20:3(n-6) 0.00 0.07 0.07 0.09 0.08 0.08 
20:4(n-6) 0.56 0.53 0.50 0.64 0.67 0.33 
20:3 (n-3) 0.00 0.00 0.03 0.00 0.00 0.05 
20:4(n-3) 0.41 0.35 0.40 0.36 0.41 0.69 
20:5(n-3) 32.21 33.86 30.84 31.34 31.61 9.92 
22:0 0.03 0.03 0.03 0.00 0.00 0.00 
22:1(n-11) 5.20 5.52 6.35 4.99 3.66 4.70 
22:1 (n-9) 0.51 0.59 0.54 0.50 0.45 0.71 
22: I (n-7) 0.08 0.07 0.08 0.08 0.06 0.14 
21:5(n-3) 0.37 0.36 0.40 0.28 0.30 0.31 
22:5(n-3) 1.12 0.99 1.06 0.94 0.00 0.80 
22:6(n-3) 5.42 4.49 4.73 5.74 3.31 6.08 
24:1 0.28 0.29 0.29 1.64 0.24 1.06 
TFA (!J.g) 244.5 307.6 316.9 243.9 154.0 279.6 

M 



Appendix I 0. Complete fatty acid composition of deep-layer Caianus glacial is CV (NOW; fall 1999). 

Fatty acid (%) 02-A 02-8 03 06 14 32-A 32-B 32-C 35 45 
14:0 9.45 9.18 8.20 7.76 8.20 8.07 8.30 8.29 8.77 8.08 
14:1 0.17 0.17 0.34 0. 15 0.31 0.13 0.00 0.44 0.35 0.14 
i-15:0 0.26 0.22 0.12 0.18 0.16 0.23 0.18 0.25 0.16 0.24 
ai-15:0 0.13 0.05 0.00 0.04 0.04 0.08 0.04 0.08 0.05 0.08 
15:0 0.28 0.25 0.20 0.18 0.19 0.20 0.19 0.20 0.23 0.22 
15:1 0.20 0.33 0.19 0.16 0.19 0.34 0.16 0.19 0.13 0.17 
i-16:0 0.05 0.07 0.00 0.00 0.03 0.19 0.04 0.04 0.04 0.04 
ai-16:0 0.02 0.05 0.00 0.04 0.05 0.10 0.03 0.00 0.00 0.02 
16:0 6.25 6.29 5.62 5.50 5.72 5.99 5.35 5.95 6.05 5.59 
16: I (n-9) 0.00 0.00 0.23 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
16:1 (n-7) 18.17 19.36 21.75 15.27 19.52 19.69 20.73 20.29 19.28 21.74 
16:1(n-5) 0.51 0.47 0.32 0.31 0.34 0.52 0.00 0.50 0.35 0.42 
i-17:0 0.15 0.09 0.00 0.03 0.00 0.11 0.00 0.06 0.06 0.07 
ai-17:0 0.43 0.39 0.29 0.32 0.29 0.49 0.43 0.39 0.30 0.33 
16:2(n-4) 1.19 1.0 I 0.96 0.95 1.00 0.98 0.97 0.82 0.92 1.08 
16:2? 0.26 0.17 0.00 0.10 0.10 0.21 0.07 0.08 0.06 0.09 
17 :0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16 :3(n-4) 1.96 1.51 1.62 1.46 1.47 1.12 1.40 1.14 1.45 1.32 
17 :1 0.00 0.00 0.04 0.06 0.10 0.19 0.00 0.13 0.08 0.08 
16:3? 0.43 0.25 0.27 0.32 0.40 0.28 0.28 0.16 0.20 0.32 
16:4(n-3) 0.66 0.32 0.34 0.26 0.23 0.53 0.43 0.39 0.28 0.31 
16:4(n-l) 5.68 5.39 5.11 5.42 4.55 4.21 5.05 4.55 4.53 4.06 
18 :0 0.50 0.22 0.17 0.18 0.30 0.22 0.18 0.19 0.22 0.22 
18 :1(n-9) 3.19 2.39 2.40 1.99 2.49 1.66 1.71 1.63 2.38 2.36 
18:1(n-7) 0.92 0.82 0.74 0.68 0.80 0.75 0.69 0.78 0.83 0.86 
18:1(n-5) 0.45 0.32 0.29 0.32 0.40 0.28 0.31 0.31 0.32 0.35 
18 :2(n-6) 0.55 0.45 0.42 0.41 0.41 0.40 0.37 0.74 0.45 0.55 
18:2(n-4) 0.10 0.11 0.03 0.09 0.16 0.09 0.10 0.38 0.08 0.10 
18:3(n-6) 0.25 0.34 0.42 0.34 0.59 0.31 0.37 0.29 0.30 0.36 
18:3(n-4) 0.03 0.05 0.00 0.16 0.05 0.02 0.03 0.00 0.03 0.03 
18:3(n-3) 0.20 0.24 0.18 0.52 0.27 0.14 0.13 0.12 0.15 0.21 
18:4(n-3) 2.03 2.05 2.33 2.33 2.07 2.02 1.71 1.75 1.96 2.14 
18:4(n-l) 0.33 0.35 0.31 0.36 0.36 0.24 0.35 0.25 0.28 0.35 
20:0 0.05 0.06 0.06 0.10 0.04 0.05 0.04 0.12 0.08 0.05 
20:1(n-JI) 0.00 0.00 0.00 0.03 0.05 0.03 0.02 0.10 0.05 0.03 
20: I (n-9) 10.36 10.78 8.83 9. 16 9.15 5.67 5.87 5.86 9.27 8.20 
20:1 (n-7) 0.22 0.24 0.16 0.23 0.29 0.14 0.14 0.32 0.19 0.25 
20:2(n-6) 0.03 0.09 0.00 0.02 0.13 0.02 0.05 0.13 0.03 0.03 
20:3(n-6) 0.05 0.08 0.07 0.05 0.09 0.07 0.09 0.14 0.09 0.08 
20:4(n-6) 0.36 0.41 0.42 0.40 0.54 0.57 0.51 0.47 0.53 0.52 
20:3 (n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 
20:4(n-3) 0.35 0.35 0.38 0.34 0.34 0.36 0.35 0.36 0.35 0.42 
20:5(n-3) 23.58 23.84 25.01 27.98 22.14 31.89 32.14 32.54 28.73 26.74 
22:0 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.05 
22:l(n-ll) 5.19 6.46 4.96 8.24 4.70 4.68 3.82 4.50 5.43 4.68 
22:1(n-9) 1.19 1.21 0.54 0.59 0.55 0.52 0.84 0.53 0.53 1.07 
22:1 (n-7) 0.15 0.14 0.12 0. 12 0.12 0.09 0.11 0.08 0.09 0.13 
21 :5(n-3) 0.52 0.38 0.33 0.98 1.26 0.30 0.36 0.32 0.41 0.31 
22:5(n-3) 0.80 0.65 1.0 I 0.92 1.68 1.10 0.96 0.87 0.94 1.05 
22:6(n-3) 2.00 2.02 4.77 4.72 6.42 4.43 4.71 2.96 2.52 4.12 
24:1 0.33 0.39 0.44 0.24 1.68 0.30 0.44 0.32 0.32 0.33 
TFA (J..lg) 354.1 325.2 433.3 398.1 302.0 300.1 271.5 213.6 370.4 414.8 

N 



Appendix 1 0. Continued. 
Fatty acid (%) 54a 54b 58 66 76 
14:0 8.79 8.50 8.40 8.70 9.72 
14:1 0.14 0.16 0.10 0.13 0.10 
i-15:0 0.25 0.22 0.23 0.23 0.30 
ai-15:0 0.09 0.08 0.12 0.07 0.12 
15:0 0.24 0.20 0.32 0.28 0.37 
15:1 0.13 0.15 0.14 0.17 0.19 
i-16:0 0.05 0.04 0.04 0.06 0.07 
ai-16:0 0.02 0.00 0.00 0.00 0.04 
16:0 6.24 5.94 6.61 6.13 7.56 
16:1 (n-9) 0.00 0.00 0.00 0.00 0.00 
16:l(n-7) 20.03 18.56 23.79 18.62 23.75 
16:1(n-5) 0.44 0.34 0.55 0.35 0.53 
i-17:0 0.10 0.09 0.12 0.06 0.08 
ai-17:0 0.36 0.34 0.25 0.27 0.21 
16:2(n-4) 0.99 1.01 0.74 0.80 1.08 
16:2? 0.23 0.08 0.05 0.02 0.00 
17:0 0.23 0.00 0.04 0.00 0.00 
16:3(n-4) 1.46 1.48 1.04 1.49 0.87 
17:1 0.12 0.09 0.00 0.04 0.17 
16:3? 0.35 0.45 0.23 0. 15 0.29 
16:4(n-3) 0.48 0.36 0.37 0.25 0.37 
16:4(n-1) 4.25 5.43 1.74 2.83 1.35 
18:0 0.37 0.21 0.25 0.32 0.46 
18:1 (n-9) 2.76 2.28 4 .56 2.86 4.62 
18: I (n-7) 0.90 0.83 0.83 0.71 0.88 
18: I (n-5) 0.40 0.39 0.39 0.31 0.49 
18:2(n-6) 0.66 0.48 1.22 0.59 1.24 
18:2(n-4) 0.14 0.11 0 .09 0.07 0.28 
18:3(n-6) 0.38 0.34 0.57 0.30 0.75 
18:3(n-4) 0.03 0.04 0 .03 0.03 0.08 
18:3(n-3) 0.30 0.21 0.83 0.49 0.82 
18:4(n-3) 3.10 2.32 5.74 2.80 4.37 
18:4(n-1) 0.32 0.38 0.20 0.23 0.38 
20:0 0.04 0.05 0.06 0.33 0.04 
20:1(n-11) 0.08 0.06 0.19 0.03 0.15 
20:1 (n-9) 10.74 7.89 11.96 8.51 10.03 
20:1(n-7) 0.21 0.17 0.21 0.29 0.25 
20:2(n-6) 0.03 0.00 0.08 0.03 0.05 
20:3(n-6) 0.10 0.08 0.09 0.08 0.12 
20:4(n-6) 0.45 0.46 0.32 0.39 0.45 
20:3 (n-3) 0.04 0.00 0.06 0.00 0.02 
20:4(n-3) 0.45 0.36 0.67 0.43 0.69 
20:5(n-3) 23.22 28.56 14.09 20 .36 11.01 
22:0 0.03 0.00 0.07 0.07 0.00 
22:1(n-11) 5.51 4.04 5.34 6.40 5.3 1 
22: I (n-9) 0.59 0.51 0.94 0.58 0.58 
22:1(n-7) 0.1] 0.07 0.16 0 . 15 0.12 
21 :5(n-3) 0.34 0.41 0.30 2.04 0.76 
22:5(n-3) 0.83 1.05 0.60 1.37 1.00 
22:6(n-3) 2.55 4.86 4.87 7.62 6.23 
24:1 0.32 0.31 0.39 1.96 1.67 
TFA (!lg) 336.2 247.9 301.8 329.2 320.8 

0 



Appendix 11. Complete fatty acid composition of surface-
layer Metridia longa CVI-F (NOW; fall 1999). 

Fatty acid (%) 14 45 66-A 66-B 76 
14:0 2.08 2.24 1.50 1.37 2.23 
14:1 0. 16 0.1 I 0.13 0. 11 0.45 
i-15 :0 0.09 0.12 0. I 1 0.09 0.09 
ai-l 5 :0 0.00 0.13 0.08 0.05 0.00 
15 :0 0.14 0.19 0.27 0.18 0.21 
15 :1 0.28 0.24 0.28 0.13 0.06 
i- I 6:0 0.06 0.07 0.07 0.07 0.06 
ai-16:0 0.00 0.02 0.00 0.00 0.00 
16:0 5.38 6.03 5.10 4.88 7.60 
16: I (n-9) 0.00 0.00 0.00 0.00 0.00 
16:1(n-7) 21.78 30. 11 24.57 25 .3 9 15 .28 
16:1 (n-5) 0.22 0.32 0.25 0.23 0.25 
i-17:0 0.09 0.17 0.15 0.15 0.15 
ai-17:0 0.13 0. 15 0.09 0.08 0.14 
16:2(n-4) 0.55 0.62 0.51 0.44 0.60 
16:2? 0.76 1.54 0.99 0.91 0.59 
17:0 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 0.87 0.54 0.44 0.37 0.65 
17: I 0.00 0.28 0.31 0 .31 0.00 
16:3? 0.00 0.00 0.00 0.00 0.00 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 
16:4(n-1) 1.07 0.94 0.72 0.58 0.65 
18:0 0.29 0.31 0.44 0.39 1.14 
18 :1(n-9) 12.05 13.80 15 .54 13 .31 14.85 
18:1(n-7) 1.74 2.36 1.86 1.84 1.84 
18:1(n-5) 0.40 0.36 0.46 0.42 0.61 
18 :2(n-6) 1.22 1.26 1.70 1.53 2.21 
18 :2(n-4) 0.16 0.07 0.14 0.15 0.09 
J8:3(n-6) 0.48 0.35 0.36 0.32 0.16 
18 :3(n-4) 0.20 0.21 0.24 0 .20 0.12 
I 8:3(n-3) 0.55 0.36 0.57 0.52 0.81 
18 :4(n-3) 2.91 2.51 3.51 3.10 4.74 
J8 :4(n-1) 0.26 0.23 0.24 0.21 0.29 
20:0 0.05 0.00 0.17 0. 12 1.02 
20:J(n-11) 0.36 0.09 0.33 0.29 0.48 
20: I (n-9) 2.06 -.13 4.09 4.37 3.25 
20:1 (n-7) 0.31 0.28 0. 16 0.16 0.41 
20:2(n-6) 0.07 0.08 0.12 0.13 0.20 
20:3(n-6) 0.06 0.09 0.09 0.45 0.05 
20:4(n-6) 0.41 0.43 0.45 0.45 0.36 
20:3 (n-3) 0.02 0.00 0.00 0.00 0.00 
20:4(n-3) 0.41 0.41 0.54 0.50 0.79 
20 :5(n-3) 17.72 17.04 18.82 18.52 14.00 
22 :0 0.00 0.02 0.00 0.00 0.00 
22 : I(n-11) 0.67 2.40 1.67 1.95 0.90 
22: I (n-9) 0.22 0.45 0.24 0.41 0.16 
22: I (n-7) 0.00 0.07 0.00 0.00 0.00 
21 :5(n-3) 0.59 0.44 0.55 0.53 0.50 
22:5(n-3) 0.53 0.52 0.59 0.57 0.36 
22:6(n-3) 22.13 5.89 10.88 11.41 20 .87 
24:1 0.46 1.03 0.65 2.84 0.79 
TFA (J-tg) 105.7 I 13 .2 86.3 87.0 I 10.9 

p 



Appendix 12. Complete fatty acid composition of deep-layer Metridia Ionga CVI-F (NOW; fall 1999). 

Fatty acid (%) 02 03-A 03-B 03-C 06 01 14 32 35 40 
14:0 1.97 1.93 1.43 1.89 2.29 2.34 2.26 1.72 2 .28 1. 91 
14:1 0.11 0. 12 0.10 0.19 0.20 0.16 0.15 0.49 0.12 0 .08 
i-15 :0 0.12 0.09 0.06 0.08 0.07 0. 14 0.09 0.32 0.14 0.10 
ai-15 :0 0.14 0.08 0.05 0.07 0.00 0.16 0.04 0.08 0.00 0.00 
15:0 0.17 0.20 0.14 0.16 0.10 0. 19 0.13 0. 15 0.21 0.14 
15:1 0.39 0.34 0.25 0.34 0.24 0.38 0.25 0.28 0.28 0.21 
i-16 :0 0.00 0.05 0.00 0.05 0.00 0.07 0.05 0.12 0.00 0 .06 
ai-16 :0 0.00 0.06 0.05 0.00 0.00 0.03 0.06 0.15 0.00 0.00 
16:0 5.60 5.50 4.73 4.92 4.70 6.03 4.77 5.21 5.96 4.85 
16:1 (n-9) 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0 .02 
16:1(n-7) 31.61 32.32 30.27 31.65 23 .47 30.61 22 .68 22.17 35.35 31.02 
16:1 (n-5) 0.35 0.32 0.30 0.28 0.22 0.33 0.19 0.20 0.00 0 .22 
i-17 :0 0. 18 0.17 0 .12 0.13 0.09 0.19 0. 11 0 .05 0.19 0.12 
ai-17:0 0.17 0.19 0.15 0.16 0.12 0.21 0.15 0.15 0 .23 0.14 
16:2(n-4) 0.63 0.58 0.47 0.55 0.54 0.64 0.52 0.48 0.65 0.54 
16:2? 1.48 1.43 1.29 1.29 1.08 1.06 0.59 0.80 0.94 1.15 
17:0 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
16:3(n-4) 0.91 0.87 0.79 0.86 0.70 0.60 0.72 0.52 0.57 0.70 
17:1 0.00 0.00 0.00 0.00 0 .00 0.34 0.00 0.00 0.35 0 .00 
16:3? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-1) 1.01 0 .86 0.78 0.83 0.88 1.09 0.90 0.93 0.97 0.86 
18:0 0.41 0.36 0.30 0.33 0.26 0.50 0.35 0.46 0.50 0.31 
18:1 (n-9) 13.45 13 .46 10.65 12.94 12.01 14.91 11.44 11 .65 13 .68 14.27 
18:1(n-7) 2.41 2.50 2.57 2.30 1.76 2.58 1.77 1.96 2.40 1.74 
18 : I (n-5) 0.40 0.39 0.36 0.35 0.32 0.50 0.38 0.29 0.42 0.27 
18:2(n-6) 1.29 1.24 1.09 1.28 1.09 1.35 1.06 1.19 1.31 1.38 
18:2(n-4) 0.16 0 .19 0.18 0.19 0.00 0.32 0.09 0.13 0.17 0 .09 
18:3(n-6) 0.56 0.48 0.52 0.60 0.29 0.56 0.45 0.27 0.44 0.43 
18:3(n-4) 0.27 0.26 0.22 0.23 0.16 0.33 0.30 0.87 0 .26 0.19 
18:3(n-3) 0.67 0.56 0.53 0.66 0.55 0.57 0.70 0.32 0.39 0.36 
18:4(n-3) 2.89 2.36 2.45 2.65 2.24 2.67 2.37 2.05 2.81 2.59 
18:4(n-1) 0 .28 0.25 0.21 0 .21 0.23 0.27 0.21 0.21 0.30 0.27 
20 :0 0 .00 0 .04 0.00 0 .00 0.05 0.00 0 .06 0.11 0.00 0.00 
20 :1(n-11) 0.00 0.08 0.06 0 .08 0. 11 0.09 0.08 0.07 0.00 0.00 
20 :1 (n-9) 4.66 4.05 2.61 3.85 3.90 4.64 2.95 3.71 5.24 5.99 
20:1(n-7) 0.32 0.28 0.24 0.25 0. 17 0.27 0.25 0.94 0.36 0.33 
20:2(n-6) 0.00 0.10 0.09 0 .09 0.09 0.10 0.40 1.40 0.19 0.14 
20 :3(n-6) 0.00 0.10 0.29 0.11 0.00 0.07 1.29 0.18 0.00 0.09 
20:4(n-6) 0.62 0.58 1.02 0.59 0.43 0.55 0.46 0.80 0.37 0.00 
20:3 (n-3) 0.00 0.05 0.00 0.05 0.00 0.06 0.00 0.06 0.00 0.00 
20:4(n-3) 0 .46 0.45 0.65 0.51 0.39 0.42 0.40 0.87 0.44 0.44 
20 :5(n-3) 16.46 16.76 17.36 18.71 18.00 16.56 16.43 18.58 14.27 16.64 
22:0 0.00 0.00 0.00 0.00 0 .00 0.00 0.01 0.00 0 .00 0.00 
22:1(n-11 ) 2 .14 1.66 0.81 1.53 1.91 2.34 1.22 2.15 2.24 3.15 
22: I (n-9) 0 .59 0.30 0.20 0.30 0.26 0.18 0.22 0.31 0.62 0.44 
22: I (n-7) 0.12 0.06 0.06 0.07 0.04 0.06 0.03 0.04 0.00 0.33 
21:5(n-3) 0.60 0.47 0.53 0.52 2.28 0.57 1. 11 0.45 0.35 2.83 
22 :5(n-3) 0 .60 0.46 2.85 0.51 2.76 0.49 0.95 1.82 0.41 0.00 
22 :6(n-3) 4 .65 6.46 10.21 6.74 14.1 I 3.73 17.41 13.35 3 .52 4.58 
24 :1 1.17 0.94 2.94 0 .90 1.88 0.77 3.93 1.92 1.06 1.00 
TFA (f.Lg) 96.4 88.0 86.4 103.0 137.0 86.9 127.8 167.6 96.7 51.0 

Q 



Appendix 12. Continued. 
Fatty acid (%) 45 54a-B 54a-C 54b 58 66 76 
14:0 2.77 1.69 1.40 2.05 2.71 1.11 1.77 
14:1 0.12 0.09 0.06 0.12 0.00 2.07 0.92 
i-15:0 0.14 0.00 0.07 0.11 0. 17 0.00 0.00 
ai-15:0 0.00 0.14 0.07 0.06 0.36 0.00 0.00 
15 :0 0.19 0.23 0.17 0.15 1.11 0.05 0.15 
15 :1 0.33 0.27 0.27 0.27 1.0 I 0.02 0.07 
i-16 :0 0.00 0.14 0.26 0.07 0.82 0.00 0.00 
ai-16 :0 0 .00 0.00 0.15 0.07 0.14 0.20 0. 16 
16:0 6.24 6.33 4.95 5.56 13.05 4.64 6.61 
16 : I (n-9) 0.00 0.00 0.05 0.11 0.00 0.10 0.00 
16:1 (n-7) 31.09 28.82 18.15 27.69 19. 14 16.03 14.01 
16:1 (n-5) 0.34 0.26 1.16 0.28 0.84 0. 14 0.20 
i-17:0 0. 16 0. 16 0.17 0. 12 0. 11 0.38 0.11 
ai-17:0 0. 15 0.18 0.15 0.14 0.00 0.47 0.00 
16:2(n-4) 0.66 0.46 0.46 0.58 0.55 0.29 1.21 
16:2? 0.88 1.57 1.02 1.33 1.24 0.66 0.60 
17:0 0.00 0.08 0.00 0.00 0. 19 0.00 0.00 
16:3(n-4) 0.72 0.61 0.70 0.63 0.76 0.12 0.28 
17:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:3? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-1) 1.18 0.58 0.66 1.05 0.27 0.31 0.84 
18:0 0.34 0.38 0.33 0.38 1.12 0.70 1.30 
18:1(n-9) 14.25 15.28 10.79 13 .98 12.65 10.66 16.44 
18:1(n-7) 2.36 2.13 1.33 2.17 3.24 1.44 1.74 
18: I (n-5) 0.46 0.57 1.16 0.45 1.27 1.08 0.69 
18:2(n-6) 1.05 1.67 1.00 1.42 2. 16 4.91 2.28 
18:2(n-4) 0.32 0.09 0. 10 0.16 0.13 0.00 0.00 
18:3(n-6) 2.37 0.33 0.24 0.33 0.22 0.44 1.31 
18:3(n-4) 0.75 0.19 0.25 0. 16 0. 14 0.36 0.08 
18 :3(n-3) 0.36 0.51 0.30 0.47 0.47 0.79 1.00 
18:4(n-3) 2.50 2.60 2.56 2.90 1.56 3. 11 4.32 
18:4(n-l) 0.24 0.57 2.70 0.26 0. 15 0.00 0.23 
20:0 0.53 1.05 0.00 0.16 0.37 0.40 0.72 
20:1(n-11) 0.00 0.00 0.00 0.00 0.00 0.00 0.30 
20: I (n-9) 2.06 2.78 8.67 1.34 7.23 2.36 4.57 
20:1(n-7) 0.00 0.00 4.82 0.00 0.24 1.02 0.00 
20:2(n-6) 0.18 0.13 1.48 0.15 0.14 0.06 0.06 
20:3(n-6) 0.50 0.08 0.07 0.09 0.00 0.02 0.00 
20:4(n-6) 2.59 0.97 0.31 0.85 0.19 0.25 0.33 
20:3 (n-3) 0.00 0.00 0.00 0.86 0.00 0.00 0.00 
20 :4(n-3) 0.40 0.47 9.01 0.44 0.00 0.41 0.50 
20:5(n-3) 15.37 14.74 14.52 19.71 11.05 13.73 8. 11 
22:0 0.00 0.00 0.00 0.06 0.00 0.00 0.14 
22 :1(n-11) 2.18 2.30 2.50 1.52 2.90 0.81 1.47 
22 : I (n-9) 0.63 0.51 0.58 0.55 0.38 0.00 0.24 
22: I (n-7) 0. 12 0.00 0.00 0.06 0.00 0.00 0.00 
21 :S(n-3) 0.00 0.87 0.32 0.00 0.00 0.00 1.0 I 
22:5(n-3) 0.46 0.92 0.49 0. 71 0.21 4.41 1.59 
22:6(n-3) 4.35 8.39 5.95 9.78 9.77 22.15 16.14 
24:1 0.69 0.85 0.59 0.64 1.92 4.29 8.51 
TFA (J-lg) 61.1 32.5 37.7 67.0 16.0 128.6 35.4 

R 



Appendix 13 . Complete fatty acid composition of seston collected at 1% light (NOW; fall 1999). 

Fatty acid (%) 03-A 03-B 03-C 06 01 14 32-A 32-B 32-C 35 40 45 
14 :0 13 . 12 12.33 12.43 10.57 12.13 13 .50 10.57 10.72 10.65 10.74 11.87 11.17 
14 :1 0.13 0. 16 0.19 0. 13 0. 19 0.00 0.31 0.45 0.43 0.29 0.28 0.16 
i-15 :0 0.33 0.33 0.38 0.92 0.71 1.37 0.70 0.61 0.66 0.71 0.81 0.78 
ai-l 5:0 0.29 0.45 0.49 0.61 0.36 0.62 0.81 0.27 0.55 0.74 1.21 0.69 
15:0 0.46 0.45 0.57 0.47 0.45 1.02 0.58 0.48 0.61 0.49 0.48 0.51 
15 :1 0.05 0.07 0.09 0.43 0.17 0.75 0.32 0.17 0.27 0.30 0 .34 0.28 
i-16 :0 0.07 0.07 0.08 0.45 0. 12 0.51 0.21 0.19 0.18 0. 17 I. I I 0.66 
ai-16 :0 0.33 0.03 0.32 0.89 0.09 0.36 0.55 0.45 0.23 0.14 1.16 0.57 
16:0 15.18 14.41 19.05 12.33 11 .72 11.36 12.96 13 .25 13 .72 I 3.47 13 .09 16.62 
16: I (n-9) 0.63 0.48 0.52 1.43 1.80 0.42 0.91 0.51 0.00 0.96 2.34 1.14 
16:1(n-7) 34.45 31 .90 33 .26 20.6I 25 .26 23.75 23 .89 25.41 25 .12 29.43 15 .53 26.I7 
16:1 (n-5) 0.90 0.78 1.20 0.69 0.65 0.28 0.63 0.63 0.65 0.93 0 .71 0.66 
i-17 :0 0.55 0.51 0.52 1.02 1.06 0.78 0.67 0.50 0.50 0.74 0.77 0.67 
ai-17:0 0.44 0.40 0.38 0.53 0.53 0.32 0.40 0.35 0.32 0.43 0 .26 0.40 
16:2(n-4) 1.41 1.33 I.I9 1.82 1.99 1.26 1.28 1.27 0.96 1.48 1.34 1.26 
16:2? 0.09 0.05 0.11 0.00 0.11 0.00 0.42 0.27 0.28 O. I9 0.47 0.20 
17:0 0.06 0.06 0.12 0.15 0.08 0.00 0. 18 0.00 0.00 0.12 0. 18 0. 16 
I 6:3(n-4) 0.79 0.69 0.64 1.3 I 1.46 1.04 1.00 0.94 0.89 1.05 1.68 0.66 
17:1 O. I2 O. I7 0. 10 0.10 0.11 0.00 0.00 0.00 0.00 0.21 0 . I3 0.00 
16:3? 0.64 0.63 0.58 1.12 1.31 0.80 0.47 0.36 0.35 0.95 0.89 0.95 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-l) 2.64 2.86 2.08 4.91 5.65 3.78 2.32 2.41 1.93 3.56 3.48 3.19 
I8 :0 0.64 0.67 1.01 1. 11 0.78 I.I6 1.02 1.02 1.06 0.75 1.23 0.95 
18:1(n-9) 1.87 1.68 2.50 2.16 1.42 3.82 3.30 4.87 5. 19 2.85 5.05 6.37 
18:1(n-7) 0.96 0.90 1.10 !.60 1.24 0.78 1.99 2.16 2.04 1.33 2.07 1.80 
I8 :1(n-5) 0.14 0.14 0.20 0.23 0.17 0.00 0.30 0.34 0.32 0.21 0.36 0.23 
I 8:2(n-6) 0.99 0.94 1.15 0.83 0.75 0.80 0.93 1.01 0.9I 0.97 1.81 0.91 
18 :2(n-4) 0.25 0.09 0.16 0.4I 0.20 0.35 1.56 0.41 0.97 0.14 1.30 0. 14 
18 :3(n-6) 0.40 0.36 0.44 0.29 0.34 0.32 0.00 0.3 I 0.23 0.35 0.23 0.32 
18 :3(n-4) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
18 :3(n-3) 0.27 0.26 0.30 0.24 0.27 0.34 0.21 0.17 0.31 0.29 0.31 0.23 
18:4(n-3) 1.68 1.71 1.74 1.47 1.73 1.04 1.17 1.45 1.21 2.27 1.45 1.49 
18:4(n-I) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:0 0.08 0.06 0.09 0. 12 0.00 0. 10 0.00 0.00 0.00 0.07 0.00 0.00 
20:1(n-11 ) 0.34 0.28 0.38 0.45 0.53 1.00 0.50 0.42 0.36 0.49 0.69 0.32 
20: I (n-9) 0. 12 0.06 0.05 0.38 O. I9 0.30 0.00 0.92 0.64 0.94 0.44 0.00 
20 : I (n-7) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:2(n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20 :3(n-6) 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:4(n-6) 0.43 0.47 0.33 0.55 0.30 0.47 0.33 0.29 0.37 0.34 0.26 0.29 
20:3(n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:4(n-3) 0.48 0.44 0.32 0.23 0.33 0.26 0.21 0.26 0.31 0.33 0.26 0.27 
20:5(n-3) 14.35 20.04 11 .22 16.25 19.72 18.49 19.33 19.22 18 .79 15.66 15 .87 14.84 
22:0 0.05 0.08 0 .08 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 
22: I(n-11) 0.15 0. 12 0.12 0.41 0.17 1.23 0.00 0.8I 0.64 0.83 0.37 0.22 
22 :1(n-9) 0.48 0.58 0.66 0.45 0.22 1.43 0.25 0.32 0.28 0.36 0.86 0.27 
22 : I (n-7) 0 .00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 
2 I :5(n-3) 0.40 0.09 0.22 0.00 0. I8 0.21 1.92 0.36 1.10 0.24 1.33 0.14 
22 :5(n-3) 0.2I 0.22 0.22 3.36 0.35 0.65 1.51 0.35 0.46 0.29 0.80 0.25 
22 :6(n-3) 2.92 2.53 3.27 7.10 4.97 4.26 5.84 6.06 6.00 3.95 7.02 4.07 
24:1 0. 11 0.12 0.13 1.89 0. 17 1.06 0.20 0.00 0.50 0. 14 0 . 17 0.00 
TFA (ng mr 1

) 53.5 60 .3 48 .2 26.0 39.7 25 .8 13 .2 16.7 15 .5 40.8 18.6 25.4 
TL (ng mr1

) 78.7 87 .5 66 .9 57.1 74.1 50.2 21.0 26.1 24 .7 65 .7 40.3 33 .0 

s 



Appendix 13. Continued. 
Fatty acid (%) 50 a 50b-A 50b-B 50b-C 54 a 54b 58-A 58-B 58-C 66 68 76 

14:0 9.66 11 .22 11.44 12.03 6.41 9.89 11 .94 9.80 10.56 9.69 7.95 11.81 
14:1 1.46 0. 14 0.24 0.26 0.76 0.39 0.19 0.50 0.29 0.91 0.53 0.47 
i-15 :0 0.45 1.04 1.00 1.18 0.88 1.07 0.74 0.76 0.92 0.99 0.66 1.32 
ai-15:0 0.66 1.01 1.05 0.83 0 .71 1.06 0.89 1.17 1.20 0.64 0.77 0.55 
15:0 0.56 0.51 0.48 0.52 0.58 0.56 0.53 0.62 0.70 0.77 0.48 0.68 
15:1 0.32 0.22 0. 16 0.27 0.32 0.24 0. 16 0 . 13 0.19 0.67 0.34 0.36 
i-16:0 0.24 0.18 0.22 0.18 1.08 1.07 0.33 0.30 0.46 0.77 0.77 0.69 
ai-16:0 0.54 0.12 0. 10 0.32 0.82 1.15 0. 14 1.49 0.21 0.39 1.29 0.46 
16:0 8.83 14.30 13.40 13 .97 10.04 25 .00 I 1.63 13.39 14.06 10.76 15 .55 12.70 
16: I (n-9) 0.00 2.10 2.16 0.73 0.82 1.96 1.78 2.63 2.50 0.67 1.36 0.67 
16:1(n-7) 21.93 24.60 23 .34 25 .58 14.08 13.73 18.46 16.62 17.45 15.51 11.82 11.40 
16: I (n-5) 0.56 0.57 0.58 0.58 0.62 0.87 0.62 0.83 0.87 0.87 1.26 0.64 
i-17 :0 0.50 0.83 0.85 0.80 0.77 1.13 0.85 1.03 1.14 0.93 0.89 0.90 
ai-17:0 0.31 0.24 0.44 0 .27 0.88 0 .33 0.66 0.31 0.24 1.02 0.94 0.25 
16:2(n-4) 1.03 1.79 2.09 1.82 1.81 1.42 1.68 1.91 1.62 1.36 1.39 1.38 
16:2? 0.49 0.23 0. 17 0.19 1.22 0 .33 0.29 0.62 0.41 0.21 0.90 0.00 
17:0 0.33 0.10 0.13 0.09 0.94 0.22 0.15 0.68 0.34 0.34 0.82 0.00 
16:3(n-4) 1.91 2.06 2 .18 2.03 3.01 1.71 2.54 2.35 2.00 2.95 2.44 1.46 
17:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.21 0.00 0.00 0.00 
16:3? 0.54 0.77 0.84 0.75 0.82 0 .81 0 .84 1.28 1.13 0.36 1.07 0.88 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-1) 3.14 3.10 3.23 3.01 2 .31 2.49 3.81 3.24 3.27 2.63 2.86 2.91 
18:0 1.12 0.94 1.04 0.94 2.26 1.74 0 .72 1.28 1.36 2.88 2.58 1.57 
18:1(n-9) 6.30 2.28 2.38 2.42 10.15 3 .11 3.39 3.50 2.89 5.25 6.41 5.18 
18:1(n-7) 3.08 1.65 1.68 1.62 2.54 2 .02 1.38 1.93 1.70 1.47 2.37 1.04 
18:1 (n-5) 0.28 0.27 0.31 0 .23 0.53 0.37 0.26 0.35 0.29 0.52 1.00 0.00 
18:2(n-6) 0.79 1.21 1.14 1.23 1.58 0.87 1.10 1.25 1.23 2.60 1.77 2.42 
18:2(n-4) 0.00 0.73 0.30 0.33 0.65 0.53 0.34 0.39 0.47 1.81 1.53 0.50 
18:3(n-6) 0.23 0.32 0.36 0.44 0.28 0.23 0.24 0. 17 0.18 0.68 0 .27 0.42 
18:3(n-4) 0.00 0.00 0.00 0.00 0.00 1.45 0.00 0.17 0.00 0.00 0 .35 0.00 
I 8:3(n-3) 0.25 0.44 0.71 0.42 1.90 0.37 0.65 0.58 1.40 0.86 0 .92 1.47 
18:4(n-3) 1.93 2. 13 2.06 2.24 5.46 1.39 3.44 2.96 3.24 2.84 2 .99 3.83 
18:4(n-1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:0 0 .29 0.00 0.12 0.08 0.00 0 .19 0.00 0.13 0.26 0 .00 0.70 0.43 
20:1(n-11) 0.39 0.73 0.72 0.66 1.71 1.25 2 .38 2.36 2 .76 2 .52 2.13 4 .63 
20: I (n-9) 3.82 0.09 0.34 0.35 0.68 0 .24 0.29 0.71 0.72 0.91 1.09 0.60 
20:1 (n-7) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:2(n-6) 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 
20 :3(n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20 :4(n-6) 0.46 0.46 0.47 0.47 0.32 0.31 0.25 0.17 0.22 1.10 0.00 0.34 
20:3 (n-3) 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0 .00 0.00 0 .00 0.00 0.00 
20:4(n-3) 0.31 0.28 0.3 I 0.28 0.56 0.38 0.40 0.47 0.40 0.39 0.34 0.56 
20:5(n-3) 19.27 16.14 16.74 16. I 9 12.45 10.34 17.69 13.03 13 .73 13.87 10.68 10.29 
22:0 0.00 0.08 0.09 0 .00 0.00 0.00 0.00 0. 14 0.00 0.00 0.00 0.00 
22 :1(n-1 I) 2.83 0.09 0.21 0.26 0.00 0.36 0. 12 0.40 0.29 0.97 0.22 0.42 
22: I (n-9) 0.23 0. 13 0.26 0.25 0.00 0.00 0.68 2 .79 1.61 0.56 0 .19 0.00 
22:1 (n-7) 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
21 :5(n-3) 0.29 0.80 0.47 0.43 0.57 0.91 0.36 0.29 0.41 0.28 1.16 0.48 
22 :5(n-3) 1.19 0.11 0.14 0.14 0.67 1.37 0.28 0.38 0.55 0.95 9.01 0.00 
22:6(n-3) 3.49 5.83 5.88 5.5 I 8.81 6.71 7.65 6.31 6.39 6.66 0 .58 I 6.30 
24 :1 0 .00 0.15 0.19 0.12 0.00 0.29 0.16 0.17 0.13 0.43 8.46 0.00 
TFA (ng mr 1

) 13.4 28 .5 30.2 27 . I 10.1 17.4 25.1 23.0 22.8 16.6 20.4 I7 .0 
TL (n!::. mr1

) 23.6 50.4 70.3 56.4 2? .0 40.9 46.0 53.3 50.4 42.1 30.8 37.4 

T 



Appendix 14. Complete fatty acid composition of seston collected below 1% light (NOW; fall 1999). 

Fatty acid (%) 02 03 06 01 14 32 35 40 45 54 a 
14:0 12.68 8.59 9. 14 9.60 8.63 14.02 12.96 12.83 9.02 11 .08 
14:1 0. 18 1.94 0.96 0.74 0.98 0.15 0.61 0.00 0.19 0.00 
i-15:0 2 .03 0.44 0.86 0.40 1.02 1.23 0.23 2.02 1.61 2.31 
ai-15 :0 0.40 11.76 0.45 0.57 0.61 1.06 0.58 0.30 0.26 0.56 
15:0 1.33 0 .82 0.83 0.69 1.40 1.06 0.74 0.58 0.75 0.71 
15 : I 1.05 1.35 0.62 0.38 0 .68 0.81 0.59 0.12 0.16 0.61 
i-16 :0 0.68 0.27 0.77 0.27 0.28 0.35 0.31 0. 12 0.31 0.37 
ai-16 :0 0.46 0.00 0.61 0.42 0.46 0.40 0.23 0.00 0 .14 0.00 
16:0 18.26 12.17 14.98 13.48 17.55 18 .66 17.61 21.43 15.05 18.30 
16: I (n-9) 0.42 0.00 0.89 0.71 0.34 0.30 0.00 0.00 0.16 0.00 
16:1(n-7) 23 .69 18.73 24.17 25 .22 18.07 27.56 32.71 33.76 22.56 27 .50 
16: I (n-5) 0.39 8.71 0.55 0.54 0.61 1.54 0 .39 0.40 1.00 0.47 
i-17:0 0.00 0.94 0.59 0.48 0.91 1.04 0.51 0. 11 0.35 0.35 
ai-17:0 0.21 0.39 0.34 0.44 0.34 0 .39 0.00 0.00 0.22 0.00 
16:2(n-4) 0.63 1.02 1.23 1.10 1.27 1.09 0.63 0.66 0.67 0.62 
16:2? 1.10 0.00 0.12 0.78 0.14 0.00 0.24 0.43 0 .44 0.63 
17 :0 0.51 0.58 0 .55 0 .33 0.47 0.46 0.17 0.10 0.22 0.23 
16:3(n-4) 0.74 0.77 0 .82 1.21 1.01 0.85 0.74 0.20 0.40 0.29 
17:1 0.00 0.00 0.10 0.00 0.00 0.15 0.00 0.00 0.45 0.00 
16:3? 0.60 1.28 0.36 0.29 0 .69 0.21 0.16 0.13 0.13 0.32 
16:4(n-3) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16:4(n-l) 1.35 0.75 1.63 2 .19 2.22 1.94 1.42 0.47 0.89 0.56 
18:0 4.78 7.60 6.13 3.29 6.02 2.20 2.50 2.34 2 .15 3.42 
18:1(n-9) 5.24 7.86 3.87 8.10 6.68 7.00 5. 7 1 2.31 17.82 6.59 
18:1(n-7) 1.24 0.00 1.36 1.72 1.18 1. 70 1.41 0.68 2.02 1.47 
18:1(n-5) 0.00 5.54 0.18 0 .00 0.29 0.33 0.18 0.00 0 .37 0.25 
18:2(n-6) 1.40 0.00 1.58 1.] 1 3.02 2.67 2 .81 4.37 2.22 2.51 
I 8:2(n-4) 2.58 1.26 1.43 1.40 1.21 0.67 0 .34 2 .39 0 .39 1.17 
18:3(n-6) 0.25 0.29 0.34 0.42 0.17 0. 15 0.26 0.44 0.29 0.38 
18:3(n-4) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0 .1] 0.00 
18:3(n-3) 0.60 0.99 0.47 0.44 0.90 0.19 0.26 0.34 0.38 0.43 
18:4(n-3) 1.35 1.33 0.85 1.45 1.25 0.99 0 .94 2.08 1.17 0.86 
18:4(n-1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 
20 :0 0.47 0.00 0.00 0.40 0.40 0.00 0.00 0.23 0.24 0.36 
20: I (n- I 1) 0.58 0.00 0.28 0.65 0.65 0.68 0.11 0.21 0.53 0.39 
20:1 (n-9) 1.35 0.00 1.23 2.19 0.35 0.00 3.15 0.35 1.04 2.05 
20: I (n-7) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0 .00 0.00 
20:2(n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:3(n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20:4(n-6) 0.00 0.00 0.32 0.31 0.24 0.00 0. 12 0.00 0.31 0.26 
20 :3 (n-3) 0.00 0.00 0.22 0.00 0.17 0.27 0.00 0.00 0.00 0.00 
20:4(n-3) 0.18 0.00 0.33 0.00 0.19 0.00 0.22 0.00 0.31 0.00 
20:5(n-3) 5.94 3.75 11.01 11.08 12.38 7.24 6.44 4.77 8.62 7.34 
22:0 0.00 0.00 0.90 0.00 0.27 0.42 ' 0.00 0.00 0.00 0.44 
22 :1(n-11) 1.70 0.00 1.39 1.42 0.38 0.00 2.79 0. 15 0.98 2.27 
22:1 (n-9) 0.00 0.00 0.35 0.35 2.19 0.00 0.36 0.00 0.23 1.01 
22: I (n-7) 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
21:5(n-3) 2.38 0.00 1.37 1.58 0.74 0.00 0.22 2.54 0.13 0.57 
22:5(n-3) 1.17 0.00 1.19 0.93 0.71 0.00 0.42 1.58 0.33 0.33 
22 :6(n-3) 2.10 0.87 3.55 3.00 2.78 2.23 0.95 1.40 5.20 3.00 
24:1 0.00 0.00 0.97 0.23 0.18 0.00 0.00 0.00 0.24 0.00 
TFA (ng mr 1

) 1.1 3.1 5. I 5.2 3.7 13 . 1 10.9 5.1 4.6 3.2 
TL (ng ~nr 1 ) 7.2 5.0 19.4 15 .3 8.5 22.8 14.1 5.0 7.7 6.0 

u 



Appendix 14. Continued. 
Fatty acid (%) 54b 58 66 76 
14:0 7.04 7.53 10.98 21.71 
14:1 0.24 0.00 0.65 1.01 
i-15:0 1.50 3.67 1.36 1.85 
ai-15:0 0.14 1.34 0.60 1.83 
15 :0 0.47 1.48 1.20 3.18 
15:1 0.24 0.00 0.78 1.89 
i-16:0 0.32 0.54 1.48 0.47 
ai-16 :0 0.00 0.00 0.00 0.00 
16:0 9.35 15.40 19.39 34.87 
16: I (n-9) 0.00 0.00 0.55 0.00 
16:1(n-7) 25.08 19.07 16.09 1.80 
16:1 (n-5) 0.56 0.77 0.54 0.00 
i-17 :0 0.36 1.19 0.78 2.68 
ai-17:0 0.15 0.00 0.42 0.62 
16:2(n-4) 0.95 0.57 2.02 2.47 
16:2 0.33 0.71 0.00 0.00 
17:0 0.70 0.00 0.75 0.97 
16:3(n-4) 1.17 1.53 0.92 2.62 
17:1 0.00 0.00 0.74 0.00 
16:3 0.14 0.00 0.44 1.59 
16:4(n-3) 0.00 0.00 0.00 0.00 
16:4(n-1) 1.64 0.68 1.89 2.79 
18:0 1.68 4.40 6.93 8.46 
18: I (n-9) 16.51 5.77 5.46 1.16 
18:l(n-7) 1.80 1.42 1.20 0.00 
18 : I (n-5) 0.29 0.00 0.00 0.00 
18:2(n-6) 1.58 1.71 1.75 0.00 
18:2(n-4) 0.83 2.16 2.76 4.81 
18:3(n-6) 0.20 0.57 0.90 0.00 
18:3(n-4) 0.41 0.00 0.00 0.00 
18 :3(n-3) 0.36 0.43 0.47 0.00 
I8 :4(n-3) 1.75 3.13 1.45 0.00 
18:4(n-1) 0.17 0.00 0.00 0.00 
20:0 0.00 0.00 0.00 0.00 
20:l(n-l1) 0.22 1.96 1.05 0.00 
20:1 (n-9) 3.37 1.62 0.95 0.00 
20:1(n-7) 0.00 0.00 0.00 0.00 
20:?.(n-6) 0.00 0.00 0.00 0.00 
20:3(n-6) 0.00 0.00 0.00 0.00 
20:4(n-6) 0.31 0.00 0.00 0.00 
20:3 (n-3) 0.00 0.00 0.45 0 .00 
20:4(n-3) 0.16 0.94 0.00 0.00 
20:5(n-3) 11.54 10.51 7.23 1.89 
22:0 0.00 0.00 1.48 0.00 
22:1(n-11) 2.50 0.00 0.00 0.00 
22:1(n-9) 0.16 2.30 0.00 0.00 
22 :1 (n-7) 0.00 0.00 0.00 0.00 
21 :5(n-3) 0.82 1.34 1.66 0.00 
22:5(n-3) 0.61 0.00 1.76 0.00 
22:6(n-3) 4.18 7.27 2.92 1.33 
24 :1 0.14 0.00 0.00 0.00 
TFA(ng mf1

) 7.2 1.5 1.8 5.1 
TL (ng mr 1

) 20.0 7.1 3.7 14.7 

v 



Appendix 15. All variables included 111 PCA analyses (Chapter 5); 
C.h.=Calanus hyperboreus CV; C.g.=Calanus glacial is CV; rvi.l.=~etJ·iciia 

Zanga fetnales; Surf.=surface; other abbreviations on page x. 

Variablea C.h. Surf. C.h. Deep C.g. Surf. C.g. Deep M.l. Deer 
14:0 X X X X X 
14:1 X X X X X 
i-15:0 X X X X X 
ai-15:0 X X X 
15:0 X X X X X 
15:1 X X X X X 
i-16:0 X X 
ai-16:0 
16:0 X X X X X 
16:1(n-9) 
16:1(n-7) X X X X X 
16:1 (n-5) X X X X X 
i-17:0 X X X 
ai-17:0 X X X X X 
16:2(n-4) X X X X X 
16:2? 
17:0 
16:3(n-4) X X X X X 
17:1 X X X 
16:3? 
16:4(n-3) X X X X 
16:4(n-1) X X X X X 
18:0 X X X X X 
18:1 (n-9) X X X X X 
18:1(n-7) X X X X X 
18:1(n-5) X X X X X 
18:2(n-6) X X X X X 
18:2(n-4) X X x · X X 
18:3(n-6) X X X X X 
18:3(n-4) X X X 
18:3(n-3) X X X X X 
18:4(n-3) X X X X X 
18 :4(n-1) X X X X X 
20:0 X X X X X 
20:1(n-11) X 
20:1(n-9) X X X X X 
20:1(n-7) X X X X X 

w 



Variablea C.h. Surf. C.h. Deep C.g. Surf. C.g. Dee12 M.l. Dee:e 
20:2(n-6) X X X X 
20:3(n-6) X X X X 
20:4(n-6) X X X X X 
20:3(n-3) X 
20:4(n-3) X X X X X 
20:5(n-3) X X X X X 
22:0 
22:1(n-11) X X X X X 
22: 1(n-9) X X X X X 
22:1 (n-7) X X X X 
21 :S(n-3) X X X X X 
22:5(n-3) X X X X X 
22:6(n-3) X X X X X 
24:1 X X X X X 
Z::OBFA X X X X X 
Z::SFA X X X X X 
Z::MUFA X X X X X 
Z::PUFA X X X X X 
16:1 (n-7)/16:0* X X X X X 
DHA/EPA* X X X X X 
(n-3)/(n-6)* X X X X X 
UC* X X X X X 
HC X X X X X 
ME X 
KET 
WE X X X X X 
TG X X X X X 
FFA 
ST X X 
ALC 
DG 
AMPL X X X X X 
PL X X X X X 
%LIPID X X X X X 
WElD M (1-1g/n1g) X X X X X 
TFA (!-lg cope-') X X X X X 
TL (f-Lg cope -I) X X X X X 
DM (1ng) X X X X X 
aall variables expressed as percentages except otherwise noted; *unitless 

X 
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