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Seasonal  growth  and lipid storage of  the c ircumgiobal ,  subantarct ic  
copepod,  N e o c a l a n u s  tonsus  (Brady) 

MARK D. OHMAN,* JANET M. BRADFORDt and JOHN B. JILLETr~ 

(Received 20 January 1988; in revised form 14 April 1989; accepted 24 April 1989) 

Abstraet--Neocalanus tonsus (Brady) was sampled between October 1984 and September 1985 in 
the upper 1000 m of the water column off southeastern New Zealand. The apparent spring 
growth increment of copepodid stage V (CV) differed depending upon the constituent con- 
sidered: dry mass increased 208 Ixg, carbon 162 Ixg, wax esters 143 Itg, but nitrogen only 5 ltg. 
Sterols and phospholipids remained relatively constant over this interval. Wax esters were 
consistently the dominant lipid class present in CV's, increasing seasonally from 57 to 90% of 
total lipids. From spring to winter, total lipid content of CV's increased from 22 to 49% of dry 
mass. Nitrogen declined from 10.9 to 5.4% of CV dry mass as storage compounds (wax esters) 
increased in importance relative to structural compounds. Egg lipids were 66% phospholipids. 
Upon first appearance of males and females in deep water in winter, lipid content and 
composition did not differ from co-occurring CV's, confirming the importance of lipids rather 
than particulate food as an energy source for deep winter reproduction of this species. Despite 
contrasting life histories, N. tonsus and subarctic Pacific Neocalanus plumchrus CV's share high 
lipid content, a predominance of wax esters over triacylglycerols as storage lipids, and similar wax 
ester fatty acid and fatty alcohol composition. 

INTRODUCTION 

THE calanoid copepod Neocalanus tonsus (Brady) is widespread and abundant within the 
subantarctic province of the world ocean. From BROOSIOI (1964), together with subse- 
quent work, it can be established that N. tonsus has a continuous, circumglobal 
distribution in Pacific (FLEMINGER, 1985; MARIN and ANTEZANA, 1985), Atlantic 
(WIBORG, 1964; KAWAMURA, 1974; VORONINA, 1975) and Indian (DE DECKER and 
MOM~ECK, 1965; KAWAMURA, 1974; DE DECKER, 1984) sectors of the subantarctic. The 
species inhabits both Australasian Subantarctic water and Circumpolar Subantarctic 
water (sensu HEATH, 1981, 1985). It is broadly delimited in meridional extent by the 
Polar Front (Antarctic Convergence) to the south and the Subtropical Convergence to 
the north. Occasional transport north of the Subtropical Convergence can occur in 
subsurface waters (DE DECKER and MOMBECK, 1965; JILLETr, 1968). 

Relatively high population densities of N. tonsus have been observed in subantarctic 
surface waters. These include regions as diverse asNew Zealand shelf/slope waters, open 
Atlantic waters, the southern Benguela Current and the Indian Ocean (see Table 1). As 
noted by JILLETr (1968), such aggregations resemble those of Neocalanus plumchrus in 
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Table 1. Maximum abundance of Neocalanus tonsus reported from different oceanic regions 

Max abundance 
Region Location (no. m 3) Reference 

Otago, New Zealand 45°49'S, 171°06'E 534 JILLETT (1968) 
Kaikoura, New Zealand 42°25'S, 173°48'E 4 4 2 5  BRADFORD (1972) 
S.W. Australia 37°56'S, 106°39'E 23,680 KAWAMURA (1974) 
S. Atlantic 43 ° S, 26 ° W 2 2 6 0  VORONINA (1975) 
S.E. Tasmania 43°08'S, 147%8'E 404 TAW and RITZ (1981) 
S. Benguela Current - "Swarms" HUTCHINGS (1981) 
Tristan da Cunha 37°03'S, 12°18'W (See text) DE DECKER (personal communications) 

the northern, subarctic Pacific (KAWAMURA and HIRANO, 1985). Near Tristan da Cunha, 
in the South Atlantic, N. tonsus was found in such densities that " . . .  their multitudes 
blocked the cooling water intake of the fishing b o a t s . . . "  (the late A. H. B. DE 
DECKER, personal comunication). Considering such abundances and the large body size 
of individuals (dry mass up to 600 lag; see below), N. tonsus may be expected to have 
considerable impact on the structure of subantarctic food webs through predation on 
microplankton (O~I~N, 1987), as a prey item for higher trophic levels (BRADFORD, 1972; 
PETROVA and CKEKUNOVA, 1979; KAWAMURA, 1980; HUTCH1NGS, 1981), and as a mediator 
of vertical fluxes of lipids and other biogenic particulate material (cf. CORNER et al., 1986; 
WAKEHAM and CANUEL, 1988) 

Of particular interest in the present study is the emerging life history contrast between 
N. tonsus (Brady) from the subantarctic ocean and N. plumchrus (Marukawa) from the 
subarctic Pacific. These were thought to be the same species until TANAKA (1956) 
recognized N. tonsus as endemic to the southern hemisphere. BRADFORD and JILLEqq 
(1974) subsequently assigned both tonsus and plumchrus to the genus Neocalanus. Since 
both the adult males and females of N. plumchrus have nonfunctional mouthparts and 
never emerge from deep waters in the open ocean [MILLER et al. (1984), but see SMITrt 
and VIDAL (1986) for the southeast Bering Sea], the wax esters stored by CV's of N. 
plumchrus are an essential source of carbon and energy for adults (LEE et al., 1972). N. 
tonsus shares the characteristic of deep winter reproduction with N. plumchrus, but it is 
now clear that the life history of N. tonsus differs from that of N. plumchrus in many 
ways. These include the occurrence of N. tonsus females in surface waters in spring 
(JILLETr, 1968; BRADFORD, 1970), active feeding by spring females, and an apparent 
alternation between egg production in mesopelagic depths in winter and egg production 
in epipelagic depths in spring (OHMAN, 1987). Because these deep-dwelling winter 
copepods utilize lipid during egg production (OHMAN, 1987), the seasonal dynamics of 
growth and lipid storage need to be understood more clearly. Wax esters are commonly 
stored by high latitude zooplankton species in the northern hemisphere and are likely to 
be a principal substrate metabolized during dormancy and other intervals of limiting food 
supply (LEE and HIROTA, 1973; LEE, 1974; BAMSTEDT, 1986; SARGENT and HENDERSON, 
1986; FALK-PETERSEN et al., 1987). However, at present there is scant information on the 
storage and metabolism of lipids of copepods in higher latitudes in the southern 
hemisphere. 

The objectives of the present study therefore were to characterize the lipid compo- 
sition of N. tonsus in comparison with the subarctic Pacific N. plumchrus and to 
determine whether sufficient organic reserves are accumulated by copepodid stage V of 



Seasonal growth and lipid storage of N. tonsus 1311 

N. tonsus to account for the lipids required for reproduction by winter adults. The South 
Island of New Zealand was selected as a field site for this investigation because of year- 
round access to oceanic subantarctic zooplankton and proximity of experimental facilities 
at the Portobello Marine Laboratory. A narrow continental shelf (ca 15-20 km off the 
Otago Peninsula) permits ready access to continental slope depths and the larger-scale 
circulation maintains Subantarctic water within a few tens of kilometers of shore 
(JILLETr, 1969; HEATH, 1981; REID, 1986). 

METHODS 

Collection 

Copepods were collected from the R.V. Munida at a continental slope station 
(45°55'S, 171°06'E), 32 km southeast of Taiaroa Head, Otago Peninsula, South Island of 
New Zealand, water depth 1200 m. Cruises were made approximately monthly between 
October 1984 and September 1985 and all sampling was conducted between 0900 and 
1545 local time. Discrete depth strata were sampled in successive vertical hauls using a 
paired closing net frame (BRown and HONEGGER, 1978) fitted with 0.7 m diameter, 202 
or 75 I~m mesh nets and TSK flowmeters. The standard sampling depths were 1000-500, 
500-150 and 150-0 m with the following departures: the deepest stratum was modified to 
900-500 m on 2 November and 800-500 m on 27 December. Only the 150-0 m level was 
sampled on 27 November and only the 1000-500 m stratum on 6 August. A time/depth 
recorder established that the true maximum depth attained and the net closing depth 
were within ca 10% of the target depths. 

Immediately upon net retrieval copepods were frozen by immersion in liquid nitrogen, 
then later transferred to a -70°C freezer ashore. Replicate samples were preserved in 5% 
borate-buffered formalin in seawater. Frozen samples were not taken on 24 September. 

N,C Analysis 

Analysis of changes in body mass and organic composition with season and depth was 
restricted to N. tonsus copepodid stage V's (CV), adult males and females. Thawed 
copepods were sorted under a dissecting microscope, rinsed with 10 ~l distilled water and 
dried in lots of 1-4 individuals at 55°C in precombusted aluminum boats. Dry mass was 
determined with a Cahn G-2 electrobalance, then nitrogen and carbon content deter- 
mined by combustion at 900°C in a 10% oxygen stream in high purity helium. The 
resultant CO2 and N2 were quantified with a Carl 311 gas chromatograph (M. Dowries, 
Division of Marine and Freshwater Science, Taupo) and peak areas recorded on a HP 
3390 integrator. Rectilinear calibration curves showed r E ---- 0.99. Four to 20 replicates 
were analysed for each developmental stage and depth stratum. 

Lipid class composition 

Animals for analysis of lipid class composition were pooled in lots of 1-4 individuals of 
a single developmental stage. Copepods were then homogenized in chloroform:metha- 
nol:water (1:2:0.8, v/v/v) with a glass pestle and taken through the remainder of the 
BLIGH and DYER (1959) procedure. This extraction was then repeated for each sample. 
HPLC grade solvents were used throughout. Lipid solutions were maintained under N 2 

below -10°C prior to analysis. Usually 10 replicate extractions were done for each 
developmental stage and depth stratum. 
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Lipid classes (wax esters, triacylglycerols, free fatty acids, sterols and phospholipids) 
were separated and quantified by thin layer chromatography/flame ionization dectection 
(TLC/FID) using an Iatroscan TH-10 Mark III with a HP 3392 recording integrator. 
Total lipid was obtained by summing these five lipid classes plus occasional trace 
quantities of other lipids. A new double-development, single scan procedure giving 
highly reproducible baseline separations was used to separate lipid classes on SII 
chromarods (slightly modified from OrgAN, 1988). Chromarods were developed for 
20 min in hexane:diethyl ether (95:5, v/v), dried at 110°C for 4 min, developed for 
20 min in hexane: diethyl ether: formic acid (82:18: 0.1, v/v/v), dried, then scanned twice 
at 40 s scan -1. [Although these solvents do not separate sterol esters from wax esters, no 
sterol esters were detected using plate TLC and the reaction of JATZKEWITZ and MEHL 
(1960).] Hydrogen flow rate for TLC/FID analyses was 160 ml min -1 and air flow 
2000 ml rain -1. Three or more replicate analyses were performed per extraction. Chro- 
marods were cleaned nightly in 50% nitric acid. Cetyl alcohol was used as an internal 
standard since free alcohols were either undetectable or present in only trace quantities 
in N. tonsus lipids. Palmityl oleate, purified yeast triacylglycerol, stearic acid, cholesterol 
and lecithin were used as standard compounds. Standard mixtures were prepared that 
approximated the lipid class proportions in N. tonsus samples. Standard curves were 
described by power curves (0.93 < r 2 <0.99), which provided better statistical fits than 
rectilinear relationships. The identity of copepod lipid classes was confirmed by standard 
plate TLC. 

The t-distribution is inappropriate for estimating the variance of the ratio of lipid/dry 
mass because the two quantities were analysed from separate lots of animals. Conse- 
quently the standard error of this ratio was approximated as follows (cf. note 1, ENRIGHT, 
1967): 

{ l (~  .~2 2)}~ 
S~/y~ S 2 + ~ s S v  , (1) 

where :e is mean lipid content, y is mean dry mass, S, is standard error of*, Sy is standard 
error of ? and S,ay is standard error of (*/y). 

Eggs for lipid analysis were obtained in the laboratory from females collected in 
August between 1000 and 500 m. Eggs were pooled in lots of 99-410, rinsed with filtered 
seawater, then lipids extracted by sonication in chilled Bligh and Dyer solvents. Egg lipid 
class composition was analysed by Iatroscan as above. 

Fatty acid~fatty alcohol composition 

The fatty acid and fatty alcohol composition of N. tonsus CV collected in spring near 
the surface (2 November 1984, 150-0 m) was compared with that of CV's collected in 
summer at depth (28 January 1985, 1000-500 m) using gas-liquid chromatography 
(GLC). Pooled lots of N. tonsus CV were sequentially extracted twice by the Bligh and 
Dyer procedure. One aliquot of the extracted lipid was transesterified in 6% methanolic 
HCI. Fatty acid methyl esters and fatty alcohols were separated by preparative TLC on 
Kieselgel G (Type 60, prewashed) in hexane:diethyl ether (70: 30, v/v). From the 
January, but not the November lipid sample, intact wax esters were separated from other 
lipid classes by preparative plate TLC using hexane: diethyl ether: acetic acid (70: 30: 1, 
v/v/v). Eluted wax esters were then transestefified as above. 
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Fatty acid methyl esters and long chain alcohols were analysed by GLC using a Pye 
Unicam GCV chromatograph with a 4 mm i.d., 1.5 m long glass column packed with 
10% SP-2330 on 100/120 Chromosorb WA/W. Analyses were done isothermally at 185 or 
200°C. Peaks were identified by cochromatography with authenthic standards, plots of 
log retention times vs C number and comparison of chromatograms obtained before and 
after hydrogenation of selected samples in the presence of PtO2 (KATES, 1986). 

Analysis of the carbon chain lengths of intact wax esters was done on a column packed 
with 3% OV-1 on Chromosorb WA/W, programmed between 170 and 300°C at 10°C 
min -1, and peak area recorded on a HP 3390 integrator. Peaks were identified with 
reference to authentic standards as well as wax esters extracted from the orange roughy, 
Hoplostethus atlanticus (GRIGOR et al., 1983). 

Carotenoids 

N. tonsus collected in November were starved 1--4 days to evacuate guts, frozen, then 
tissue pigments later extracted by either the BLIGH and DYER (1959) method or the 
acetone extraction of DAVIES (1976). Absorption spectra of extracted carotenoids were 
determined between 250 and 700 nm with a Shimadzu UV-240 scanning spectro- 
photometer using synthetic trans-I~-carotene as a reference standard. Total carotenoid 
content was estimated from absorbance at 474 nm in acetone, using the specific 

et::l% extinction coefficient of astaxanthin ~ lem = 1600; ANDREWS et al., 1976). 

RESULTS 

Stage structure 

The developmental stage structure in October, austral spring, reflected the emergence 
of a developing generation of N. tonsus (Fig. 1A). Copepodid stages I-III, as well as 
later developmental stages through the adult female, occurred in surface waters during 
this spring period. Following progression through stage CIV in November-December the 
population was almost exclusively CV's after January. Nearly all the population 
remained submerged below 500 m depth from late January to September (Fig. 1B). 
Molting to the adult male, at depth, was first detected at the end of May but most males 
appeared in late June-July. Females did not reappear until July-August and were 
confined to deep water at this time of year. Females dominated the stage structure of the 
population from mid-August to September. N. t o n s ~  eggs were identified in all three 
depth strata on 24 September, using the morphological criteria in BRADFORD et al. 
(1988). If ova were positively buoyant, their presence in all three depth strata would 
imply that some, if not all, egg release occurs in mesopelagic depths in late winter 
followed by ascent into shallower strata. However, the buoyancy of N. tonsus eggs in 
conditions prevailing in situ is not presently known. With the exception of 1 male 
captured between 150 and 0 m on 24 September, all males were confined to deeper 
strata. 

Nitrogen and carbon content 

Copepodid V of N. tonsus was the numerically dominant developmental stage from 
October to July. Considerable change occurred in organic composition over this interval. 
CV's exhibited a spring-summer increase in dry mass and carbon (C) content (Fig. 2a,c) 
but corresponding changes were not detected in nitrogen (N) content (Fig. 2e). Between 
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Fig. l. Seasonal change in (A) developmental stage structure summed over the upper 1000 m 
and (B) vertical distribution of summed copepodid stages of Neocalanus tonsus. 

4 October and 27 December CV's increased 208 lag in dry mass and 162 lag in body 
carbon, but body N changed only 5 lag (Table 2). There was a significant temporal trend 
in N content over this interval (P < 0.001, rank correlation of N content vs Julian day), 
but this trend explained only 8% of the variance in N content and the proportional 
change in N was small (16%), contrasting with C, dry mass and wax ester content (Table 
2). As a consequence of the differential changes in N and C compounds during spring, 
the C:N ratio of surface CV's increased from 5.54 to 9.06 (Fig. 2g). Following the 
accretionary phase during spring-summer, dry mass, C and N content of CV's residing in 
deeper water declined between late summer (March) and winter (August; Fig. 2). 

The dry mass (Fig. 2b) and C content (Fig. 2d) of adult females collected near the 
surface in spring did not differ from those of females collected between 1000 and 500 m 
in winter (P > 0.05). In contrast, surface spring females had twice the N content of 
winter deep females (Fig. 2f). The C:N ratio was, as a consequence, twice as high in 
winter females (Fig. 2h). Comparing surface-dwelling females with CV's, dry mass and C 
content were similar but the N content and C:N ratio of these two stages differed 
significantly (P < 0.05). 

Males occurred only in deep water in winter. Their dry mass, C, N and C:N ratio did 
not differ from deep-dwelling CV's collected concurrently. 

Changes in organic composition with developmental stage and depth are further 
illustrated in Fig. 3. Females and males occurring at depth in winter show a similar 
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Fig. 2. Seasonal variation in (a,b) dry mass, (c,d) carbon content, (e,f) nitrogen content and 
(g,h) C:N mass ratio of Neocalanus tonsus. Left hand panels illustrate copepodid stage V and 
right hand panels adults. Overlapping symbols offset in time for clarity ($ _+ 95% confidence 

limit) 

Table 2. Change in organic composition o f  Neocalanus tonsus CV during spring-early summer (October- 
December). Spearman's rank correlation between Julian day and each constituent includes all depth strata on 

each date during this interval 

4 Oct. 27 Dec. Correlation 

Constituent (lag) (lag) (lag) (%) N r 2 P 

Nitrogen 33.9 39.3 5.4 16 85 0.08 <0.01 
Carbon 190.3 352.8 162.5 85 89 0.56 <0.0001 
Dry mass 342.8 550.3 207.5 60 89 0.60 <0.0001 
Wax ester 38.4 181.2 142.8 372 78 0.53 <0.0001 

relationship between N and C (Fig. 3b), which in turn is comparable to that for CV's 
collected at depth (Fig. 3a). However,  for females of a given C content, spring surface 
individuals had a significantly higher N content than winter deep individuals, as well as a 
steeper relationship between the two properties (Fig. 3b). Surface-dwelling CV's smaller 
than --240 ~tg C had a higher N content than deep-dwelling CV's of the same C content 
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Fig. 3. Relationship between total nitrogen content and total carbon content for Neoca lanus  
tonsus CV's. males and females. (Note different scales.) 

(F~,51 = 10.70, P < 0.01, analysis of covariance), but this difference was not maintained 
for CV's larger than 240 lag C (Fi,75 = 1.62, P > 0.10; Fig. 3a). 

Lipid content and composition 

Total lipid content of N. tonsus CV's (Fig. 4a) varied seasonally in parallel with 
variations in C and dry mass (Fig. 2a,c). Wax esters accounted for most of the variation 
in total lipid (Figs 4c and 5a). The wax ester content of surface-captured CV's increased 
143 lag between October and December (Table 2). The concentration of triacylglycerols, 
the other class of storage lipids, was 10-100 fold lower than wax esters (Fig. 4e). 
Triacylglycerols declined after December, prior to the decrease in wax esters. Sterols and 
phospholipids, usually considered structural lipids, showed little variation with season or 
depth (Fig. 4g,i), in contrast with the seasonal variations in CV depot lipids. The reason 
for the high phospholipid content on 27 December is not clear; other lipid classes did not 
reflect such an anomaly. 

Despite the decrease in wax ester content of deep-dwelling CV's between May and 
August, CV's still contained considerable wax ester at the end of winter. This wax ester 
was also reflected in the CVI males and females captured in mesopelagic depths (Fig. 
4d). The wax ester content of mesopelagic winter females was 10-41 times (mean = 24 x)  
higher than that of epipelagic spring females (Fig. 4d). In contrast, triacylglycerols, 
sterols and especially phospholipids were higher in epipelagic spring females (Fig. 4f, h,j) 
than in either mesopelagic winter females or males. 

Changes in the organic composition of N. tonsus are also expressed in Fig. 5. From 
spring to winter wax esters increased from 57 to 90% of total CV lipids (Fig. 5a), as the 
lipid content of CV's increased from 22 to 49% of dry mass (Fig. 5b). CV nitrogen 
content decreased concurrently from a maximum of 10.9% in spring surface CV's to 
5.4% of dry mass in deep winter CV's (Fig. 5e). Mesopelagic adults had a significantly 
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Fig. 4. Seasonal variation in (a,b) total lipid, (c,d) wax esters, (e,f) triacylglycerols, (g,h) 
sterols, and (i,j) phospholipids of Neocalanus tonsus (~ +_ 95% confidence limit). 

higher proportion of dry mass in the form of lipid and lower proportion as nitrogen (Fig. 
5b,f), again corresponding approximately to the composition of the CV's from which 
they were derived. The lipids of N. tonsus females were predominately wax esters at 
depth in winter (89% of total lipid), with only a small fraction as wax esters near the 
surface in spring (8-29% of total lipid). 

Despite the conspicuous orange-red coloration of N. tonsus, carotenoid pigments were 
a minor component of total lipids and thus unlikely to bias estimates of other polar lipid 
constituents (Table 3). Pigments were identified as carotenoids by absorption spectra in 
hexane, carbon disulfide, petroleum ether, chloroform, acetone and pyridine. The 
absorption maxima of pigments corresponded closely to those reported for astaxanthin 
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percentage lipid/dry mass 07 -+ l S.E.), (e,f) percentage nitrogen/dry mass (~ + 95%). 

Table 3. Carotenoid content o f  Neocalanus tonsus collected 
in November, between 150 and 0 m 

Development stage Carotenoid copepod 
a? _+ 95% (N) 

Copepodid V 93 + 21 ng (7) 
Female 164 + 97 ng (3) 

(DAVIES, 1976; D'ABRAMO et  a l . ,  1983) although multiple pigment bands were detected 
using TLC. 

The lipid content of N .  t o n s u s  eggs released in the laboratory in August was 144 ___ 
48 ng total lipid (:~ _+ S.D.,  N -- 3 extractions). Of  egg lipids, depot lipids (wax esters + 
triacylglycerols) constituted 17.5% of the total with phospholipids the predominant  
constituent (65.9%; Table 4). Egg dry mass was not determined,  but assuming the 
spherical eggs of diameter  139 I.tm (BRADFORD et a l . ,  1988) had specific gravity = 1.027 
and that dry mass -- 0.15 x wet mass, lipids constituted 66% of egg dry mass. 

L i p i d  s t r u c t u r a l  c o m p o s i t i o n  

The structural composition of N .  t o n s u s  CV lipids was analysed in two different field 
conditions: (1) near  the surface during the spring accretionary phase, and (2) as the 
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Table 4. Composition of Neocalanus tonsus egg lipids. Lipid 
content averaged 144 + 48 ng egg -1 (~ + s) for three indepen- 

dent lots of eggs 

Lipid class Percentage of fipids 
(~ + s (°/o)) 

Wax ester 11.2 + 4.2 
Triacylglycerol 6.3 + 1.1 
Free fatty acid 8.8 + 1.1 
Phospholipid 65.9 + 8.4 
Other 7.8 + 3.7 

population descended into deep water  in summer.  In both groups of CV's ,  wax esters, 
followed by phospholipids,  were the principal lipid classes (Fig. 6). Wax esters were 2.6- 
fold higher in the summer  CV's.  Despi te  the differences in wax ester concentration,  the 
structure of  wax esters (as reflected by the distribution of carbon numbers)  was similar 
between the two groups (Fig. 7). Slight differences included a significantly higher 
contribution of C34 and C4o wax esters and lower contribution of C44 and C46 wax esters 
in summer.  Only trace quantities of  odd carbon number  wax esters were detected. 

Consti tuent fatty acids and fatty alcohols isolated f rom the total lipid fraction also 
reflected an overall pat tern of  similarity, with some deviations, between spring and 
summer  (Table 5). The fatty acid methyl  esters of  total lipids showed the same 
predominance  of 14: 0, 16: 0, 18: 1, 20:1,  22:1 and 22: 6 fatty acids in both seasons. Fatty 
alcohol distributions were very similar between seasons, with the 20:1 and 22:1 alcohols 
contributing 82-87% of the total long-chain alcohols (Table 5). Some minor  constituents 
(16: 0, 22: 0, 24: 3 alcohols) were present  in one season but not the other.  Wax ester fatty 
acids and fatty alcohols were separated f rom those of total lipids only for the summer  
sample. The similarity of  wax ester fatty acids and alcohols to total fatty acids and 
alcohols in summer  reflects the fact that 87% of the total lipid was wax ester. The 22: 6 
fatty acids were enriched in the total lipids fraction by comparison with the wax ester 

Lipid Class Composition 

2 O O ~  -- N tOflSUS CV 

F 1 
8 ,~o~ 

I 5° I 
o -  ~-~-~ ~-~.~ ~ F ~ % ~ I  I I I I I 

WE TAG FFA ST PL 
L I P I D  C L A S S  

[ - - - - ]  Spr ing ( 150 -Ore )  

Summer ( I O O O - 5 O O m )  

Fig. 6. Lipid class composition of Neocalanus tonsus copepodid V collected near the surface in 
spring (2 November; open) and at depth in summer (28 January; shaded). Vertical lines denote 

upper tail of 95% confidence limit. 



1320 M.D.  OHMAN et al. 
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Fig. 7. Frequency distribution of carbon numbers of wax esters extracted from Neoca lanus  
tonsus  copepodid V near the surface in spring (2 November; open) and at depth in summer (28 

January; shaded). Vertical lines denote upper tail of 95% confidence limit. 

fraction. This enrichment probably reflects the importance of this long-chain polyunsa- 
turated fatty acid in phospholipid structure. 

DISCUSSION 

The observed pattern of lipid accretion and mobilization in N. tonsus is consistent with 
the suggestion that lipids are the proximate carbon and energy source for deep winter 
reproduction of nonfeeding adults (JILLET'/', 1968; OHMAN, 1987). Although the wax ester 
content of CV's declines during winter, considerable reserves remain at the time of first 
molt to adult males and females in deep water. The adult lipid content can be entirely 
accounted for by lipids remaining in CV's, without ingestion of particulate substrates. A 
limited number of other members of the Calanidae also exhibit reproduction in the 
absence of feeding, notably the Neocalanus species endemic to the subarctic Pacific and 
Calanus hyperboreus from the Arctic and North Atlantic (MILLER et al., 1984; CONOVER, 
1988). However, of these, only N. tonsus and C. hyperboreus subsequently appear at the 
surface as adults and retain the capability to ingest particulate food. 

TANOE (1982) suggested that storage reserves are mobilized as overwintering CV's 
begin sexual maturation. The interpretation is consistent with the relatively rapid decline 
in storage lipids, carbon, and nitrogen of N. tonsus CV's during June and July, although 
it warrants experimental verification. It should be noted that sexual differentiation, 
molting and early ovarian development occur independently of spawning (TANDE, 1982). 
For most calanids completion of oogenesis and release of eggs requires a particulate food 
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Table 5. Fatty acid methyl ester and fatty alcohol composition of lipids extracted from Neocalanus tonsus 
copepodid V collected in spring (150-0 m) and in summer (1000-500 m). Mean + 95% confidence limits of 
percent composition by weight. Leftmost column indicates number of carbon atoms: number of double bonds 

Fatty acid methyl esters Fatty alcohols 

Total lipids Wax esters Total fipids Wax esters 

Carbon Spring Summer Summer Spring Summer Summer 
Chain (150-0 m) (1000--500 m) (1000-500 m) (150-0 m) (1000-500 m) (1000-500 m) 

14:0 6.4 + 0.4 11.4 + 0.9 13.7 + 0.6 0.1 _+ 0.2 0.8 + 0.1 0.7 + 0.1 
14:1 0.7 + 0.2 1.0 + 0.1 1.3 + 0.1 
16:0 13.8 + 0.4 10.7 + 0.2 11.2 _+ 0.5 2.0 + 0.2 1.8 + 0.1 
16:1 3.1 + 0.6 5.5 + 0.3 5.7 + 0.3 0.1 + 0.2 0.2 + 0.1 0.3 + 0.1 
16:2 0.6 + 0.1 0.2 + 0.2 
17:1 0.8 _+ 0.1 0.4 + 0.2 
18:0 3.4 + 0.3 1.0 + 0.1 1.6 -+ 0.1 0.3 + 0.2 0.2 + 0.1 0.2 _+ 0.2 
18:1 6.6 + 0.3 6.7 +_ 0.3 6.7 + 0.2 2.2 _+ 0.8 2.5 + 0.3 2.4 +_ 0.1 
18:2 1.2 + 0.2 1.4 _+ 0.2 1.4 + 0.1 0.7 + 0.7 0.9 _-_ 0.2 0.8 + 0.3 
18:3 1.0 + 0.1 0.9 + 0.1 1.2 + 0.1 
18:4 3.0 + 0.6 2.5 + 0.3 1.4 + 0.4 
20:0 0.1 + 0.1 0.3 + 0.1 0.4 + 0.1 
20:1 19.0 + 1.0 17.7 + 0.2 22.6 + 0.4 62.6 + 4.1 57.0 + 1.6 59.6 _+ 1.7 
20:2 2.1 + 1.0 2.5 + 0.4 3.0 -+ 0.2 2.5 _+ 1.5 0.4 + 0.2 0.4 + 0.1 
20:4 2.0 + 0.8 1.4 - 0.3 1.1 + 0.4 
20:5 3.9 + 0.3 7.1 -+ 0.3 4.6 + 0.2 
22:0 0.5 + 0.3 0.1 + 0.1 0.8 + 1.8 
22:1 18.5 + 1.2 16.2 + 0.3 19.4 + 0.4 24.0 + 2.6 25.0 + 0.9 25.6 + 2.1 
22:2 3.0 + 0.8 2.7 +__ 0.6 2.3 + 0.6 
22:3 3.4 + 0.2 0.1 + 0.2 
22:4 0.6 + 0.3 2.4 + 0.4 1.5 + 0.2 1.0 + 1.8 0.1 + 0.4 0.6 + 0.7 
22:6 8.5 + 0.3 7.2 + 0.4 1.9 + 0.2 0.3 + 0.8 0.6 + 0.2 0.5 + 0.4 
24:0 0.2 + 0.4 2.4 + 0.4 4.5 + 0.5 2.9 + 0.2 
24:2 1.0 + 0.2 0.3 + 0.3 
24:3 0.1 + 0.2 0.1 + 0.2 3.0 + 0.4 1.8 + 1.3 
24:4 0.7 + 1.0 0.4 + 0.6 
24:5 0.3 + 0.5 0.1 + 0.2 
24:6 0.2 + 0.6 0.1 -+ 0.2 
Other* 1.2 + 0.2 0.8 + 0.2 0.1 + 0.2 0.1 + 0.1 0.1 + 0.1 0.1 _+ 0.1 
Total 100% 100% 100% 100% 100% 100% 

* 12:0, 15:0, unidentified. 

s u p p l y  ( e .g .  RUNGE, 1985;  BAMSTEDT a n d  TANDE, 1988) .  T h u s  s t o r a g e  p r o d u c t s  s h o u l d  

n o t  b e  u s e d  as  a p r e d i c t o r  o f  c o p e p o d  r e p r o d u c t i v e  p o t e n t i a l  o r  t o t a l  f e c u n d i t y ,  a p a r t  

f r o m  a f e w  s p e c i e s  f o r  w h i c h  t h e  l i fe  h i s t o r y  is a p p r o p r i a t e  (OHMAN, 1987) .  

O t h e r  p h y s i o l o g i c a l  c h a n g e s ,  u n r e l a t e d  t o  s e x u a l  m a t u r a t i o n ,  c o m m o n l y  a c c o m p a n y  

c h a n g e s  in  l i p i d  c o n t e n t .  T h e  i n g e s t i o n  r a t e  o f  C V ' s  d e c l i n e s  f r o m  s p r i n g  t o  s u m m e r  to  

w i n t e r  as  w a x  e s t e r  c o n t e n t  b u i l d s  a n d  C V ' s  d e s c e n d  i n t o  d e e p e r  w a t e r s  (OI -~AN,  1987) .  

I n  s e v e r a l  c r u s t a c e a n  s p e c i e s ,  CONOVER a n d  CORNER ( 1 9 6 8 )  o b s e r v e d  t h a t  r e s p i r a t i o n  r a t e  

w a s  i n v e r s e l y  p r o p o r t i o n a l  t o  l i p id  c o n t e n t .  L i p i d - r i c h  Calanus pacificus r e s i d i n g  a t  d e p t h  

h a v e  a r e d u c e d  e x c r e t i o n  r a t e  a n d  l o w  l a m i n a r i n a s e  a c t i v i t y  (ALLDREDGE et al., 1984) .  

O v e r w i n t e r i n g  C V ' s  o f  Calanus f inmarchicus h a v e  l o w  r a t e s  o f  r e s p i r a t i o n ,  e x c r e t i o n  a n d  

i n c i d e n c e  o f  f e e d i n g  (BAMsTEOT a n d  TANDE, 1988) .  F r o m  s t u d i e s  in  o t h e r  l o c a l e s  C. 

f inmarchicus is k n o w n  to  a c c u m u l a t e  w a x  e s t e r s  (HOPKINS et al., 1985;  I~TI 'NER a n d  

KRAUSE, 1987) .  O t h e r  i n s t a n c e s  o f  r e l a t i o n s h i p s  b e t w e e n  m e t a b o l i c  a c t i v i t y  a n d  o r g a n i c  

c o m p o s i t i o n  a r e  d i s c u s s e d  in  LE BORGNE ( 1986 ) .  
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The relatively high lipid content of N. tonsus and predominance of wax esters are in 
accord with higher latitude copepod species in the northern hemisphere (LEE and 
HIROTA, 1973; LEE, 1975; BAMSTEDT, 1986) and much more limited evidence from 
southern hemisphere species (SAROEYr and HENDERSON, 1986; HAGEN, 1988). However, 
HAGEN (1988) observed that Calanus propinquus and Euchirella rostromagna differed 
from four other antarctic copepods in storing primarily triacylglycerols rather than wax 
esters. 

Comparison with N. plumchrus from the subarctic Pacific suggests similarities in both 
the content and the structural composition of lipids. Wax esters comprised up to 90% of 
N. tonsus CV lipids, comparing with 85-90% of N. plumchrus CV lipids (LEE et al., 1971; 
YAVANOS et al., 1978). Lipids constituted as much as 49% of dry mass of N. tonsus CV 
and a somewhat higher fraction of the dry mass of N. plumchrus (to 55-59%; LEE et al., 
1971; VIDAL and WmTLED~E, 1982). The same monoenoic fatty alcohols (20:1, 22:1) 
accounted for over 3/4 of all wax ester fatty alcohols in N. plumchrus (LEE, 1975) and N. 
tonsus. The primary wax ester fatty acids in N. tonsus were 14: 0, 16: 0, 20: 1 and 22:1, in 
comparison with 14:0, 16:0, 16: 1, 20: 1, 20:5 and 22:1 for N. plumchrus (LEE, 1975). 
SARGENT and HENDERSON (1986; see also CLARKE et al., 1987; FALK-PETERSEN et al., 1987) 
summarize data suggesting that the wax ester fatty acids and fatty alcohols of members of 
the family Calanidae are more similar to one another than to those of other copepod 
families or to euphausiids. The present analyses agree with this trend. Despite the 
geographical isolation of N. tonsus from the other species analysed, it has a calanid-like 
distribution of wax ester fatty acids and fatty alcohols. 

N. tonsus egg lipid composition differs from egg lipids of other copepods, since 2/3 of 
the lipid was phospholipid rather than neutral lipids. Eggs of C. pacificus contain 
primarily triacylglycerols (60%; LEE et al., 1972) as do those of Calanus helgolandicus 
(57%; GATrEN et al., 1980). Ova of the predatory copepod Euchaeta elongata Esterly 
(=japonica) reportedly contain mostly wax esters (58%; LEE et al., 1974) and those of 
Euchaeta marina 32% wax esters and 2% triacylglycerols (LEE and HIROTA, 1973; 
remaining composition not stated). However, ova of some other organisms have been 
found to contain a high proportion of phospholipid. For example, phospholipid com- 
prised 42% of the lipid of winter eggs of the gammarid amphipod Gammarus oceanicus 
(CLARKE et al., 1985). Phospholipids (primarily phosphatidylcholine) comprised 77% of 
the lipids of newly fertilized cod ova and were the primary lipids utilized during 
embryogenesis and early larval development (FRASER et al., 1988). 

The fraction of dry mass of N. tonsus eggs represented by lipids (66%) compares with 
61% for eggs of E. marina (LEE and HIROTA, 1973) and 64% for those of E. elongata 
(LEE et al., 1974). An estimate for C. helgolandicus eggs appears unrealistically high 
(GATrEN et al., 1980); it may be based on an underestimate of the dry mass of Calanus 
eggs. 

Our interpretation of the temporal variability in organic composition of N. tonsus as an 
underlying seasonal cycle rests on the assumption that a single population was sampled 
over time. This appears, to a first approximation, to be reasonable. The seasonal timing 
of disappearance from surface waters and subsequent reappearance of developmental 
stages of N. tonsus agree well with previous observations at this location (JILLETI', 1968; 
MURDOCH, 1985) and at Kaikoura, New Zealand (BRADFORD, 1972). The developmental 
stage compositions observed in more temporally restricted studies elsewhere (VERVOORT, 
1957; KAWAMURA, 1974; VORONINA, 1975) are consistent with those observed in this 
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study. Also, the similarity of fatty acids, fatty alcohols and wax ester chain lengths 
between samples taken 3 months apart suggests that upstream elements of the population 
encountered rather similar food substrates to those sampled off the South Island of New 
Zealand. One departure may be reflected in the higher dry mass and carbon content of 
deep winter females compared with CV's from the same collection, an anomaly since the 
females do not feed at that time of year. 

Other limitations of the present study include restriction of sampling to only a single 
year, in the upper 1000 m, by day. All were necessitated by logistical constraints. It is not 
clear whether an appreciable fraction of the N. tonsus population occurs in water deeper 
than 1000 m, though the maximum water depth at the sampling location was just 1200 m. 
Concerning possible bias due to diurnal sampling, evidence for diel vertical migration by 
N. tonsus is limited. In September BRADFORD (1970) found that most females were not 
present above 250 m by day, but were present between 100 and 250 m at night. In the 
present study daytime samples in October and November consistently detected females 
in the stratum between 150 and 0 m. Preliminary sampling on 12 October 1983 revealed 
that CIV, CV and female N. tonsus were present within the uppermost 50 m at 1400 h 
local time. Near-surface occurrence of N. tonsus in the daytime has also been docu- 
mented by KAWAMURA (1974) and TAW and RITZ (1979). Therefore, from the evidence 
available it appears unlikely that diel vertical migration would significantly bias the 
seasonal pattern of vertical distribution on the vertical sampling scale used in the present 
study. 

Higher latitude zooplankton species with seasonally interrupted life histories can 
differentially synthesize storage compounds and structural compounds during intervals 
of growth. The present evidence for such differential accumulation recalls results with 
some northern species (e .g .C .  helgolandicus, GArr~:N et al., 1979; Metridia longa, 
HoPIONS et al., 1984) and illustrates the importance of analytically distinguishing storage 
compounds (depot lipids) from structural compounds (nitrogen, non-lipid carbon). 
However, no inferences can be drawn regarding the relative importance of different 
particulate substrates in the limitation of somatic growth of zooplankton (CHECKLEV, 
1980) without knowledge of the metabolic turnover of these substrates, in addition to 
their net accumulation in tissues over time. Combination of such approaches in the future 
will make it possible to determine whether the substrates optimal for growth are different 
for continuously reproducing species and those whose life history is punctuated by 
intervals of dormancy. 

Acknowledgements--This research would not have been possible without the advice and assistance furnished by 
M. R. Gfigor and associates in the Department of Biochemistry, University of Otago. We also gratefully 
acknowledge the facilities and equipment made available by the D.S.I.R. Chemistry Division at Gracefield, the 
Division of Marine and Freshwater Science at Taupo, and the Departments of Zoology, Chemistry and 
Microbiology of the University of Otago. We thank D. Hawke and the crew of the R.V. Munida, B. Chapman 
for CN determinations and V. Marin for analysis of preserved samples. We also thank R. Baldwin, P. D. 
Jones, S. F. Mitchell, R. C. Murdoch, D. A. Robertson and the staffs of the New Zealand Oceanographic 
Institute and the Portobello Marine Laboratory for their contributions. The manuscript benefited from the 
critical reviews provided by M. R. Grigor, P. D. Jones, R. Wong, F. H. Chang and anonymous referees. 
Supported by a William Evans Visiting Fellowship (to MDO), by the Department of Scientific and Industrial 
Research and by a grant from the U.S./New Zealand Cooperative Science Program of the U.S. National 
Science Foundation (INT 84-10972). 

R E F E R E N C E S  

ALLDREDGE A. L., B. H. ROBISON, A. FLEMINGER, J. J. TORRES, J. M. KIt~G and W. M. HAMNER (1984) 
Direct sampling and in situ observation of a persistent copepod aggregation in the mesopelagic zone of the 
Santa Barbara Basin. Marine Biology, 80, 75-81. 



1324 M . D .  OHMAN et at. 

ANDREWES A. G., M. J. PHAFF and M. P. STARR (1976) Carotenoids of Phaffia rhodozyma, a red-pigmented 
fermenting yeast. Phytochemistry, 15, 1003-1007. 

BAMSTEDT U. (1986) Chemical composition and energy content. In: The biological chemistry of marine 
copepods, E. D. S. CORNER and S. C. M. O'HARA, editors, Clarendon Press, Oxford, pp. 1-58. 

BAMSTEDT U. and K. TAriDE (1988) Physiological responses of Calanus finmarchicus and Metridia longa 
(Copepoda: Calanoida) during the winter-spring transition. Marine Biology, 99, 31-38. 

BLIGH E. G. and W. J. DYER (1959) A rapid method of total lipid extraction and purification. Canadian 
Journal of Biochemistry and Physiology, 37, 911-917. 

BRADFORD J. M. (1970) Diurnal variation in vertical distribution of pelagic copepods off Kaikoura, New 
Zealand. New Zealand Journal of Marine and Freshwater Research, 4, 337-350. 

BRADFORD J. M. (1972) Systematics and ecology of New Zealand central east coast plankton sampled at 
Kaikoura. New Zealand Oceanographic Institute Memoir, 54, 89 pp. 

BRADFORD J. M. and J. B. JILLETT (1974) A revision of generic definitions in the Calanidae (Copepoda, 
Calanoida). Crustaceana, 27, 5=16. 

BRADFORD J. M., M. D. OHMAN and J. B. IILLEI"r (1988) Larval morphology and development of Neocalanus 
tonsus, Calanoides macrocarinatus, and Calanus australis (Copepoda: Calanoida) in the laboratory. New 
Zealand Journal of Marine and Freshwater Research, 22,301-320. 

BRODSKII K. A. (1964) Distribution and morphological features of the antarctic species of Calanus (Cope- 
poda). Issledovaniia Fauny Morei, 2, 189-251. 

BROWN D. M. and H.-W. HONEGGER (1978) Design of a rapid-sampling vertical-tow net. Marine Biology, 45, 
93-95. 

CHECKLEY D. M. Jr (1980) The egg production of a marine planktonic copepod in relation to its food supply: 
Laboratory studies. Limnology and Oceanography, 25, 430-446. 

CLARKE A., A. SKADSHEIM and L. J. HOLMES (1985) Lipid biochemistry and reproductive biology in two 
species of Gammaridae (Crustacea:Amphipoda). Marine Biology, 88, 247-263. 

CLARKE A., L. J. HOLMES and C. C. E. HOPKINS (1987) Lipid in an Arctic food chain: Calanus, Bolinopsis, 
Beroe. Sarsia, 72, 41-48. 

CONOVER R. J. (1988) Comparative life histories in the genera Calanus and Neocalanus in high latitudes of the 
northern hemisphere. In: Biology of Copepods, Proceedings of the third International Conference on 
Copepoda, G. A. BOXSHALL and H. K. SCHMINKE, editors, Kluwer Academic Publishers Group. 

CONOVER R. J. and E. D. S. CORNER (1968) Respiration and nitrogen excretion by some marine zooplankton 
in relation to their life cycles. Journal of the Marine Biological Association of the United Kingdom, 48, 
49-75. 

CORNER E. D. S., S. C. M. O'HARA, A. C. NEAL and G. EGLINTON (1986) Copepod faecal pellets and the 
vertical flux of biolipids. In: The biological chemistry of marine copepods, E. D. S. CORNER and S. C. M. 
O'HARA, editors, Clarendon Press, Oxford, pp. 260--321. 

D'ABRAMO L. R., N. A. BAUM, C. E. BORDNER and D. E. CONKLIN (1983) Carotenoids as a source of 
pigmentation in juvenile lobsters fed a purified diet. Canadian Journal of Fisheries and Aquatic Sciences, 
40, 699-7O4. 

DAVIES B. H. (1976) Carotenoids. In: Chemistry and biochemistry of plant pigments, Vol. 2, 2nd edition, 
T. W. GOODWIN, editor, Academic Press, London, 373 pp. 

DE DECKER A. H. B. (1984) Near-surface copepod distribution in the south-western Indian and south-eastern 
Atlantic ocean. Annals of the South African Museum, 93, 303-370. 

DE DECKER A. and F. J. MOMBECK (1965) A preliminary report on the planktonic Copepoda. South African 
contribution to the International Indian Ocean Expedition. Investigational Report of the Division of Sea 
Fisheries of South Africa, 51, 10-49. 

ENR1GI-rr J. T. (1967) Temperature compensation in short-duration time-measurement by an intertidal 
amphipod. Science, 156, 1510-1512. 

FALK-PETERSEN S., J. R. SARGENT and K. S. TANDE (1987) Lipid composition of zooplankton in relation to the 
sub-Arctic food web. Polar Biology, 8, 115-120. 

FLEMINGER A. (1985) Dimorphism and possible sex change in copepods of the family Calanidae. Marine 
Biology, 88, 273-294. 

FRASER A. J., J. C. GAMBI,E and J. R. SARGENT (1988) Changes in lipid content, lipid class composition and 
fatty acid composition of developing eggs and unfed larvae of cod (Gadus morhua). Marine Biology, 99, 
307-313. 

GA'I'rEN R. R., E. D. S. CORNER, C. C. KILVINGTON and J. R. SARGEN'I (1979) A seasonal survey of the lipids 
in Calanus helgolandicus Claus from the English Channel. In: Cyclic phenomena in marine plants and 
animals, Proceedings of the 13th European Marine Biology Symposium, E. NAYLOR and R . G .  
I-tAR'rNOLL, editors, Pergamon Press, Oxford, pp. 275-284. 

GATYEN R. R., J. R. SARGENT, T. E. V. FORSBERG, S. C. M. O'HARA and E. D. S. (.IORNER (1980) On the 
nutrition and metabolism of zooplankton. XIV. Utilization of lipid by Calanus helgolandicus during 
maturation and reproduction. Journal of the Marine Biological Association of the United Kingdom, 60, 
391-399. 



Seasonal growth and lipid storage of N. tonsus 1325 

(3RIGOR M. R., C. R. THOMAS, P. D. JONES and D. H. BUISSON (1983) Occurrence of wax esters in the tissues 
of the orange roughy (Hoplostethus atlanticus). Lipids, 18, 585-588. 

HAGEN W. (1988) Zur Bedeutung tier Lipide im antarktischen Zooplankton. Berichte zur Polarforschung, 49, 
1-129. 

I-IEATn R. A. (1981) Oceanic fronts around southern New Zealand. Deep-Sea Research, 28, 547-560. 
HEATH R. A. (1985) A review of the physical oceanography of the seas around New Zealand--1982. New 

Zealand Journal of  Marine and Freshwater Research, 19, 79-124. , 
HOPKINS C. C. E., K. S. TANDE, S. GRI3NVIK and J. R. SARGENT (1984 i Ecological investigations of the 

zooplankton community of Balsfjorden, northern Norway: an analysis of growth and overwintering tactics 
in relation to niche and environment in Metridia longa (Lubbock), Calanus finmarchicus (Guunerns), 
Thysanoessa inermis (KrCyer) and T. raschi (M. Sars). Journal of  Experimental Marine Biology and 
Ecology, 82, 77-99. 

HOPKINS C. C. E., K. S. TANDE, S. (3RONVIK, J. R. SARGENT and T. SCHWEDER (1985) Ecological 
investigations of the zooplankton community of Balsfjorden, northern Norway: Growth, and quantifica- 
tion of condition, in relation to overwintering and food supply in Metridia longa, Calanus finmarchicus, 
Thysanoessa inermis and Thysanoessa raschi. In: Marine biology of polar regions and effects of  stress on 
marine organisms, Proceedings of the 18th European Marine Biology Symposium, J. S. GRAY and M. E 
CHRISTIANSEN, editors, John Wiley, New York, pp. 83-101. 

HUTCHINGS L. (1981) Pelagic zooplankton research in the southern Benguela region. Transactions of the Royal 
Society of  South Africa, 44, 357-363. 

JATZKEWITZ H. and E. IVlErm (1960) Thin layer chromatography of brain lipids; hydrolytic and breakdown 
products. Zeitschrift flir Physiologische Chemic, 320, 251-257. 

JILLETI" J. B. (1968) Calanus tonsus (Copepoda, Calanoida) in southern New Zealand waters with notes on the 
male. Australian Journal of Marine and Freshwater Research, 19, 19-30. 

JILLETI" J. B. (1969) Seasonal hydrology of waters off the Otago Peninsula, south-eastern New Zealand. New 
Zealand Journal of  Marine and Freshwater Research, 3, 349-375. 

KATES M. (1986) Technques of lipidology. Isolation, analysis and identification of lipids. In: Laboratory 
techniques in biochemistry and molecular biology, Vol. 3, Pt. 2, 2nd revised edition, R. H. BURDON and 
P. H. VAN KNIPPENBERG, editors, Elsevier, Amsterdam, 464 pp. 

KAT'I'NER G. and M. KRAtJSE (1987) Changes in lipids during the development of Calanus finmarchicus s.l. 
from copepodid I to adult. Marihe Biology, 96, 511-518. 

KAWAMURA A. (1974) Food and feeding ecology in the southern Sei whale. Scientific Reports of  the Whales 
Research Institute, 26, 25-144. 

KAWAMURA A. (1980) A review of food of balaenopterid whales. Scientific Reports of  the Whales Research 
Institute, 32, 155-197. 

KAWAMURA A. and K. HIRANO (1985) The spatial scale of surface swarms of Calanus plumchrus Marukawa 
observed from consecutive plankton net catches in the northwestern North Pacific. Bulletin of  Marine 
Science, 37, 626-633. 

LE BORGNE R. (1986) The release of soluble end products of metabolism. In: The biological chemistry of 
marine copepods, E. D. S. CORNER and S. C. M. O'HARA, editors, Clarendon Press, Oxford, 
pp. 109-164. 

LEE R. F. (1974) Lipid composition of the copepod Calanus hyperboreas from the Arctic ocean. Changes with 
depth and season. Marine Biology, 26, 313-318. 

LEE R. F. (1975) Lipids of Arctic zooplankton. Comparative Biochemistry and Physiology, 51B, 263-266. 
LEE R. F. and J. HIPOTA (1973) Wax esters in tropical zooplankton and nekton and the geographical 

distribution of wax esters in marine copepods. Limnology and Oceanography, 18, 227-239. 
LEE R. F., J. HIROTA and A. M. BARNETI" (1971) Distribution and importance of wax esters in marine 

copepods and other zooplankton. Deep-Sea Research, 18, 1147-1165. 
LEE R. F., J. C. NEVENZEL and G.-A. PAVW~rHO~]~ (1972) The presence of wax esters in marine planktonic 

copepods. Naturwissenschaflen, 59, 406-411. 
LEE R. F., J. C. NEVENZEL and A. (3. LEWIS (1974) Lipid changes during life cycle of a marine copepod, 

Euchaeta japonica Marukawa. Lipids, 9, 891-898. 
MARIN V. and T. ArCrEZANA (1985) Species composition and relative abundance of copepods in Chilean fjords. 

Journal of Plankton Research, 7, 961-966. 
MILLER C. B., B. W. FROST, H. P. BATCHELDER, M. J. CLEMONS and R. E. CONWAY (1984) Life histories of 

large, grazing copepods in a subarctic ocean gyre. Neocalanus plumchrus, Neocalanus cristatus, and 
Eucalanus bungii in the Northeast Pacific. Progress in Oceanography, 13, 201-243. 

MURDOCH R. C. (1985) Determination of zooplankton distribution by patterns of water circulation off Otago 
Peninsula. Ph.D. thesis, University of Otago, Dunedin, New Zealand. 

OHMAN M. D. (1987) Energy sources for recruitment of the subantarctic copepod Neocalanus tonsus. 
Limnology and Oceanography, 32, 1317-1330. 

OHMAN M. D. (1988) Sources of variability in measurements of copepod lipids and gut fluorescence in the 
California Current coastal zone. Marine Ecology Progress Series, 42, 143-153. 



1326 M.D.  OHMAN et al. 

PETROVA E. G. and V. I. CKEKUNOVA (1979) Growth of the chilean perch. Gidrobiologicheskii Zhurnal, 15, 
46-51. 

REID J. L. (1986) On the total geostrophic circulation of the South Pacific ocean: flow patterns, tracers and 
transports. Progress in Oceanography, 16, lq51. 

RUNGE J. A. (1985) Relationship of egg production of Calanus pacificus to seasonal changes in phytoplankton 
availability in Puget Sound, Washington. Limnology and Oceanography, 30, 382-396. 

SARGENT J. R. and R. J. HENDERSON (1986) Lipids. In: The biological chemistry of marine copepods, E. D. S. 
CORNER and S. C. M. O'HARA, editors, Clarendon Press, Oxford, pp. 59-108. 

SMITH S. L. and J. VIDAL (1986) Variations in the distribution, abundance, and development of copepods in the 
southeastern Bering Sea in 1980 and 1981. Continental Shelf Research, 5,215-239. 

TANAKA O. (1956) Further note on Calanus tonsus Brady in Japanese waters. Journal of the Oceanographical 
Society of Japan, 12, 1-4. 

TANDE K. S. (1982) Ecological investigations on the zooplankton community of Balsfjorden, northern Norway: 
generation cycles, and variations in body weight and body content of carbon and nitrogen related to 
overwintering and reproduction in the copepod Calanusfinmarchicus (Gunnerns). Journal of Experimen- 
tal Marine Biology and Ecology, 62, 129-142. 

TAW N. and D. A. RITZ (1979) Influence of subantarctic and subtropical oceanic water on the zooplankton and 
hydrology of waters adjacent to the Derwent River estuary, south-eastern Tasmania. Australian Journal 
of Marine and Freshwater Research, 30, 179-202. 

VERVOORT W. (1957) Copepods from antarctic and sub-antarctic plankton samples. British Australian New 
Zealand Antarctic Research Expedition Reports, Series B, III, 1-160. 

VIDAL J. and T. E WHITLEDOE (1982) Rates of metabolism of planktonic crustaceans as related to body weight 
and temperature of habitat. Journal of Plankton Research, 4, 77-84. 

VORONINA N. M. (1975) On the ecology and biogeography of plankton in the southern ocean. Trudy Instituta 
Okeanologiia Akademiia Nauk SSSR, 3, 60-87. 

WAKEHAM S. G. and E. A. CANUEL (1988) Organic geochemistry of particulate matter in the eastern tropical 
North Pacific Ocean: implications for particle dynamics. Journal of Marine Research, 46, 183-213. 

WILBORG K. F. (1964) Marine copeopds of Tristan da Cunha. Results of the Norwegian Scientific Expedition to 
Tristan da Cunha 1937-1938, 51, 1-44. 

YAVANOS A. A., A. A. BENSON and J. C. NEVENZEL (1978) The pressure-volume-temperature (PVT) 
properties of a lipid mixture from a marine copepod, Calanus plumchrus: implications for buoyancy and 
sound scattering. Deep-Sea Research, 25,257-268. 




