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Abstract

Early life history patterns were studied in the dominant euphausiids from the northern Gulf of Alaska (GOA) in 2001–2004.
Gravid females of Thysanoessa inermis were observed in April and May. Brood size varied from 10 to 1021 eggs with an average
of 138F19 (95% CI) eggs female!1. Most gravid females started to release eggs within the first 2 days of incubation. The average

number of eggs released per female was similar in incubation Day 1 and 2, but significantly smaller on Day 3 and 4. About 25% of
the females were continuously releasing eggs over 3 days rather than producing a single distinctive brood. In contrast, gravid
females of Euphausia pacifica were observed from early July through October. Most gravid females released eggs on the first day

of observation, while only 2% of females produced eggs repeatedly. Brood size varied from 20 to 246 eggs with an average of
102F12 (95% CI) eggs female!1. The relationship between E. pacifica brood size and ambient chlorophyll-a concentration was
sigmoidal (r2=0.73), with food saturated brood size of 144F14(SE, P b0.001) eggs, and half-saturation occurring at

0.46F0.02(SE, P b0.001) mg chlorophyll-a m!3. The average interbrood interval of E. pacifica reared at 12 8C and satiated
food conditions in the laboratory was ~8 days, suggesting their potential individual fecundity in the GOAwas 1148–1530 eggs per
spawning season. Hatching and early development (from egg to furcilia stage) was studied under 5 8C, 8 8C and 12 8C. Hatching
was nearly synchronous and lasted 3–6 h, depending on incubation temperature. Development times from egg to the first furcilia

stage ranged between 20 and 33 days for T. inermis, and 15 and 45 days for E. pacifica at 12 8C and 5 8C, respectively.
Published by Elsevier B.V.
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1. Introduction

Thysanoessa inermis, Euphausia pacifica and Thy-
sanoessa spinifera are the dominant euphausiid species
found in the Gulf of Alaska (GOA) frequently occur-

ring in high numbers over the broad, deep shelf char-
acteristic of its northern region (Coyle and Pinchuk,
2003, 2005). The oceanic E. pacifica are usually abun-
dant over the outer shelf, while T. inermis and T.
spinifera inhabit the inner shelf (Coyle and Pinchuk,
2005). These species are thought to be primarily grazers
and predators on variety of phyto- and microzooplank-
ton as well as suspended organic matter (Ponomareva,
1966; Bargu et al., 2003; Nakagawa et al., 2004).
They are a major prey for many of the commercially
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harvested fishes in the GOA, including all species of
salmon (e.g. Armstrong et al., 2005); pollock (e.g.
Brodeur, 1998); herring (e.g. Hart, 1973); and sablefish
(e.g. Sigler et al., 2001) as well as seabirds and baleen
whales (Mauchline, 1980). Thus, euphausiids represent
important elements in the transfer of energy from the
lower trophic levels through the planktonic food web
upwards to apex predators in the northern GOA marine
ecosystem.

Egg production and growth are key parameters char-
acterizing the rates at which euphausiids process mate-
rial, and are related to euphausiid’s potential to supply
energy and matter to higher trophic levels. Egg produc-
tion also determines the potential rate of recruitment to a
population, thus representing an important parameter in
demographic studies. Egg production is dependent on
the resources available to adult females, and consequent-
ly may be food-limited, while egg hatching and postem-
bryonic development times show strong temperature
dependence in a wide range of animal groups, including
zooplankton (Peterson, 2001; Gillooly et al., 2002).

Many euphausiid species are capable of releasing
eggs more than once during a single spawning season
(Ross and Quetin, 2000). Therefore, the information on
brood size as well as frequency of brood releases, and
duration of the reproduction season, are prerequisites for
estimating individual and population fecundity. A tradi-
tional method of counting all stages of eggs in the ovary
estimates the fecundity of E. pacifica from the Japan Sea
to be 1200–1700 eggs female!1 (Ponomareva, 1966).
The same technique applied to T. inermis suggests a
wide range, from 300 to 350 eggs female!1 in the
Barents Sea (Zelikman, 1958) to 1700 eggs female!1

in the North Pacific (Ponomareva, 1966). Counting
ovarian eggs may, however, lead to an overestimation
since not all ovarian eggs are necessarily released (Igu-
chi and Ikeda, 1994). Broods, obtained during experi-
mental incubations, comprised substantially smaller 12–
296 eggs female!1 for E. pacifica from the Japan Sea
(Iguchi and Ikeda, 1994) and 30–110 eggs female!1 for
T. inermis from the Barents Sea (Dalpadado and Ikeda,
1989; Dalpadado and Skjoldal, 1991), however, no
multiple spawning events were observed in these stud-
ies. Recent work off the Oregon coast has documented
repetitive spawning of E. pacifica in the laboratory, and
estimated potential individual fecundity in excess of
6000 eggs per season (Feinberg et al., 2004). Indirect
estimates, derived from observations on proportion of
experimental E. pacifica females producing eggs over
24 h, and the duration of the spawning season in Puget
Sound, imply individual fecundity of 600–4000 eggs
female!1 per season (Ross et al., 1982).

Despite their importance as prey for major commer-
cial fisheries in the GOA and the Bering Sea, fundamen-
tal information on reproductive and developmental
biology of these species is absent from this region, and
for the temperature ranges characteristic of it. Nothing is
known of fecundity for either E. pacifica at the north-
ernmost extreme of its range in the northern GOA or for
T. inermis in the entire subarctic North Pacific. Similarly,
while the general development patterns of T. inermis and
E. pacifica are well documented (Einarsson, 1945;
Boden, 1950; Suh et al., 1993), there is little information
on development rates of their early larval stages across
the broad temperature range characteristic for the North

Fig. 1. Map of sampling locations in the Gulf of Alaska.
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Pacific (Ross, 1981; Iguchi and Ikeda, 1994). The U.S.
Northeast Pacific GLOBEC program in the northern
Gulf of Alaska seeks to address such deficiencies in
our knowledge (Weingartner et al., 2002). In the present
study, we document field and laboratory observations on
egg production and hatching as well as on early larval
development at different temperatures of T. inermis and
E. pacifica from the northern GOA.

2. Materials and methods

2.1. Sampling and maintenance of gravid females

All sampling was conducted in the northern Gulf of
Alaska from March 2001 through October 2004 (Fig. 1,
Table 1). Water samples were collected with Niskin
bottles for fluorometric estimation of chlorophyll-a
concentration as described in Childers et al. (2005)
and averaged over the upper 50 m of the water column
(D.A. Stockwell and T.E. Whitledge, unpublished data).
Night-time euphausiid aggregations were located with
an HTI multi-frequency acoustic system and then fished
using 1 m2 MOCNESS equipped with black 100 Am
mesh nets at 0.25–0.5 m s!1. The contents were im-
mediately diluted into a 20 l pale to facilitate sorting.
Gravid females of E. pacifica were identified by a
purple band under the pericardial area of the thorax
(Ross et al., 1982). Gravid females of T. inermis were
distinguished by a light blue color of the ovaries (Dal-
padado and Ikeda, 1989). They were gently removed
from the catch and placed in individual 750 ml tissue
flasks filled with seawater collected simultaneously at
the site. The animals were maintained at the ambient

mixed layer water temperature (i.e. 5 8C in April–May
and 8–12 8C in July and August and 10 8C in October)
in the dark and were checked every 12 h for eggs.

When eggs were observed, the female was removed
and transferred to a new container filled with fresh
seawater. Females were incubated for 4 days to estimate
the length of an individual spawning event. At the end
of each experiment, all animals were preserved individ-
ually. The newly released eggs were counted, then
either preserved in 4% formalin, or returned to the
incubator. To estimate possible extent of cannibalism
during the experiments, known numbers of eggs were
added to 14 E. pacifica females maintained under the
same conditions and recounted after 24 h. The egg
capsule and embryo diameters were measured on pre-
served eggs. Brood size was calculated as a cumulative
number of eggs released by a female during the exper-
iment. Very small amounts of eggs (b10) were found in
7 T. inermis and 1 E. pacifica flasks, and were excluded
because we assumed they represented contamination
introduced during sorting.

2.2. Rearing of eggs and larvae

Harvested eggs were placed in multiwell trays (15 ml
well volume), about 25–50 eggs per well, and were kept
at 5F0.5 8C, 8F0.5 8C and 12F0.5 8C until they
hatched or became moribund. Nauplii were transferred
into multiwell trays with fresh seawater. Since the
nauplii and metanauplii do not feed, no food was
introduced until they molted into calyptopis. The
trays were inspected every 3–12 h depending on incu-
bation temperature. After the larvae reached the calyp-

Table 1

Summary of euphausiid egg production experiments in the northern Gulf of Alaska in 2001–2004 indicates season and location where gravid

females where collected, temperature the females were incubated (T, 8C), and number of females that produced eggs (N)

2001 2002 2003 2004

Station T, 8C N Station T, 8C N Station T, 8C N Station T, 8C N

T. inermis

April – GAK11 5 44 GAK4 5 2 –

GAK3 5 37 GAK6 5 12 –

GAK1 5 19 –

May – GAK4 5 30 – –

GAK7 5 53 – –

E. pacifica

July GAK9 8 4 GAK5 12 1 GAK8 12 10 GAK3 12 4

GAK7 8 2

August GAK12 12 18 GAK11 12 3 – –

GAK9 12 1

GAK6 12 9

GAK1 12 26

October GAK13 10 7 – – –
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topis stage, they were individually transferred into sin-
gle wells and inspected daily. Water and food were
changed every 3–5 days. The larvae were fed ad libitum
a mix of Thalassiosira spp., Isochrisis galbana, Pav-
lova lutheri and Chromonas spp. Feeding was aug-
mented with in situ food (10–150 Am) collected in
Resurrection Bay to provide a more nutritionally bal-
anced diet. Cyanobacteria, ciliates, flagellates, diatoms,
eggs, small nauplii, and small larvaceans were observed
in varying concentrations in these in situ samples. The
experiments were terminated when larvae reached fur-
cilia stages or died, lasting up to 50 days at 5 8C. The
euphausiid larvae were staged according to existing
descriptions (Lebour, 1926; Einarsson, 1945; Boden,
1950; Suh et al., 1993). The abbreviations used are:
N1–N2=nauplius 1 and 2; MN=metanauplius, C1–
C3=calyptopis 1–3; F1–2=furcilia 1, 2.

To assess brood size and interbrood interval under
food saturated conditions experimentally, a limited
number of individual E. pacifica larvae hatched during
summer 2003 were kept at 12 8C in larger 1000 ml
tissue flasks. Water and food were changed every 3–
5 days. Chlorophyll-a concentrations in the flasks were
maintained at ~15 mg m!3. The experiments lasted till
the animals died. When the larvae matured during
spring 2004, they were inspected daily for eggs.
When egg releases occurred, the eggs where counted
and preserved. Only if the consecutive egg releases
from a female were separated by more than 1 day,
they were considered as separate broods.

2.3. Data analysis

All length measurements were made digitally (Roff
and Hopcroft, 1986). Carapace length (CL, mm) was
measured from the tip of rostrum to the posterior dorsal
margin of the carapace. The total length (TL, mm)
defined as distance from the tip of rostrum to the end
of telson was estimated using linear regressions for
euphausiids from GOA collected as outlined in Coyle
and Pinchuk (2005):

TL =2.46CL +2.99 for T. inermis
TL =3.75CL +0.92 for E. pacifica
TL =2.60CL +2.61 for T. spinifera

All data were uploaded into MS ACCESS database
and analyzed using standard STATISTICA routines.
Data sets were log-transformed before running statisti-
cal tests to satisfy the assumption of normality. The
abbreviations used are: CI — confidence interval; SE
— standard error, SD — standard deviation.

3. Results

3.1. Egg production

Gravid females of T. inermis were observed only
during April and May (Table 1). Most females started to
release eggs within the first 2 days of incubation (Fig.
2A). The size of spawning females ranged from 16.7
mm to 28.3 mm in total length. The average number of
released eggs per female was similar in Day 1 and 2,
but significantly smaller on Day 3 and 4 (Fig. 2A).
About 25% of females released eggs over 3 days rather
than producing a single distinctive brood, while the
number of eggs released per day significantly decreased
(Fig. 2B). Egg production was arrested during molting.
Only a single female produced eggs immediately after
molting, and they proved to be non-viable. Brood size
varied from 10 to 1021 eggs, and the average brood size
was 138F19 (95% CI, n=195) eggs female!1. We
suspect the smallest broods represented females that
had partially released eggs prior to incubation.
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In contrast, gravid females of E. pacifica were ob-
served from early July through October (Table 1). The
total length of spawning females ranged from 17.4 mm
to 25.6 mm. Most females released eggs on the first day
of observation (Fig. 2A) and only 2 females (i.e. 2%)
produced eggs repeatedly (Fig. 2B). Brood size varied
from 20 to 246 eggs female!1 and the average brood
size was 102F12 (95% CI, n =79) eggs female!1.
Female body length explained only a small part of
brood size variation (r2=0.21 and r2=0.27 for T. iner-
mis and E. pacifica, respectively). The loss of eggs due
to cannibalism in the experimental design was estimat-
ed at 11% over 12 h for E. pacifica and was considered
negligible. There was no attempt to estimate cannibal-
ism of T. inermis.

Occasionally we observed gravid females of T. spini-
fera from April through October. The total length of
spawning females ranged from 25.2 mm to 31.5 mm,
and brood size varied from 46 to 385 eggs and averaged

153.7F53.8 (95% CI) eggs female!1 (n =13). The ex-
tremely adhesive eggs were usually found attached to the
bottom of the containers and this made further study of
the species problematic.

Much of the observed variation in brood size in
E. pacifica, but not T. inermis, could be attributed
to ambient chlorophyll-a concentrations. While curves
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fit to Michaelis–Menten form described a large part of
the variation (r2=0.56), the data set was described best
by sigmoidal Hill function (r2=0.70) (Fig. 3). The rela-
tionship indicates that brood size under food saturated
conditions (BSmax) reaches 144F14(SE, P b0.001)
eggs female!1, with half-saturation (Kd) occurring at
0.46F0.02(SE, P b0.001) mg chlorophyll-a m!3.

Four females of E. pacifica, reared in the laboratory
under food saturated conditions, produced multiple
broods (Fig. 4). Since there were no significant differ-
ences in brood sizes or interbrood intervals between
individual females, the data were pooled. The brood
size was ranged from 16 to 298 eggs, averaged 80F23
(95% CI, n =33) eggs female!1; the interbrood interval
ranged from 2 to 36 days, averaging ~8 days.

In both species, the variability of egg sizes was
generally small within individual broods, but was sub-

stantially larger between broods. Comparison of eggs
between individual broods revealed significant morpho-
logical differences: while embryos in both species did
not differ much, the eggs capsules in some broods were
significantly larger than in others (Fig. 5; Table 2)
leading to enlarged perivitteline space surrounding the
embryos. The difference was especially noticeable in E.
pacifica. There was no significant relationship between
size of females of both species and diameter of the egg
capsules they produced.

3.2. Hatching and larval development

Hatching and molting of non-feeding stages (from
N1 through MN) was nearly synchronous and occurred
within a 3–12 h interval, depending on incubation
temperature and stage. Hatching success was generally

Table 2

Egg capsule, embryo and brood sizes in T. inermis and E. pacifica (mean values are with 95% CI unless otherwise noted)

Species/Region Egg capsule (Am) Embryo (Am) Brood size (no. eggs) Reference

Mean diameter Range Mean diameter Range Mean Range

Euphausia pacifica

Gulf of Alaska all 439F6 334–643 309F2 240–362 102F12 6–246 Present study

large 561F6 505–643 290F3 240–332

small 404F3 334–480 314F2 279–362

Eastern Pacific 400 360–420 330 300–340 – – Brinton et al., 2000

Yellow Sea 580F30 (SD) 500–680 340F10(SD) 300–380 – – Suh et al., 1993

Northern Japan Sea 550 425–625 300 250–375 – – Pogodin, 1982

Southern Japan Sea 460F20 430–505 – – – 12–296 Iguchi and Ikeda, 1994

Puget Sound Ross et al., 1982

small females – – – – 60F21 3–265

large females – – – – 132F79 71–234

Thysanoessa inermis

Gulf of Alaska 641F35 478–792 344F8 300–409 138F19 5–1021 Present study

Western Barents Sea 730 620–860 – 380–400 – 32–110 Dalpadado and Ikeda, 1989

Dalpadado and Skjoldal, 1991

Southern Barents Sea – 575–950 – 325–475 – 350–600 Timofeev, 1996

Japan Sea – 560–900 – – – – Ponomareva, 1966

North Atlantic – 730–760 320 – – – Lebour, 1924

Table 3

The Intermolt Periods (IP) in days for early stages of T. inermis and E. pacifica, measured at different temperatures

Stage Thysanoessa inermis Euphausia pacifica

5 8C 8 8C 12 8C 5 8C 8 8C 10 8C 12 8C

IPF95%CI n IPF95%CI n IPF95%CI n IPF95%CI n IPF95%CI n IPF95%CI n IPF95%CI n

Egg 2.5F0.2 112 1.5F0.4 25 – – 2.6F0.3 69 1.8F0.2 160 1.2F0.3 70 1.1F0.56 32

N1 1.8F0.2 89 1.5F0.4 25 0.7F0.5 47 1.6F0.3 69 1.2F0.2 159 1.1F0.3 70 0.9F0.5 28

N2 4.1F0.2 84 – – 1.6F0.5 47 3.6F0.3 69 1.5 3 1.0F0.3 70 1.1F0.5 28

MN 4.3F0.7 9 – – 2.8F0.4 69 6.4F0.2 144 – – 2.9F0.3 70 2.3F1.0 7

C1 6.9F0.8 8 – – 4.8F0.3 44 13.4F0.2 144 – – 6.9F0.3 70 5.1F1.3 4

C2 6.9F0.8 7 – – 5.8F0.4 31 9.2F0.2 118 – – 7.5F0.4 53 4.3F1.5 3

C3 6.3F0.8 7 – – 5.9F0.4 33 9.1F0.3 86 – – 6.9F0.7 16 – –

F1 – – – – 5.3F0.7 9 9.4F1.0 7 – – – – – –
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high (over 90%). However, a few clutches consisted
completely of non-viable eggs, which failed to develop.
Such clutches were occasionally found throughout the
egg production season. Eggs usually hatched into N1
stage. Occasionally, we observed delayed hatching of
E. pacifica, when an embryo developed to the C1 stage
within the egg membrane, but the occurrence of such
events was very rare. Mean mortality of non-feeding E.
pacifica larvae, calculated for 10 viable clutches, was
40% when they reached the first feeding C1, 61% for
C1, 23% for C2 and 11% for C3.

The mean developmental time for T. inermis to reach
C1 stage from hatching was 10.04F1.55 days (95%
CI) at 5 8C and 5.36F0.05 days (95% CI) at 12 8C; for
E. pacifica 11.5F0.47 days (95% CI), 5F0.44 days
(95% CI) and 4.2F0.11 days (95% CI) at 5 8C, 10 8C
and 12 8C, respectively. All stages of both species
showed shorter intermolt period (IP) at higher tempera-
tures and appeared to have similar growth patterns
(Table 3). The IP of non-feeding nauplii (N1 and N2)
and metanauplii (MN) was significantly shorter than
those of feeding calyptopis stages (C1–C3). The mean
IP of E. pacifica C1 at 5 8C of 13.4 days was probably
overestimated, since, during that experiment, incuba-
tion temperature dropped down to 2 8C for 6–8 h with
surprisingly long-term consequences. Development
times from egg to the first furcilia (F1) stage as esti-
mated from stage specific IP ranged between 20 and 33
days for T. inermis, and 15 and 45 days for E. pacifica
at 12 8C and 5 8C, respectively.

4. Discussion

Our findings of breeding E. pacifica in the northern
GOA from July through October suggest that its spawn-
ing season coincides with development of the seasonal
stratification where mixed layer temperature rise from
5–6 8C in May, to 12–14 8C in July and August, and
decreases through late October to ~10 8C (Weingartner
et al., 2005). This warm layer contains relatively high
post-bloom chlorophyll-a concentrations (~0.95 mg
m!3) in July and August, while in October the chloro-
phyll-a content is generally lower (~0.72 mg m!3), but
may substantially vary between years (Childers et al.,
2005). Water temperature of 9–16 8C and abundant
food are thought to facilitate the spawning of E. paci-
fica (Brinton, 1976; Nicol and Endo, 1997; Lu et al.,
2003) along the central North American coast. Thus, E.
pacifica breed year-around with peaks in May–July off
southern California (Brinton, 1976), June through Sep-
tember off Oregon (Smiles and Pearcy, 1971), from
February through May in the southern Japan Sea (Igu-

chi et al., 1993) and in June in the colder Okhotsk Sea
(Ponomareva, 1966). The E. pacifica reproduction in
the northern GOA, the northernmost part of its range,
also appears to follow local temperature and chloro-
phyll-a seasonal dynamics, resulting in a delayed
spawning as compared to the southern areas. In con-
trast, spawning of T. inermis in the northern GOA
coincided with the spring bloom of large diatoms in
April and May and lasted about two month, similar to
the other regions of the subarctic Atlantic and Pacific
(Kulka and Corey, 1978; Hanamura et al., 1989; Ast-
thorson, 1990; Smith, 1991; Nicol and Endo, 1997;
Dalpadado and Skjoldal, 1991; Timofeev, 1996).

We found brood size poorly correlated to female
body size, a trend often observed in pelagic crustaceans,
including euphausiids (e.g. Ross et al., 1982; Ross and
Quetin, 1983; Harrington and Ikeda, 1986; Iguchi and
Ikeda, 1994; Nicol et al., 1995; Thatje et al., 2004).
This indicates that the number of eggs released during
spawning is influenced by factors other than body size.

The strong functional relationship between brood
size and ambient chlorophyll-a concentration in E.
pacifica (Fig. 3) indicates that the reproductive rates
in this species are closely coupled with availability of
phytoplankton. In contrast, the lack of similar relation-
ship over a broad range of chlorophyll-a concentrations
(0.35–5.71 mg m!3) in T. inermis suggests that either
the species relies on substantial lipid reserves for re-
production, or prey items other than phytoplankton are
important in their diet. Therefore, the tight coupling of
T. inermis reproduction with the start of the spring
phytoplankton bloom would provide additional advan-
tage not to spawning adults, but rather to their first
feeding larval stages, which would appear in the north-
ern GOA system within 10 days after hatching to find
the resources of the bloom available for consumption.
Curiously, similar observations were made on Metridia
copepods from the same area: M. pacifica and M.
okhotensis, which adopt contrasting reproductive strat-
egies analogous to this study’s euphausiids. While egg
production rates of M. pacifica, which spawns through-
out the production season from spring till late fall, were
closely related to chlorophyll-a concentrations, those of
M. okhotensis, spawning in April and May, were not
(Hopcroft et al., 2005).

Our observations show that E. pacifica from the
GOA is capable of having 11–15 spawning episodes
assuming their reproductive season lasting from 3 to 4
months. Applying these (presumably the highest possi-
ble) laboratory rates to the natural population in the
GOA would yield potential individual fecundity of
1148–1530 eggs per season. Our projection is similar

A.I. Pinchuk, R.R. Hopcroft / Journal of Experimental Marine Biology and Ecology 332 (2006) 206–215212



to estimates for E. pacifica in Puget Sound (Ross et al.,
1982) and the Japan Sea (Ponomareva, 1966), but
substantially lower then those made off the Oregon
coast (Feinberg and Peterson, 2003; Feinberg et al.,
2004). In contrast, T. inermis are assumed to release
eggs only once in a spawning season and they may
breed in two or more successive years (e.g. Timofeev,
1996). Both the mean and maximum brood sizes of T.
inermis are larger than those of E. pacifica, falling well
within their reported range (Zelikman, 1958; Ponomar-
eva, 1966; Dalpadado and Ikeda, 1989; Dalpadado and
Skjoldal, 1991), but, for the first time, we document
that the egg release of T. inermis can take up to 3 days.

Euphausiid spawning strategies appear to be linked
to the differences in food supply in specific environ-
ments. In Meganyctiphanes norvegica, from the Med-
iterranean, the ovary appears to continually produce
new yoke throughout the season, and oocyte develop-
ment is progressive, allowing rapid successive produc-
tion of smaller batches of eggs (Cuzin-Roudy and
Buchholz, 1999). Alternatively, in the Antarctic E.
superba, the yoke develops in successive batches at
the start of ovarian maturation, with the possibility of
different stages of oocytes occurring simultaneously in
the ovary, leading to pulsed oocyte production with
larger batches of eggs per individual (Ross and Quetin,
2000). The former strategy is effective when food
availability is sufficient during a longer spawning sea-
son, while the latter works better when food supply
oscillates between brief peaks of excess and long per-
iods of deficiency. The morphology of the E. pacifica
feeding basket allows effective retention of particles N5
Am (Suh and Choi, 1998), thus enabling these oceanic
animals to feed on smaller diatoms, dinoflagellates and
microzooplankton, which are usually abundant
throughout the summer in the North Pacific. In contrast,
coastal T. inermis consume larger diatom cells compris-
ing nearshore spring phytoplankton blooms in northern
latitudes (Ponomareva, 1966), and it is also uses accu-
mulated lipid reserves for spring reproduction (Falk-
Petersen et al., 1999, cited after Ross and Quetin,
2000). Therefore, the observed differences in timing,
frequency, magnitude and factors controlling E. paci-
fica and T. inermis reproduction may reflect distinctive
spawning strategies they employ to maximize the
spawning success in oceanic and coastal habitats.

We found that E. pacifica in the northern GOA pro-
duced two distinct types of eggs with embryo/egg cap-
sule ratios of 0.52 and 0.78 (Table 2). Larger egg
capsules with a thicker perivitelline space (embryo/egg
capsule ratio of 0.55–0.59) were reported from the west-
ern Pacific (Pogodin, 1982; Suh et al., 1993), while those

with the greater ratio were observed only in the eastern
Pacific (embryo/egg capsule ratio of 0.83) (Brinton et al.,
2000). The perivitelline space protects the embryo
(Pechenik, 1979; Rass, 1982; Timofeev, 1996) and
increases buoyancy of the egg (Timofeev, 1990). The
development of perivitelline space is thought to be con-
trolled by environmental conditions (e.g. temperature
and salinity), rather than genetics (Marschall, 1983;
Timofeev, 1996). It is tempting to suggest that the ap-
pearance of larger eggs in the northern GOA results from
exposure to the harsh subarctic environment, facilitating
better protection and dispersal. However, the occurrence
of larger E. pacifica eggs in the warm Yellow Sea (Suh
et al., 1993) implies that some other factors influence the
determination of egg size in this species. The documen-
ted occurrence of eggs belonging to the same species but
of drastically different proportions indicates that extreme
caution must be exercised when identifying the eggs in
zooplankton samples based on size proportions.

The general lack of data on rates of early develop-
ment of the North Pacific euphausiids is probably
explained by uncertainties in identification of eggs
and larvae collected in the field. Pogodin (1980)
reported development times for Thysanoessa spp. lar-
vae from egg to C1 as 12–13 days at 7 to 8 8C in the
northern Sea of Japan, without discriminating them by
species. The alternative incubation of eggs produced in
the laboratory at various temperatures was applied to E.
pacifica from the Puget Sound and the southern sea of
Japan (Ross, 1981; Iguchi and Ikeda, 1994). It was
concluded that E. pacifica early stages can tolerate
wide range of temperature (5–20 8C), but that these

T(°°C)
0 5 10 15 20

D
 (D

ay
s)

2

4

6
8

10
12
16
20
25
30
40

E. pacifica
T. inermis
T. raschii
E. crystallorophias
E. superba

log10D = -0.05T + 1.317 
r2=0.95

Fig. 6. Development time (D, days with 95% confidence intervals)

from hatching to calyptopis 1 and temperature (T, 8C) based on our

results and on data available in literature (Euphausia pacifica from

Ross, 1981; Iguchi and Ikeda, 1994; E. superba from Ikeda, 1984;

Ross et al., 1988; E. crystallorophias from Ikeda, 1986; Thysanoessa

raschii from Smith, 1991).
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rates required further confirmation from other regions
(Iguchi and Ikeda, 1994).

This study confirms that the cumulative duration of
non-feeding stages of E. pacifica from hatching till
molting into C1 was temperature dependent, and allows
quantification of this relationship (Fig. 6). Other mea-
surements done on E. pacifica from other parts of the
North Pacific also fit close to the regression line. The
available data for E. pacifica, therefore, suggest that
this species has a consistent temperature–stage duration
relationship. Our data for T. inermis, and data for other
broadcast spawning euphausiid species from the litera-
ture, appear to fit the trendline as well, suggesting this
relationship may be applied to a variety of euphausiid
species inhabiting temperate waters.
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