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Abstract approved

I compare the seasonal abundance variation, population dynamics, fecundity, egg hatching

mechanism and success, and apostome ciliate parasites of the euphausiids Euphausia pac?fica and

Thysanoessa spinfera from the Oregon coast, USA. Community structure and nearshore

distributions were examined from bi-weekly oceanographic surveys (1970-1972). This region

has a strong cross-shelf change in euphausiid assemblages located about 45 km from shore.

Euphausia pacflca and T. spinfera have life stage-segregated distributions, suggesting active

location-maintenance strategies.

Morphology and biometry of all the post-spawning embryonic stages and the hatching

mechanisms of three broadcast-spawning (E. pacfica, T. spinfera and Thysanoe;sa inspinata)

and one sac-spawning (Nematoscelis djfficilis) euphausiids are described. The average embryo

and chorion diameters were significantly larger for E. pacca (0.378,0.407 mm) than for T.

spinfera (0.35 3, 0.363 mm) and T. inspinata (0.312, 0.333 mm). There are four hatching

mechanisms. Some broadcast-spawning species have delayed hatching schedules, hatching as

nauplius 2, metanauplius or calyptopis 1, rather than as the usual nauplius 1. Sac-spawning

species sometimes hatch early as nauplius 2, rather than as the normal pseudometanauplius or

metanauplius. Late and early hatching schedules were associated with low hatching success and

small brood size.

The brood sizes (BS) of E. pacca and T. spin(fera were estimated during incubations on

23 cruises. Thysanoessa spinifera had higher BS and extended its spawning areas farther

offshore during 2002 than in 1999-2001. Euphausia pacfica had a stable inshore-offshore brood-

size pattern from 2001 to 2003, and had greater BS than during 1999-2000. Elevated egg

production during summer 2002 was associated with cooler, high chl-a conditions resulting from

anomalously high equatorward transport.
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Comparative Study of the Population Dynamics, Secondary Productivity, and
Reproductive Ecology of the Euphausiids Euphausia pacijica and Thysanoessa spinifera

in the Oregon Upwelling Region

CHAPTER 1

General introduction and objectives

My work on this dissertation has been part of the multidisciplinary U.S. and International Global

Ocean Ecosystem Dynamics North East Pacific program (U.S. GLOBEC NEP) that studies the

coupling between physical and biological processes in the sea. Past and present climate

variability serves GLOBEC as a proxy for future climate change. One of the main goals of the

program is to understand the role of the zooplankton in the pelagic ecosystem and the individual

and population responses of zooplankton to regional oceanographic conditions and climate

variability (Batchelder et al., 2002a, b; Strub et al., 2002). More specifically, the proximate goal

is to examine the role of mesoscale (20s-lOOs km) spatial variability in controlling zooplankton

biomass, production, species distributions, vital rates and retention and loss in coastal regions.

The ultimate goal is to determine how interannual and interdecadal changes in physical forcing

and ecosystem dynamics affect survival of juvenile salmon during their residence in the coastal

ocean (Batchelder and Powell, 2002).

The Long-Term Observation Program (L-TOP) implemented by U.S. GLOBEC off Northern

California and Oregon provided ship-time and zooplankton samples to develop experiments for

the present study. Additionally, part of my work was through participation in the U.S. GLOBEC

collaborative research entitled: Mesoscale and fine mapping of physical and biological fields in

the northern California Current System ("Mesoscale"). It addressed physical and biological

distributions and processes that influence juvenile salmonid habitat characteristics along the

Oregon and California coast. The region studied in the California Current System extended 300

km from Crescent City, California (41°54'N) to Central Oregon off Newport (44°40'N). This

span includes a major cape (Cape Blanco, 42°50'N) and a substantial shelf-bank area, Heceta

Bank at 44°N. These three research initiatives investigated key zooplankton species (copepods

and euphausiids), that play a central role in productivity and the trophodynamics of the California

Current region. My focus has been the distribution patterns, vital rates and secondary

productivity of euphausiids.
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The Euphausiacea or "euphausiids", a distinctive group within the crustacean order

Malacostraca, comprise the bulk of the mesozooplankton (eggs to juvenile stages) and

micronekton (adults) at most Northeast Pacific continental shelf and upper continental slope

locations. Along the California Current System (-50°N to 22°N and -20° west from the coast)

there are reports for 45 of the 86 known euphausiid species (Brinton et al., 2000), but only six

species contribute most of the group's abundance: Euphausia pacfica Hansen, Thysanoessa

spinfera Holmes, Thysanoessa inermis Krøyer, Thysanoessa longipes Brandt, Thysanoessa

raschi M. Sars and Nyctiphanes simplex Hansen. Robinson (2000) hypothesized that an apparent

five fold decline in adult euphausiid biomass observed in the 1990's in the Northern California

Current System could be responsible for the decreasing trend in salmon stocks in that decade.

Thus euphausiids have been an attractive focus for research in recent years. Two species, E.

pacfica and T. spinfera, are U.S. GLOBEC NEP program target species, because of their

dominance within the euphausiid assemblage, and their importance as grazers and secondary

producers over the shelf and slope along virtually the entire range from the Aleutians to northern

Baja California (Brinton, 1962; Tanasichuk et al., 1991; Tanasichuk, 1999; Brodeuret al., 1992;

Ware and McFarlane, 1995; Nicol and Endo 1999; Everson, 2000). Along the Oregon coast these

two species account for about 90% of euphausiid abundance and biomass (Chapter 2). To

understand the ecological niche that these species fill in the pelagic ecosystem, it is necessarily to

understand their life cycles and vital rates (i.e. fecundity, growth and mortality rates), to know the

effects of environmental conditions on their physiology, distribution and abundance patterns and

to characterize the interactions of these species with other organisms in the pelagic ecosystem.

Euphausia pacfica is by far the best known euphausiid in the North Pacific. Its biology,
ecology and population dynamics have been studied extensively during the second half of the

twentieth century, particularly their larval development and morphogenesis (Boden, 1950, 1951;

Ross, 1981; Knight, 1984; Rumsey and Franks, 1999), fecundity (Lasker, 1966; Ross et al., 1982;

Iguchi and Ikeda, 1994, 1999; Feinberg and Peterson, 2003), growth rate (Smiles and Pearcy,

1971; Brinton, 1976; Ross, 1982a, b; Bollens et al., 1992; Tanasichuk, 1998a; Iguchi and Ikeda,

1995, 1999), molting rate (Dexter, 1977), vertical distribution (Bollens et al., 1992; Nakagawa et

al., 2003), population dynamics (Brinton, 1976; Tanasichuk, 1998a), and feeding rates (Ohman,

1984; Dilling et al., 1998; Passow and Alldredge, 1999; Nakagawa et al., 2001, 2002; Bargu et al.

2003).
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Thysanoessa spinfera has received much less attention and relatively little is known about its

biology and ecology (Smith and Adams, 1988; Summers, 1993; Tanasichuk 1998b), partly

because its reproduction and larval development have proven difficult to study under

experimental conditions (Feinberg and Gómez-Gutiérrez, pers. observ.). However, both T

spinifera and E. pacfica have been receiving more attention in recent publications in regard to

their variability in time series of 3 to 50 year duration off the Oregon and California coasts

(Marinovic et al., 2002; Brinton and Townsend, 2003; Feinberg and Peterson, 2003).

This dissertation includes eight chapters directed mostly to aspects of the biology and ecology

of E. pacijica and T. spinfera that have not been extensively studied in the past, perhaps with

exception of the Chapter 7 about the fecundity of E. pacfica. Among these relatively unknown

aspects of the euphausiid biology are cross-shelf zonation patterns, the discoveries of the hatching

mechanisms, hatching schedule and embryonic hatching stage variability, and of a new ciliate

endoparasitic species that infects and kills three euphausiid species along the Oregon coast. The

work reported addressed several levels of complexity in euphausiid biology, ranging from studies

on individuals maintained in the laboratory and detailed aspects of their reproduction, to features

at population and community levels inferred from preserved samples.

Chapter 2 reports a retrospective study about composition of the euphausiid community

before the well known 1976-77 climatic shift regime (Miller et al., 1994), a study that can be

compared with more recent information obtained during the 1990's and since 2000 by the U.S.

GLOBEC NEP sampling program. Peterson and Miller (1976) reported the temporal and cross-

shelf variability of the euphausiid abundances sampled approximately biweekly along the

Newport Hydrography line (NH-line from NH3 to NH6O, 44°40'N) during a three-year study

(1970-1972). However, they did not identify euphausiids to the species level. I have reanalyzed

those samples to identify the euphausiid species and their life stages (from eggs to adult stages) to

show the seasonal and year-to-year variability species composition and diversity, abundance, and

cross-shelf distribution in those cold-regime years.

Free spawning versus brood care is an important character in the interpretation of the

systematic relationships within the Order Euphausiacea (Maas and Waloszek, 2001). During

2001 and 2002, I did semi-continuous observations under laboratory conditions of the embryonic

development of E. pacifica, T. spinfera and Thysanoessa inspinata Nemoto, all of which are

broadcast spawners. Results are reported in Chapter 3 and in Gómez-Gutidrrez (2002).
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I also studied development and hatching in the sac-spawning euphausiid Nematoscelis

dfflcilis Hansen with the results reported in Chapter 4 and in Gómez-Gutiérrez (2003). I

frequently observed the euphausiid embryos hatching and recorded the proportion of embryos

that hatched. Hatching success is an important aspect of larval recruitment to the population.

Although it is relatively easy to measure hatching success under laboratory conditions,

understanding factors affecting this rate requires detailed observation. It turns out that the

hatching mechanism itself is critical, possibly, a survival "bottleneck" for the animals. It was

surprising to realize that three reviews of hatching of invertebrate eggs (Davis, 1968, 1981;

Anderson, 1982) and two landmark reviews of euphausiid biology (Mauch!ine and Fisher, 1969;

Mauchline, 1980) reported no adequate description of hatching mechanisms for species of the

Order Euphausiacea. My observations filling this gap in the early euphausiid life history and the

interest of the hatching process itself were the main motivations for Chapters 3 and 4.

Euphausia pacfica and T. spinfera are broadcast-spawners, which imposes the need to

identify the eggs to species if we want to learn about spawning areas, season and duration in the

sea for each species. While the morphology and development of the eggs of E. pacifica have

been partially described by Ross (1981) and Suh etal. (1993), the eggs ofT. spinfera have not

been formally described (Summers, 1993; Brinton et al., 2000). No basis has been established for

distinguishing the eggs of these two euphausiids dominant along the west coast of the United

States. Therefore, I describe in Chapter 5 the eggs of both species and suggest characteristics for

their identification both alive and in preserved samples. I also provide biometric data from the

embryos and chorion of two other euphausiid species (T. inspinata and N. dfflcilis) that occur off

the Oregon coast and a meta-analysis of the egg biometry of 33 other euphausiid species reported

in literature.
Fecundity is one determinant of the abundance and population growth potential. The

fecundity of E. pacfica has been extensively studied off Southern California (Lasker. 1966;

Brinton, 1976), Puget Sound, Washington (Ross et al., 1982) and in Toyama Bay, Japan (Iguchi

and Ikeda, 1994, 1999). However, the fecundity of T. spinifera has not been measured

previously. It proved difficult to estimate accurately because 1) this species has sticky eggs, a

characteristic rendering it difficult to estimate egg production or hatching success, 2) it is

particularly difficult to estimate the proportion of mature females using the ovarian staging

method (Gómez-Gutiérrez, per. observ.) and 3) the females do not spawn multiple times after

collection under laboratory conditions as do females of E. pacfica (Feinberg et al., 2003).
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However, brood size at least can be measured, so I have generated some comparative data for

the two species. Chapter 6, then, presents a comparison of the temporal and geographical

variability of the female brood size of both species from experiments made between July 1999

and September 2003.

Chapter 7 presents the estimates of the fecundity rates (eggs per female per day) of E.

pacca from two different methods and relates them to female body size, temperature, and

chlorophyll-a concentration. This study demonstrates that the interbrood period (IBP) and the

duration of the spawning season are the most difficult variables to estimate accurately to

determine the egg production rates of E. pacifica. The IBP had female-to-female variability that

makes difficult to model the number of spawns that a female can attain during its reproductive

span. I compared the brood size and female total length measured from the Oregon coast with

similar information from other two E. pacifica populations in the North Pacific. The brood sizes

observed along the Oregon coast are the highest recorded for the species. More research should

be directed to understand regional population differences along the distribution range of this

species. Similar fecundity estimates (brood sizes converted to rates) were not possible for T.

spinifera; no reliable estimates of interbrood periods were obtained.

During June 2000, William T. Peterson and Anders Roastad observed a surface swarm of E.

pacfica with peculiar orange coloration and swelling of the cephalothorax. Specimens collected

with a 20 L bucket ruptured and died several minutes after collection, releasing a large number of

parasitic ciliates. Such mortality from infection was previously unknown for this species. In

summer 2002 on cruises Mesoscale III and Mesoscale IV, we sought and studied orange-colored

euphausiids to learn about this particular parasitic infection. We discovered that the ciliate,

assigned to the genus Collinia, infects at least three euphausiid species along the Oregon coast

(Euphausia pacfica, Thysanoessa spin?fera and Thysanoessa gregaria G.O. Sars). During

summer 2001 Richard D. Brodeur and Alex De Robertis from NOAAIHMSC observed, using a

Remotely Operated Vehicle (ROy), a mass mortality event of E. pacfica in Astoria canyon

Oregon, but the cause of this event was then unknown. Dissecting the carcasses of the preserved

euphausiids collected by the ROy, we discovered they contained the same ciliates observed

during our Mesoscale cruises, which explains the mass mortality. This epizootic event is

described in Chapter 8 and in Gómez-Gutierrez et al. (2003).



A similar parasitic ciliate infects T. inermis in the Bering Sea (Capriulo and Small, 1986;

Capriulo et al., 1991). However, morphological comparison of Bering Sea ciliates with those

observed in Oregon euphausiids indicates they were infected by a different species. In Chapter 9,

I describe this new parasitoid ciliate species, naming it Collinia oregonensis sp. nov.

Summarizing, the main objectives of the studies reported here were:

1. To determine the cross-shelf, seasonal and year-to-year variability in the euphausiid

abundance and species composition along the Newport Hydrographic line, Oregon USA

between 1970 and 1972, with emphasis on all the life stages of the two most abundant

euphausiids: Euphausia pacfica and Thysanoessa spinifera.

2. To compare the hatching mechanism, hatching success, and brood size among three

broadcast spawning (Euphausia pacfica Thysanoessa spinfera and Thysanoessa

inspinata) and one sac-spawning (Nematoscelis dfficilis) euphausiid species from the

Oregon coast under laboratory conditions.

3. To determine the morphological differences and similarities among the eggs of the three

most common broadcast-spawning euphausiid species from the Oregon coast: Euphausia

pacifica, Thysanoessa spinfera and Thysanoessa inspinata. The intention was to

establish identification procedures for euphausiid eggs in preserved zooplankton samples.

Specimens were held for spawning in the laboratory to provide eggs of known identity.

4. To compare the egg biometry of common broadcast- and sac-spawning euphausiid

species from the Oregon coast, and to extend that comparison to the eggs of all

euphausiids for which they are described.

5. To compare the temporal and geographical variability of the brood size of the

euphausiids Euphausia pacflca and Thysanoessa spin jfera along the Oregon coast

between 1999 and 2003 in relation with the sea surface temperature and chlorophyll-a

concentrations, then to compare brood size and its relation to female length in two other

E. pacca populations: Toyama Bay, Japan and Puget Sound, Washington, USA.
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6. To estimate the fecundity of the euphausiid Euphausia pacfica along the Oregon coast

between 1999 and 2003 using two independent methods.

7. To describe the endoparasitic life stages of the recently discovered parasitoid apostome

ciliate of the genus Collinia that infects euphausiids along the Oregon coast.

8. To determine and describe the prevalence, symptoms of infection and effect of the

parasitoid ciliate Collinia oregonensis sp. nov. upon the euphausiid populations along the

Oregon coast using shipboard incubations and observational methods.



CHAPTER 2

CROSS-SHELF LIFE-STAGE SEGREGATION AND COMMUNITY STRUCTURE OF
THE EUPHAUSIIDS OFF CENTRAL OREGON (1970-1972)

J. Gómez-Gutiérrez, W.T. Peterson, and C.B. Miller



Abstract

Community structure and zonal distribution of euphausiids along the Newport Hydrographic line

(44° 65'N) off central Oregon, USA were examined from bi-weekly oceanographic surveys

carried out from January 1970 through July 1972. The euphausiid community composition (14

species) was related to changes in sea surface temperature (SST), salinity (SSS), coastal

upwelling index (CUI), sigma-t, day/night sampling time, and distance from the coast. This

period included the 1970-197 1 La Nina and the 1972 El Niño events. Multivariate analyses were

done to identify the cross-shelf environmental gradients that most influence temporal changes in

the euphausiid community structure. Non-metric Multidimensional Scaling (NMDS) indicated

that the euphausiid community separates into coastal and oceanic assemblages with a species-

richness gradient located about 45 km from shore, over the shelf-break. In the inshore zone,

positive CUT (upwelling) was associated with Thysanoessa spinfera, while negative CUI

(downwelling) was associated with the presence of the oceanic species assemblage during

October to November. Indicator Species Analysis (ISA) showed that two species were good

indicators for the oceanic environment: Thysanoessa longipes, and Nematoscelis atlantica. Three

species (Thysanoessa gregaria, Nematoscelis dfflcilis, and Tessarabrachion oculatum) were

moderate indicators for the oceanic environment, because they may be transported into the

continental shelf during fall and winter downwelling events. High densities of larvae and

juveniles of T. spinfera were found nearshore (<18 km from the coast), but older stages were

mainly recorded offshore (>18 to 108 km from the coast). Euphausia pacfica was relatively

homogeneously distributed in shelf and offshore waters, but larvae were recorded chiefly inshore

in mid-summer and offshore during the rest of the year. Our data showed a strong cross-shelf
gradient in euphausiid assemblages and life-stage segregated distributions for T. spinifera and E.

pacfica, suggesting active population maintenance strategies within this upwelling region.

Introduction

The crustacean order Euphausiacea includes about 86 species distributed in the world's oceans.

Some euphausiid species form large swarms in eutrophic upwelling regions around the world,

playing a significant part in the trophodynamics of these ecosystems. Other euphausiid species

maintain low density populations, forming small aggregations or perhaps not swarming at all, and

they are generally well adapted to oligotrophic oceanic conditions (Gómez-Gutiérrez et al., 1999).
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Whether the variation in biomass is accompanied by shifts in the diversity of marine species

under different environmental conditions has been a basic question in zooplankton ecology.

Knowledge of temporal and spatial community structure variability is a first step to understand

the effects of local productivity and the trophodynamic interactions among species. Relatively

few studies of euphausiid abundance in the California Current System include high sampling

frequency (Marinovic et al., 2002; Feinberg and Peterson, 2003; Brinton and Townsend, 2003). A

latitudinal dine of euphausiid species diversity is well known in Eastern boundary current

regions, with higher diversity at lower latitudes and lower diversity at higher latitudes (Brinton,

1962; Gómez-Gutiérrez et al., 1999). Along the Oregon and Washington coast (40-50° N),

between 11 and 17 euphausiid species have been recorded (Brinton, 1962; Hebard, 1966).

Northward, from British Columbia to Alaska (50-60° N), the euphausiid diversity decreases to 10

to 12 species, dominated by North Pacific temperate species (subarctic), while diversity increases

southward along California to 32 species, because of onshore advection of species from the

Central Pacific, from the Transitional zone and seasonally from the subtropics (Brinton, 1962;

Brinton et al., 2000; Gómez-Gutiérrez et al., 1995).

The first studies of the euphausiid community structure in the Oregon upwelling region

showed numerical dominance by Euphausia pacfica Hansen and Thysanoessa spin jfera Holmes

(Brinton, 1962; Hebard, 1966). Everson (2000) reported that Thysanoessa longipes Brandt is the

second dominant after E. pacfica at latitudes north of 52° N. Both E. pacfica and, particularly,

T. spinfera are less abundant in the southern California Current System, replaced by the

subtropical species Nyctiphanes simplex Hansen and the North Pacific transition zone species

Nematoscelis difficilis Hansen (Brinton, 1962; Brinton and Townsend, 2003). The interannual

variations in abundance and population dynamics of E. pacfica were studied in the Oregon

upwelling region during 1963-1967 (Smiles and Pearcy, 1971), off Southern California during

1953-1956 (Brinton, 1976), in Dabob Bay, Washington, during 1985 to 1987 (Bollens et al.,

1992), in Barkley Sound, Canada during 1991-1996 (Tanasichuk, I 998a, 2002), and in Monterey

Bay (Marinovic et al., 2002). The euphausiid 7'. spin jfera has received relatively less attention

with only a few studies on population dynamics in Barkley Sound, Canada (Summers, 1993;

Tanasichuk, 1998b, 2002) or vertical and horizontal distribution (Alton and Blackburn, 1972;

Marinovic et al., 2002). The distributions and abundance of the rest of the euphausiid species are

still insufficiently studied.
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Comparison of seasonal variation of recurring euphausiid assemblages with variations of the

physical environment permits us to determine which physical fluctuations are ecologically most

significant, since they affect an assemblage of species rather than a single species. Several studies

have been published using the same samples analyzed in this study to describe the cross-shelf

distribution of zooplankton (Peterson and Miller, 1975, 1976, 1977), and larval fish (Richardson

and Pearcy, 1977). Micronekton and macrozooplankton were also studied along the same NH-line

in 1963-1967 by Pearcy (1976). However, he reported total euphausiid abundance without species

identification.

The Oregon coastal region is characterized by wind-driven coastal upwelling in summer.

Because upwelling regions are highly advective, mesoscale hydrographic phenomena like

upwelling fronts, filaments, and eddies are likely to influence retention, concentration, and

transport patterns of the zooplankton species. Biological-physical interactions may influence

distribution patterns and population maintenance, causing separable assemblages of species to

inhabit different regions within the upwelling ecosystem. Some maintenance strategies of neritic

species, like ontogenetic changes in vertical distribution, diel vertical migration and/or spawning

during upwelling relaxation have been proposed to explain cross-shelf zonation of copepods in

the Oregon upwelling region (Peterson et al., 1979; Peterson, 1998). Because different euphausiid

life-stages have different vertical distribution patterns and swimming capabilities (Brinton, 1967;

Thomasson et aL, 2003), they are expected to have distinct zonation patterns within the upwelling

region. However, the segregation of specific life-stages of euphausiid species has not been

reported before in this region.

Our goal was determine the cross-shelf distribution patterns and seasonal cycles of euphausiid

species and their life-stage abundances in relation to variations in the hydrography of the Oregon

upwelling region during three years (1970-1972). Additionally, we studied the capability of

different multivariate methods for segregating euphausiid community assemblages and relating

their variations to environmental variables.
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Material and methods

Field sampling and laboratory work

Zooplankton samples were collected during 48, approximately biweekly, oceanographic cruises

from January 1970 to December 1971 and from March to July 1972. Twelve stations were sampled

along the Newport Hydrographic line (NH-line, 440 65' N) at 1, 3, 5, 10, 15, 20, 25, 30, 35, 40,

50, and 60 nautical miles from the coast (Fig. 2.1). Sea surface temperature (SST, °C) was

measured and a surface seawater sample was taken at each station to measure salinity (SSS,

PSU). Bottom salinity (BS) samples were taken on many cruises. Zooplankton samples were

collected with 20-cm Bongo nets using a 240-sm mesh net fitted with a TSK flowmeter and

preserved in 5% buffered formaldehyde (Peterson and Miller, 1976). A total of 325 stations were

analyzed, usually by counting the whole sample, but when euphausiid abundance was high, the

sample was divided using a Folsom splitter in aliquots not smaller than '/16. All euphausiid

species were enumerated by stage: nauplii (2 stages), metanauplii (1 stage), calyptopis (3 stages),

furcilia (variable number of stages depending on the species), juveniles, and adults using criteria

described by Brinton et al. (2000). The euphausiid abundance was standardized as individuals per

1000 m3. The eggs of three species were identified based on the chorion size, external

appearance, and perivitelline space. The eggs of E. pacifica (365-531 tm) are spherical with a

strong, smooth chorion and usually a large perivitelline space. Those of T. spinfera (300-480

j.tm) are sticky (often carrying attached particles), with irregular chorion, and small perivitelline

space (Gómez-Gutidrrez, unpublished data). The eggs of T. ion gipes are very large (900-1050

p.m) (Brinton et al., 2000) with a strong and smooth chorion.
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Fig. 2.1. Area of study. The Newport Hydrographic line (NH-line) Oregon, USA has 12 stations
from NH1 to NH6O. The station numbers indicate the distance from the coast in nautical miles.
The 200 m isobath indicates the shelf-break.
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Data reduction and statistical methods

Time vs. longitude contour diagrams of SST, SSS and euphausiid abundance were generated

using Kriging as the gridding method in Surfer (Golden Software, V7.0). Cluster and

multivariate ordination analyses were conducted using the computer software PC-ORD v4.26

(McCune and Mefford, 1999). Three matrices were analyzed: (1) a species x station matrix for

total abundance per species including nauplius to adult stages, (2) a life-stage x station matrix for

total abundance per life-stage per species including: nauplius, metanauplius, calyptopis, furcilia,

juvenile, and adult, and (3) a matrix of environmental variables. The euphausiid abundances were

log (x+1) transformed and relativized by species or life-stage total (%) to give variables more

equal weight. Twenty-eight neritic stations (NH1 and NH3 stations with 30 and 47 m depth

respectively) with no euphausiids were removed from the three matrices, leaving 297 stations.

After transformation, the data were analyzed for outliers using the PC-ORD outlier analysis and

none were found.

The euphausiid community structure was related to monthly changes in SST, SSS and BS,

sigma-t, stability (calculated from the density estimated from the salinity and temperature

measured at surface and at bottom < 250 m), coastal upwelling index (m3 s_I 100 meters of

coastline) on the day of sampling (CUI) and five days before the sampling date (CUI-5) at 45°N,

125°W from Pacific Fisheries Environmental Group SWFC, NOAA,

(http://www.pfeg.noaa.gov/), hour of sampling expressed as day/night using the twilight hours

calculated for the location of Newport, OR during the sampling days (U.S. Naval Observatory,

Astronomical Applications Department), and location of the sampling station expressed as

distance from the coast in km.

We used the Euclidean distance measure and Ward's linkage clustering analysis (CA)

(McCune et al., 2002) to define groups of euphausiid species and life-stages based on their

relative abundance similarities. The CA was calculated for the transposed species matrix (14 x

297) and life-stages matrix (48 x 297) transformed with log (x+1) and relativized by stations

across species (%). The R-mode analysis examined the relationships among species in a

multidimensional space with each sample station as an axis. Each species is positioned along the

axis for a sampling station according to its estimated abundance at that station.

We used Non-metric Multidimensional Scaling (NMDS) to identify station clusters with

similar euphausiid communities, and to relate them to environmental variables. This is a non-
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parametric ordination method well suited to data that are non-normal or have discontinuous scales

(Kruskal, 1964; Clarke and Ainsworth, 1993; Morgan et al., 2003). An advantage of NMDS is

that, being based on ranked distances, it tends to linearize the relation between environmental

distance and biological distance, relieving the zero-truncation problem where most of the species

appear in only some sampling stations (McCune et al., 2002). The NMDS provided an efficient

means of summarizing spatial and/or temporal pattern variability among stations into a few

"gradients". The NMDS quantified between-station dissimilarity and arranged all the stations in

k-dimensional space on the basis of the rank order of the between-station distances. The closer

two stations are in species space, the closer the species composition of the stations. Runs were

done for both species and life-stages per species matrices using the Bray-Curtis (Sørensen)

distance measure, 3 axes, 150 iterations, 20 runs of real data, 30 randomized runs, and a stability

criterion of 0.00001. Plots and tables of instability were examined to find the lowest number of

axes at which the reduction in stress gained by adding another axis was small (see McCune et al.,

2002 for full explanation). Usually the first two axes explained most of the variability and only

those are reported. The orientation of the axes derived from NMDS is arbitrary, and therefore the

plots were rotated such that the first axis corresponds to the axis of maximum environmental

variability.

Once the main environmental variables that affect euphausiid abundance and distribution

were identified with the NMDS technique, we tested several null hypotheses (H0, see Table 2.4),

using the Multi-Response Permutation Procedure (MRPP). For example, we tested for difference

between inshore (<200 m depth) and offshore (>200 m depth) euphausiid communities based on

the categorical variable distance-from-the-coast (O=nearshore, loffshore). The MRPP technique

was used on both the species and life-stage matrices, applying the Bray-Curtis (Sørensen)

distance measure, weighting option [n/sum(n)], and then rank transformation of the distance

matrix. The MRPP has the advantage of not requiring assumptions of multivariate normality and

homogeneity of variances that are seldom met with ecological community data, due to the zero-

truncation problem (McCune et al., 2002). The MRPP output is the statistic A, the "chance-

corrected, within-group agreement", in other words a descriptor of within-group homogeneity

compared to the random expectation. Thus when all euphausiid species or life-stages are identical

within predefined groups of stations, then the observed A= 1, the highest possible value of A. If

heterogeneity equals chance expectation, then A=0, and if there is less agreement within station

groups than expected by chance, then A has a negative value.
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Finally, Indicator Species Analysis (ISA) was used to describe different species present on

each sampling date according to the same null hypotheses (H0) proposed for the MRPP analysis,

using data in the species and life-stages matrices (H0, see Table 2.4). The ISA method measures

the faithfulness of occurrence of a species in a particular group of stations defined by a null

hypothesis. It produces indicator values for each species in each station group. The highest

indicator value for each species is tested for statistical significance using a Monte Carlo

randomization technique (Dufrene and Legendre, 1997; McCune et al., 2002). The indicator

values range from zero (no indication) to 100 (perfect indication). Perfect indication means that

presence of a euphausiid species points to a particular group without error.

Results

Environmental conditions

Daily coastal upwelling indices (CUT, m3 s' 100 rn') at 45°N 125°W showed the typical

upwelling (April to September) and downwelling seasons (October to February) during 1970-

1972 (Fig. 2.2 A). The numbers of days with upwelling (204 to 209 days) and downwelling

events (151 to 157 days) were remarkably similar among years. Both upwelling and downwelling

were on average more intense during 1970 than during 1971 and 1972. The 1970 upwelling

season (May-September) had about four months of northerly winds promoting strong upwelling

events.
Average sea surface temperature (SST) in the coastal zone (NHI-NH1O) during 1970 was

10.6°C (8-16°), during 1971 was 10.9° (8.1-16.7°), and during 1972 was 10.5° (10 to 12.5° only

spring and summer). The SST showed a weak inshore-offshore gradient during January-May and

typically increased offshore during the months of July to October (Fig. 2.2 B). However, during

July and August 1971, SST> 14°C was recorded at stations close to the coast (NH1-NH1O). The

SST shelf front located between 18 and 45 km offshore was enhanced during July and August

each year. During October with the cessation of upwelling, warm water began to move inshore

along the NH-line.

The sea surface salinity (SSS) in offshore waters was maximal in the winter and minimal during

the summer. In summer the SSS in the coastal stations was usually above 32 PSU, due to

upwelling events.
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Low salinity (< 30 PSU) early in summer indicated the presence of the Columbia River

plume (Fig. 2.2 C). The lowest salinities (< 28 PSU were recorded during 1972. Salinity

fluctuated more rapidly and over a greater range inshore due to upwelling than in offshore waters.

Upwelling, indicated by both low SST (<10°C) and high SSS (>32 PSU), was detectable from

NHI to NH25 (-45 km offshore) (Fig. 2.2 B and C).

Euphausiid community structure: Species richness and year-to-year variations of
species abundance

The euphausiid community in the Oregon upwelling system during 1970 to 1972 included 14

species. Differences in species richness and mean abundance of the euphausiids divided the NH-

line into coastal stations (NH1 to NH 10, <80 m depth), outer shelf stations (NH15-NH2O, 100-

200 m) and oceanic stations (NH15 to NH6O) (Tables 2.1 and 2.2). In each region the abundance

was pooled in three categories, (1) eggs, (2) larval stages, and (3) juveniles and adults. Nine

species were found in the coastal stations, seven only as larvae, and eight as juveniles and adults.

More species were found during 1971 (8) than during 1970 (5) or 1972 (4) (Table 2.1). Eggs of

Euphausia pacfica were abundant inshore during 1970 and 1972, while Thysanoessa spinfera

eggs had a decreasing abundance from 1970 to 1972 (Table 2.1).

At the outer shelf (NHI5-NH2O) and the oceanic stations (NH25 to NH6O), 13 species were

recorded, 10 as larvae and 13 as juveniles and adults (Table 2.2). The abundances of eggs of E.

pacfica and T. spinfera were much lower than in the neritic region. Eggs from Thysanoessa

longipes also were identified but in negligible average abundances (Table 2.2). Species richness

increased offshore of the shelf-break (>NH25), having a maximum of seven species per station

during summer (Fig. 2.3 A). The neritic zone was dominated in abundance by T. spinfera and E.

pacfica during the three years, accounting for >93% of total abundance (Table 2.1, 2.2, Fig. 2.3

B-E). There was a larger proportion of T. spin jfera close to the coast and a larger proportion of E.

pacfica offshore. In the coastal region, larvae of both species were more abundant during

summer in 1970 and 1971 than in the summer of 1972 (Table 2.1, 2.2). Thysanoessa longipes has

an offshore distribution, but in one sample from NH2O abundance peaked at 1477 i. 1000 m3

(Figs. 2.3 F and G). The remainder of the species, illustrated by Nematoscelis dfficilis and

Thysanoessa gregaria G.O. Sars, were recorded offshore in low abundance (Fig. 2.3 H-K).



Table 2.1. Average abundance (md 1000 m3) and relative abundance (%) of eggs, larvae (nauplius to furdiliae stages), and
postlarvae (juveniles and adults) of the euphausiids from the coastal stations (Nil -NH 10) along the Newport Hydrographic

line between 1970 and 1972. The number of samples is shown between parentheses

Species Stages Years
1970 (n=81) 1971 (n=66) 1972 (n=30) 3-year

Average % Average % Average % %
Euphausiapafica Eggs 13475.1 32.2 117.2 0.6 1141.3 56.5 23.19
Thysanoessa spinifera 28419.8 67.8 19493.1 99.4 877.3 43.4 76.81
Thysanoessa longipes 0.0 0.0 0.0 0.0 0.5 0.0 0.00
Total 41894.9 19610.3 2019.1

Euphausiapacifica larvae 3700.0 41.9 10.1 0.3 147.6 11.7 29.27
Thysanoessaspinifera 5138.9 58.1 3045.1 99.0 1113.7 88.0 70.54
Nematoscelis difficilis 0.7 0.0 1.6 0.1 0.0 0.0 0.02
Thysanoessa longipes 0.0 0.0 0.0' 0.0 3.6 0.3 0.03
Thysanoessa gregaria 0.0 0.0 0.0 0.0 0.5 0.0 0.004
Thysanoessa inerinis 0.0 0.0 19.6 0.6 0.0 0.0 0.15
Tessarabrachion oculatwn 0.2 0.0 0.0 0.0 0.0 0.0 0.00
Total 8839.8 3076.5 1265.5

Euphausiapacifica postlarvae 18.2 30.4 136.2 7.9 34.9 12.3 9.15
Thysanoessa spinifera 41.2 68.5 1585.4 91.9 249.4 87.6 90.66
Nematobrachionflexipes 0.0 0.0 1.0 0.1 0.0 0.0 0.05
Nemarosceljs difficiljs 0.4 0.6 0.4 0.0 0.0 0.0 0.04
Stylocheiron abbreviatum 0.0 0.0 0.2 0.0 0.0 0.0 0.01
Thysanoessa longipes 0.2 0.3 1.2 0.1 0.0 0.0 0.07
Thysanoessa gregaria 0.0 0.0 0.0 0.0 0.5 0.2 0.03
Tessarabrachion oculatum 0.1 0.2 0.0 0.0 0.0 0.0 0.01
Total 60.1 1724.4 284.9

'0
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Table 2.2. Average abundance (md 1000 m3) and relative abundance (%) of eggs, larvae (nauplius
to furciliae stages), and postlarvae (juveniles and adults) of the euphausiids from the shelf break
and oceanic stations (NH15-NH6O) along the Newport Hydrographic line between 1971 and 1972.
The number of samples is shown between parentheses

Species Stages Years
1971 (n=66) 1972 (n=30) 2-year
Average % Average % %

Euphausiapacifica Eggs 2139.8 80.9 1809.3 92.0 85.7
Thysanoessa spinifera 495.1 18.7 156.4 8.0 14.1
Thysanoessa longipes 8.6 0.3 0.0 0.0 0.2
Total 2643.5 1965.7

Euphausiapacfica Larvae 830.6 59.6 835.3 57.6 58.6
Thysanoessa spinifera 504.8 36.2 483.0 33.3 34.7
Nematoscelis atlantica 0.0 0.0 0.5 0.0 0.02
Nematoscelis difficilis 6.7 0.5 10.4 0.7 0.6
Stylocheiron affine 0.4 0.0 0.0 0.0 0.02
Thysanoessalongipes 25.4 1.8 60.8 4.2 3.0
Thysanoessagregaria 17.2 1.2 44.2 3.0 2.2
Thysanoessa inermis 1.4 0.1 0.0 0.0 0.0
Thysanoessainspinata 3.0 0.2 0.0 0.0 0.1
Tessarabrachion oculatum 3.8 0.3 15.2 1.0 0.7
Total 1393.4 1449.3

Euphausiapacifica Postlarvae 662.1 74.5 751.8 59.7 65.8
Thysanoessa spinifera 120.9 13.6 449.6 35.7 26.5
Nematobrachionflexipes 2.4 0.3 1.1 0.1 0.2
Nematoscelis atlantica 0.0 0.0 26.8 2.1 1.2
Nematoscelis difficilis 13.3 1.5 2.3 0.2 0.7
Stylocheiron affine 0.1 0.0 1.0 0.1 0.1
Stylocheiron longicorne 0.0 0.0 0.4 0.0 0.02
Stylocheiron maximum 0.6 0.1 0.0 0.0 0.03
Thysanoessa longipes 59.8 6.7 3.8 0.3 3.0
Thysanoessa gregaria 15.6 1.8 18.0 1.4 1.6
Thysanoessa inennis 0.3 0.0 0.0 0.0 0.01
Thysanoessa inspinata 1.8 0.2 0.0 0.0 0.1
Tessarabrachion oculatum 12.1 1.4 5.1 0.4 0.8
Total 889.1 1259.9
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Fig. 2.3. Inshore-offshore euphausiid species richness and seafloor depth (m) along the Newport
hydrographic line showing the three cross-shelf regions: inshore (<100 m), shelf-break (100-300
m), and offshore (>300 m) (a). Average euphausiid abundance (i. 1000 m3, nauplii to adult
life-stages pooled) of the five most abundant euphausiid species Thysanoessa spinfera,
Euphausia pacfica, Thysanoessa ion gipes, Nematoscelis difficilis, and Thysanoessa gregaria
during 1970 (b, d, f, h, andj) and 1972 (c, e, g, i, and k) along the NH-line.
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Cluster analysis (CA)

Four distinct clusters of euphausiid species were identified by the cluster analysis (Fig. 2.4).

Cluster 1 included the two most abundant species: E. pacfica (subarctic) and T. spinfera

(subarctic, neritic species). Cluster 2 included T. longipes (subarctic species) that was the third

most abundant species in oceanic waters, but accounted for < 3% of total abundance. The last two

clusters were separated at a cut off 89% of the remaining information. Cluster 3 included two

transition zone species, N. difficilis and T. gregaria, and the subarctic species Tessarabrachion

oculatum Hansen. Cluster 4 included the rest of the euphausiid species, a mixture of species from

the oligotrophic Central Pacific (Nematoscelis atlantica Hansen, Stylocheiron affine Hansen

central ecophenotype), the cosmopolitan species Stylocheiron abbreviatum G.O. Sars,

Stylocheiron longicorne GO. Sars (long form), Stylocheiron maximum Hansen, Nematobrachion

flexipes Ortmann, and the subarctic species Thysanoessa inspinata Nemoto, and Thysanoessa

inermis Krøyer (Fig. 2.4 A). All these species had very low abundance, oceanic distribution, and

strong seasonal and year-to-year variability in comparison with the two dominant euphausiid

species E. pacfica and T. spinfera. Plotting the temporal and spatial abundance of all life-stages

pooled for the three most abundant species (from clusters 1 and 2) and the pooled abundance of

the species belonging to clusters 3 and 4, it is evident that clustering of species results primarily

from the magnitude of their abundance and secondarily from the inshore-offshore distribution

patterns and seasonal succession (Fig. 2.5 A-E). Euphausia pacfica had a wide inshore-offshore

distribution with a very high coastal aggregation in May 1971 ( 600 i. m3). Highest densities

are found mainly at < 18 km from shore, but abundances >1 i. m3 were common offshore (Fig.

2.5 A). Thysanoessa spin(fera inhabited the coastal regions with very small abundances offshore,

usually < 1 md. m3 (Fig. 2.5 B). Thysanoessa longipes appeared sporadically in the coastal zone

at abundances <0.08 i. m3. This occurred during late December 1970 and from March to

August of both 1971 and 1972 (Fig. 2.5 C). Cluster 3 was present consistently over the

continental shelf during late-summer, fall, and winter of each year when downwelling conditions

prevailed along the Oregon coast. The highest abundances were recorded offshore during summer

(Fig. 2.5 D). Cluster 4 included the most oceanic species not recorded in the coastal region: N.

atlantica, S. affine, S. longicorne, S. maximum, and T. inspinata. Nematobrachionflexipes, S.

abbreviatum, and T. inermis had sporadic coastal incursions during January-February and June-

August 1971 (Fig. 2.5 E).
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Fig. 2.4. Dendrogram from cluster analysis for euphausiid species (a) and euphausiid life-stage
(b) matrices using the Euclidean distance and Ward's linkage method for all the stations along the
NH-line during 1970-1972. "Objective Function" measures the information lost at each step in
hierarchical cluster analysis (McCune et al., 2002). The dendrograms show abbreviations for the
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the last capital letter indicates the euphausiid life-stage: N = nauplius, M = metanauplius, C =
calyptopis, F = furciliae, J = juveniles, and A = adults.
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The life-stage cluster analysis showed five distinct clusters at the cutoffs of 31%, 43%, and

56% of remaining information (Fig. 2.4 B). This showed that life-stages of the dominant species,

E. pacfica and T. spinifera, were segregated in time and/or space, and in magnitude of

abundance, forming four out of the five clusters. Cluster 1 included juveniles and adults

(immature and mature) of E. pacfica with offshore distribution. Cluster 2 included calyptopis and

furciliae of both species grouped in a coastal assemblage. Cluster 3 included the nauplii and

metanauplii of both species nearshore close to the core spawning area, and Cluster 4 included the

post-larval stages of T. spinifera (juvenile and adults). Cluster 5 was multi-specific with a

complex life-stage structure, composed of all stages of T. Ion gipes (calyptopis to adults),

indicating that all their life-stages were commonly collected in the same stations (Fig. 2.4 B).

Non-metric Multidimensional Scaling (NMDS) for species

The NMDS indicated that the inshore, shelf-break and offshore stations (whole data set, 1970-72)

occupied distinct places in the ordination species space, demonstrating that there were cross-shelf

differences in euphausiid community structure. The scores on the first axis were negatively

correlated (sign is arbitrary) with distance from the coast, day/night, SST, and year. The rest of

the environmental variables were positively correlated with the first axis (Table 2.3, Fig. 2.6.

Inshore stations (open symbols) were mainly located to the right on axis 1, shelf-break stations

(gray symbols) were almost equally located to the right and left on axis 1 and the offshore

stations (black symbols) were principally to the left on the axis 1, although there were a few

exceptions. Only T. spinfera was positively correlated to axis 1, meaning that it has a neritic

distribution associated with low SST and daytime samples. The rest of the euphausiid species

were more abundant in oceanic stations, at locations with high SST, and at night. The second

axis was positively correlated to day/night sampling time and CUI, but showed very low

correlations (Table 2.3). Axis 2 was associated with the species richness and the relative

abundance of the dominant species T. spinfera and E. pacWca. Thus, the presence of one or both

dominant euphausiid species may have an effect on the rest of the euphausiid community

structure. For example, most of the stations were located in the upper and left side of the NMSD

ordination, indicating that those stations with absence or at least low abundance of these two

euphausiid species.
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Fig. 2.5. Seasonal and cross-shelf abundance of the euphausiids included in the four clusters from

Cluster analysis showing individually the temporal and cross-shelf distribution of the three most

abundant species Euphausia pac(fica (a) and Thysanoessa spinfera (b) from cluster 1;

Thysanoessa Ion gipes from cluster 2 (c), and eupbausiid species assemblages from cluster 3 (d),

and cluster 4 (e).
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Fig. 2.6. Non-metric Multidimensional Scaling (NMDS) showing the stations in the species
space. Stations were coded by distance from the coast in nautical miles: Large blue circles are
placed at the average NMDS location of each euphausiid species as labeled. Empty symbols are
coastal stations (NHI-NH1O), gray symbols are shelf-break stations (NHI5-NH3O), and black
symbols are oceanic stations (NH35-NH6O). The direction of the arrow indicates the direction of
the correlation with the stations and the percent of variance (%) in the euphausiid data explained
by that environmental variable.
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Inshore

Fig. 2.7. Non-metric Multidimensional Scaling (NMDS) showing the stations in the species x
life-stage space. Stations were coded by distance from the coast in nautical miles: Large blue
circles are placed at the average NMDS location of each euphausiid species stage as labeled.
Empty symbols are coastal stations (NHI-NH1O), gray symbols are shelf-break stations (N1-115-
NH3O), and black symbols are oceanic stations (NH35-NH6O). The direction of the arrow
indicates the direction of the correlation with the stations and the percent of variance (%) in the
euphausiid data explained by that environmental variable.



Table 2.3. Results of the Non-metiic Multidimensional Scaling (NMDS) showing the coefficient of determination (r2) and the Pearson and Kendall correlation (r) for the
association between ordination distances and distances of the original n-dimensional space for the following environmental variables: distance from the coast (DC),
Sea Surface Temperature (SST), Sea Surface Salinity (SSS), coastal upwelling index (CUI), coastal upwelling index five days before sampling (CUI-5), stability,
day/night time, and year of sampling. The coefficients of determination (2)

are showed between parenthesis and the significant Person and Kendall correlations
(r)areshowninbold

Analysis Ordination vs Pearson and Kendall correlations with axes I and 2(r)
AXiS original (r2) DC SST SSS CUI CUI-5 Sigma-t Stability Day/Night Year

Species
Allthestations(1970-1972) 1 (0595) -0.669 .0.344 0.213 0.051 0.116 0.273 0.070 -0.401

2 (0.142) 0.058 -0.069 -0.016 0.105 0.017 -0.001 0.024 0.167

Inshore stations (1970-1972)

Shelfbreak & offshore stations (1971-1972)

Species per life-stage
All the stations (1970-1972)

Inshore stations (1970-1972)

1 (0.455) 0.035 0.067 0.07 0.103 0.084 -0.016 -0.014
2 (0.366) -0.244 -0.085 0.105 0.141 0.259 0.144 -0.012

1 (0.402) -0.500 -0.336 0.145 -0.029 -0.084 0.214 -0.147
2 (0.240) -0.008 0.346 -0.026 -0.027 0.304 -0.105 -0.087

-0.014
0.144

-0.052
-0.161

(0.171) -0.523 -0.194 0.188 0.056 0.127 0.217 0.023
2 (0.175) 0.444 0.105 -0.013 0.059 -0.112 -0.036 -0.067

1 (0.161) 0.141 0.106 -0.04 -0.233 -0.125 -0.056 -0.004 -0.011
2 (0.258) 0.038 -0.088 -0.017 -0.069 -0.031 0 0.01 -0.349

Shelibreak & offshore stations (1971-1972) 1 (0.151) 0.058 -0.026 0.277 -0.045 -0.029 0.261 -0.18 -0.093
2 (0.202) -0.546 -0.175 0.064 0.024 0.112 0.101 -0.025 -0.045
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At the right along axis 1 (coastal stations) there are three aggregations of stations (mostly with

larval stages): the upper one includes stations where only T. spinfera was recorded, the middle

one has stations where both species were found, and the lower one has stations where E. pacfica

was the only species collected (Fig. 2.6). Monte Carlo analysis gave a probability of 0.034 that

the final stress level (13.83) could have been obtained by chance. The coefficient of

determination of the correlations between ordination distances and distances in the original n-

dimensional space was 0.595 for the first axis, 0.142 for the second axis.

To compare among years, we used two additional matrices, separating the data set into the

inshore and shelf-break and offshore regions defined earlier (Table 2.3, no plot is shown). The

NMDS for coastal stations indicates the first axis is significantly correlated to CUT but not to

other variables. The coastal region did not have strong year-to-year variability. The second axis

was positively correlated to CUI-5 and negatively correlated to distance from the coast. The

dominant species, E. pacfica and T. spinifera, were positively correlated with axis 1 because

their abundance increased when CUI and CUI-5 (upwelling) were positive. Nematoscelis

difficilis, T. gregaria, and T. oculatum (species included in the Cluster 3 in the species CA), as

well as T. inerinis and N. flexipes, had negative correlation with axis 1 because they are recorded

in the coastal region only during downwelling events (see also Fig. 2.5 D). The coefficient of

determination of the correlations between ordination distances and distances in the original n-

dimensional space was 0.455 for the first axis, 0.366 for the second axis (Table 2.3). The first axis

of the NMDS for shelf-break and offshore stations (1971 and 1972) again showed an euphausiid

community gradient between shelf-break and offshore stations. Thysanoessa spinfera was the

only species positively correlated to axis 1. The coefficient of determination of the correlations

between ordination distances and distances in the original n-dimensional space was 0.402 for the

first axis, 0.240 for the second axis (Table 2.3).

Non-metric Multidimensional Scaling (NMDS) for life-stages per species

The NMDS of stations in species-by-life-stage space, showed negative correlations between the

first axis and distance from the coast and SST, and positive correlation with sigma-t and SSS.

Distance from the coast, SST and CUT were positively correlated to the second axis, and sigma-t

was negatively correlated to the second axis (Table 2.3; Fig. 2.7). The coefficients of

determination of the ordination distances and distances in the original n-dimensional space for the



first two axes were 0.171 and 0.175, a cumulative 35% of variance explained. Monte Carlo

analysis gave a probability of 0.02 1 that the final stress level of 15.29 could have been obtained

by chance. The euphausiid clusters detected with the cluster analysis (Fig. 2.4) are evident also in

the NMDS life-stage ordination, showing that early larval and postlarval stages of E. pacifica and

T. spinifera had different inshore-offshore zonation patterns in the ordination space. Populations

of those species were age-segregated within the upwelling region. However, some species like T.

inspinata and N. atlantica had most of their life-stages aggregated together in the NMS,

suggesting they were collected at the same stations. Life-stages of all the species; excepting the

furciliae, juveniles, and adults of T. spinfera, had negative correlation to axis 1 (distance from

the coast). Those stages of T. spinifera were positively associated with SSS and sigma-t and

inversely related to distance from the coast and SST. The second axis was negatively associated

with early larval stages of E. pacfica and T. spinifera (nauplii, metanauplii, calyptopis, and

furcilia), N. difficilis (calyptopis, furciliae, and juveniles), furciliae of T. longipes, juveniles of T.

inspinata, and adults of N. flexipes. The rest of the life-stages of the other species were positively

associated with axis 2 (Fig. 2.7).

The NMDS for just the inshore stations (NH1-NH1O, 1970-1972) produced a first axis

negatively correlated to CUI and CUI-5 (Table 2.3, no plot is shown). Nauplius-furcilia stages of

T. spinifera and E. pacca had a negative correlation with axis 1, indicating those stages were

more abundant during upwelling events. The second axis has a negative correlation with year of

sampling, different from the NMDS for species. Because most life-stages in the coastal region

were early larvae (about 57%), the abundance differences among years suggest variations in

larval recruitment. The coefficients of determination between ordination distances and distances

in the original n-dimensional space were 0.161 for the first axis, 0.258 for the second axis,

accounting for a cumulative 42% of variance.

The NMDS for shelf-break and offshore stations produced an axis 1 positively associated

with SSS and sigma-t and negatively related to CUT-5, indicating seasonal changes between

upwelling and downwelling periods (Table 2.3, no plot is shown). Axis 2 is associated with

distance from the coast, suggesting that in this area there is also zonal age-stage segregation. The

coefficients of determination between ordination distances and distances in the original n-

dimensional space were 0.151 for the first axis, 0.202 for the second axis, accounting for a

cumulative 35% of variance.
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Multi-Response Permutation Procedures analysis (MRPP) and Indicator Species
Analysis (ISA)

Some of the most interesting trends detected with the CA and NMDS were tested statistically

using the MRPP and ISA methods. The MRPP was used to test for significantly different species

abundances among CA or NMDS predefined station groups with similar environmental variables.

The ISA was used to detect which species were good indicators for the same groups of stations

tested with MRPP (see Table 2.4 and 2.5). The NMDS of stations grouped by species stages,

using all the NH-line stations, indicated that the first axis was strongly associated with distance

from the coast. Testing the null hypothesis that there are no significant differences in the

euphausiid community assemblages among inshore (NH1-NH1O), the shelf-break (NH15-NH25),

and offshore (NH3O-NH6O) regions, the MRPP showed significant differences among these three

regions, even when the inshore and shelf-break regions were pooled together (p <0.00001) (Table

2.4). According to the ISA, T. spinifera is a good indicator species for the inshore and shelf-break

regions off the Oregon coast and two species were good indicators for the oceanic environment:

Thysanoessa longipes, and Nematoscelis atlantica. Three species (Thysanoessa gregaria,

Nematoscelis difficilis, and Tessarabrachion oculatum) were moderate indicators for the oceanic

environment because, during fall and winter downwelling events, they were transported into the

continental shelf (Table 2.5). Euphausia pacca is not a good indicator for any region because of

its homogeneous distribution along the NH-line. No species was a good indicator of the shelf-

break area, suggesting there are only two natural euphausiid assemblages in the area studied.

Only T. spinifera and E. pacWca showed relatively large indicator values at the shelf-break, but

the highest indicator value for the former species was inshore and for the latter was offshore

(Table 2.5).

The NMDS for life-stages, including all the stations, suggested that T. spinfera and E.

pacy'Ica life-stages had segregated inshore-offshore distributions. We tested the null hypotheses

that there are no significant differences in life-stage abundances among the shelf, shelf-break, and

off-the-shelf regions. There were significant differences in the life-stage concentrations between

these three regions (p<O.000l). The ISA indicated that early larval stages of T. spinifera were

relatively good indicators of the inshore region while the juveniles and adults were good

indicators of the shelf-break region (Table 2.5). For E. pacjfica, nauplii and calyptopis were good

indicators for the inshore region and juveniles and adults were significantly good indicators for

the offshore regions.
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These statistical analyses confirmed that the early larval stages and postlarval stages of the two

dominant species were spatially segregated within the Oregon upwelling region. Species

abundance was not significantly different between years at any inshore, shelf-break or offshore

station (p>O.78). The euphausiid abundance in the inshore region differed between upwelling and

downwelling conditions on the day of sampling and 5-days before sampling (p<O.0026), but in

the shelf-break and offshore regions abundance was significantly different only for CTJI-5.



Table 2.4. Multiresponse permutation Procedures (MRPP) results for the comparison of euphausiid abundance and environmental conditions along the Newport Hydrographic line during
1970-1072. All MRPP analyses were done using Sørensen (Bray-Curtis) distance measure, the weighting of groups was (nlsum(n)], and the distance matrix was rank transformed.
Environmental data were categorized according to each null hypothesis tested. A max = I when all items are identical within groups (delta=0), A=0 when heterogeneity within groups
chance and equal expectations by A <0 with more heterogeneity within groups than expected by chance

Group of stations tested for the following null hypotheses (H.,,) Matrix size t-statistic A P -value

Species abundance: Inshore and shelf-break (NH1-NH25, n=212) vs offshore (NH3O-NH6O, n=85) stations Species (297x14) -53.6244 0.0838 0.00001
Species abundance: Inshore (NH1-NHLO, n=l50) vs shelf-break (NHI5-NH25, n=62) vs offshore (NH3O-NH6O, n=85) stations Species (297x14) -40.1600 0.0886 0.00001
Life-stages abundances: Inshore and shelf-break (NH1-N1125, n=212) vs offshore (NH3O-NH6O, n=85) stations Stages (297x48) -3 1.9749 0.0272 0.00001
Life-stages abundance: Inshore (NH1-NH1O. n=150) vs shelf-break (NH15-NH25, n=62) vs offshore (NH3O-NH6O, n=85) stations Stages (297x48) -36.9482 0.0445 0.00001

Species abundance: Years 1970 (n=75) vs 1971 (n=64) vs 1972 (n=28) at inshore stations (NH1-NH1O) Species (l67x7) -0.9296 0.0048 0.15730
Species abundance: Years 1971 (n=88) vs 1972 (n=40) shelf-break and offshore stations (NH15-NH6O) Species (128x13) -1.5552 0.0052 0.07810

Species abundance: CU! during sampling day in inshore region, upwelling (n=54) vs downwelling (n=1 13) Species (l67x7) -4.9419 0.0181 0.00260
Species abundance: CU! during sampling day in shelf-break and offshore region, upwelling (n=37) vs downwelling (n=91) Species (l28x13) -0.6539 0.0022 0.20920

Species abundance: CU! during 5 days before sampling in coastal region, upwelling (n=54) vs dowuwelling (n=1 13) Species (167x7) -19.5884 0.0717 0.00001
Species abundance: CU! during 5 days before sampling in oceanic region, upwelling (n=37) vs downwelling (n=91) Species (128x13) -3.7254 0.0125 0.00600



Table 2.5. Indicator Species Analysis results for all the euphausiid species and the life stages of Thysanoessa spinifera
and Euphausia pacifica in the Oregon upwelling region during 1971-1972 according to several grouping criteria. The
indicator value is expressed as percentage of perfect indication

Null hypothesis tested for no
abundance differences among
groups

Euphausild species

or species life-stage

Inshore

(NHI-NH1O)

Indicator value

Shelf-break
(NH15-NH25)

Offshore
(NH3O-NH6O)

Monte Carlo test

p-value

Species (all life-stages pooled) T. spinhfera 31 30 15 0.0490

E. pacfica 20 31 37 0.0000

T. longipes 0 2 31 0.0001
T. oculatus 0 1 31 0.0001
T.gregaria 0 1 17 0.0001
N. dlfici1is 0 4 13 0.0010
N. atlantica 0 0 6 0.0040
N.fle.xipes 0 0 5 0.0120

S. abbreviatum 1 0 0 0.9990
S. affine 0 0 4 0.0280
S. longicorne 0 0 2 0.0001

5. maxunuin 0 0 2 0.1190
T. inermis 0 0 3 0.0820
T. inspinata 0 0 2 0,1240

Life-stages T. spinifera nauplius 17 1 0 0.0010
T. spinifera metanauplius 9 0 0 0.0090
T. spinifera calyptopis 18 4 11 0.0550
T. spinfera furcilia 27 22 7 0.0040
T. spinifera juvenil 5 11 2 0.0550
7'. spinifera adult 1 23 7 0.0010

E. pacifica nauplius 9 11 0.1340
E. pac4flca metanauplius 14 1 5 0.0140
E. pacifica calyptopis 14 11 27 0.0120
E. pacfica furcilia 14 20 22 0.2420
E. pac(fica juvenil

1 17 38 0.0001
E.pacifica adult 0 16 42 0.0001
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Discussion

Cross-shelf distribution of euphausiids and age-life-stage segregation

Euphausiids captured off Oregon separate into neritic and oceanic assemblages at roughly the 200

m isobath between NH2O and NH25 (-36-45 km offshore). The euphausiid assemblage

nearshore differed from that farther offshore in having larger biomass and a smaller number of

species. Since ocean productivity in the Oregon coastal upwelling regions is greater nearshore,

euphausiid production is favored by nearshore retention. Two euphausiid species, T. spinfera and

E. pacfica, contribute most of the biomass and abundance of these crustaceans in the Oregon

upwelling region. However, most of the species richness is introduced by the oceanic assemblage.

Early life-stages (eggs to juveniles) of T. spinfera and E. pacfica were recorded in the neritic

zone, but older stages of both species can be distributed both inside the shelf-break and offshore.

These two dominant euphausiid species seem to have an interaction between inshore and

offshore, age-segregated populations. Some likely mechanisms are 1) nearshore maintenance of

egg, nauplius, and metanauplius stages; 2) offshore drift of older larval stages; and 3) continuous

interaction (i.e. reproduction) among abundant swarms located at the shelf-break linking

nearshore and offshore euphausiids. Yoon et al. (2000) found similar age-segregated distribution

in the Yellow Sea, reporting high concentrations of E. pacifica furcilia and calyptopis in

chlorophyll a-rich water masses. However, Brinton and Townsend (2003) reported T. spinfera

show an extensive offshore dispersal toward the main flow of the California Current occurs,

primarily of the furcilia phase, rarely of adults, suggesting latitudinal differences in the inshore-

offshore dispersion patterns. In contrast, offshore populations of euphausiids mostly complete

their life cycles there, effectively separated by the shelf-break.

Barange and Pillar (1992) and Barange et al. (1992) found a major boundary at the shelf-

break (-200 m) in the distribution of euphausiids in the Benguela Current System. The shelf

edge separates the neritic euphausiid community (Nyctiphanes capensis Hansen andEuphausia

lucens Hansen) from the oceanic community dominated by several Stylocheiron species and

Euphausia recurva Hansen. They suggested that the shelf-break acts as a boundary zone because

it is a zone with a strong, jet-type current, secondary upwelling, and associated downwelling

along the inner boundary of the front. Females of N. capensis, a neritic, sac-spawning euphausiid

species, utilize cross-shelf transport for spawning nearshore (Barange et al., 1992). In the
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southern part of the California Current System, along Baja California peninsula, a similar

inshore-offshore euphausiid community exhibits such partitioning; N. simplex, that accounts for

>90% of the euphausiid biomass, dominates the neritic region, and in the offshore area there is a

complex euphausiid community structure with about 32 species dominated by Euphausia eximia

Hansen (Gómez-Gutiérrez, 1995; Gómez-Gutiérrez et al., 1995). In the Oregon upwelling system

the oceanic species N. dfflcilis and all the species of the genus Stylocheiron spp. (also sac-

spawners) do not use this onshore transport mechanism, usually spawning offshore. This is

confirmed by the fact that different life-stages of those species commonly occur at similar

sampling stations, as indicated by life-stage cluster and NMDS analyses. The dominant

euphausiids T. spinfera, E. pacfica and T. longipes are broadcast spawners, so initial locations of

newly produced eggs were similar to the location of the mother at the moment of spawning, but

only for a short period (perhaps few hours) due to extensive female diel vertical migration. The

eggs behave as passive and sinking particles. The overall result is an imperfect match between

cross-shelf euphausiid egg and mature female distributions. Eggs and nauplii of E. pacfica and

T. spinfera were mostly spawned and distributed inshore of NH15 during summer, suggesting

adult spawning-habitat preferences on a seasonal scale, but no significant association was

observed between abundance of eggs and chlorophyll-a (Feinberg and Peterson, 2003).

Thysanoessa longipes spawned mostly offshore, and the movement of older life-stages to the

neritic habitat was sporadic, induced by onshore transport during downwelling conditions.

A dramatic inshore-offshore change of copepod species composition, biomass, and egg

production rates has also been detected at the same distance from the coast in the Oregon-

Washington coast (Landry et al., 1991; Morgan et al., 2003; Peterson et al., 2002a, b). The on-

shelf (<180 m depth) copepod biomass was 2.8 greater than off-shelf (>180 m depth) biomass,

and copepod community structure of on-shelf and off-shelf stations were significantly different

during summers of the years 1994, 1996, and 1997 (Morgan et al., 2003). The ichtyoplanktonic

(meroplankton) community also has coastal and oceanic assemblages separating between 28 and

37 km from shore (90 to 150 m depth) (Richardson and Pearcy, 1977). Peterson et al. (1979)

concluded from five years of sampling (including the same samples from this study) along the

NH-line that the waters of the first 5 to 10 km seaward of the land constitute a very special

habitat, and a number of zooplankton species were abundant only there (during both upwelling

and relaxed upwelling events). The ISA analysis showed that no euphausiid species was a

significant indicator of the shelf-break region, suggesting that only two distinctive habitats
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(coastal and oceanic euphausiid assemblages) exist within the Oregon upwelling region. The

shelf-break is a relevant ecological region because larger euphausiid patches are usually recorded

there, and predators like the Pacific hake (Merluccius productus Ayres), which dominates the fish

abundance; mainly prey on euphausiids (Robinson, 2000; Swartzman, 2001; Tanasichuk, 2002).

Dense aggregations of E. pacfica and T. spinfera are commonly recorded along the shelf break

of the Vancouver Island coast, where the highest biomass was observed (-.200 mg dry weight m
3) in the inshore-offshore direction (Simard and Mackas, 1989). Ressler et al. (submitted) reported

that along the Oregon coast large euphausiid patches were clustered inshore of Heceta Bank

(44°N) during summer 2000, partially due to the shoaling bottom topography, weak flow, and

high chlorophyll concentration. Our study agrees with Ressler' s acoustic study, showing that

average euphausiid abundance was negatively correlated with the mean bottom depth of the

cross-shelf distribution. However, high densities of euphausiids also were observed offshore

north off Cape Blanco (42.8°N), associated an offshore jet with high chlorophyll-a concentration.

Thus, elevated concentrations of phytoplankton and euphausiids are not completely confined to

shallower waters (Ressler et al. submitted).

The along-shelf SST front (Fig. 2.2 A) recorded during July and August each year usually is

located between 18 and 45 km offshore. However, the surface temperature per se might not be a

good indicator of the location of the upwelling front, because surface processes are not

necessarily associated with upwelling circulation. Processes like heating/cooling, wind mixing,

precipitation, and surface freshwater plumes can either produce local density fronts or modify

local T-S properties (Austin and Barth, 2002). The Oregon upwelling front slopes in the same

direction as the bottom topography (prograde shelf-break front) and the upwelling circulation

usually displaces isopycnals over the first 50 m depth range and across the width of the shelf.

The summer upwelling fronts are highly dynamic, relaxing back toward a rest state after the onset

of upwelling-favorable wind events in approximately 8 days, with a range between 7 and 20 days

(Austin and Barth, 2002). The upwelling front, whose location corresponds to the outcropping of

the 25.8 sigma-t isopycnal, is usually located between 10 and 15 km offshore (Austin and Barth,

2002) corresponding to stations NH5-NH1O. Therefore the upwelling front may not be the main

mechanism separating the coastal and oceanic euphausiid assemblages, since the euphausiid

diversity increases more offshore approximately at 36-45 km from the coast during summer time.

Barange and Pillar (1992) and Pillar et al. (1991) suggested the shelf-break biogeographic

boundary for the Benguela euphausiid fauna originates because different current regimes act on



each developmental stage. Eggs and nauplii could be retained in the Oregon upwelling zone if

they reside below the Ekman layer (-10-40 m). Eggs of both species are more dense that

seawater, sinking at a rate of 5 m h' (Gómez-Gutiérrez, unpublished data), thus would pass

through the Ekman layer in less than 8 h, thereby avoiding the strong offshore surface transport.

Southward flow is greatest in a coastal jet located 15 to 20 km offshore (Barth et al., 2000). A

problem for zooplankton to surmount in a highly advective, coastal-upwelling zone is to avoid

being carried into nutrient- and food-depleted regions offshore. Batchelder et al. (2002b), using a

two-dimensional, coastal-upwelling, hydrodynamic, ecosystem model (NPZ) linked with an

individual based model (IBM) for plankton capable of diel vertical migration (DVM), suggested

that DVM enhances nearshore retention, permitting animals to exploit favorable habitats

nearshore in wind-driven upwelling systems. This model agrees with retention zonation patterns

for neritic copepods (Peterson et al., 1979; Peterson, 1998), and mimics the cross-shelf

distributions of the neritic euphausiid species T. spinifera (this study), N. capensis, and E. lucens

(Pillar et al., 1989; Barange et al., 1992).

Batchelder' s model does not explain why oceanic species do not invade the neritic habitat

during the upwelling season with the onshore transport of deeper waters, when most of them also

have extensive DVM or live below the thermocline regardless of the time of day, as does T.

oculatum (Brinton, 1967; Youngbluth, 1976). Exceptions are the species of Stylocheiron that are

short migrators (Brinton et al., 1967), which might promote an offshore distribution pattern along

the NH-line because they avoid the onshore subsurface flow. There are several possible

hypotheses why the oceanic species do not invade the neritic region during summer: 1) offshore

species usually have low population densities, and when they enter into the neritic environment

they succumb to increased predation pressure; 2) oceanic species may not tolerate the low

temperatures and/or high food concentrations typical of the neritic environment; 3) oceanic

euphausiid species usually display large and relatively fast DVM with swimming speeds between

1 and 20 cm s' (Torres, 1984), thus the time that they spend in the stratum of water that moves

onshore during active upwelling events (between 100 and 150 m, sigma-t 25.5 to 26) could be

short enough to avoid a net transport toward the neritic environment. Euphausiids swim much

faster than copepods, thus oceanic euphausiid assemblages could be structured more

independently of local circulation. Late larvae (furciliae) and juveniles tend to occupy a much

wider vertical range than the nauplii, metanauplii and calyptopis stages in nearshore waters,

promoting onshore maintenance of the former life stages (Youngbluth, 1976).
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Wind-driven coastal upwelling systems have at least two basic types of local circulation: one-

cell or two-cell upwelling (Peterson et al., 1979). Width and slope of the shelf are important in

determining whether the upwelling circulation is in one cell or two cells, with narrow continental

shelves favoring a single cell pattern (Barange et al., 1992; Batchelder et al., 2002b). The NH-line

has a narrow shelf (40 kin), but it widens just to the south at Heceta Bank (44.30°N), so that a two

cell upwelling system may develop. Previous studies have suggested that the alongshore jet is

geostrophycally in balance with the inshore-offshore advection of the upwelling front (Huyer,

1977; Huyer et al., 2002). Therefore, this upwelling front might separate these two assemblages

as observed in copepods (Peterson et al., 1979; Landry et al., 1991; Morgan et al., 2003) and in

euphausiids in this study during summer.

Differences in food availability may also maintain different zooplankton community

assemblages. Surface Chl-a concentration and the structure of the phytoplankton community

change across of the summer upwelling front. Chain-forming diatoms of the genus Chaetoceros

and Skeletonema are abundant nearshore, while nanoflagellate (<10 pm) abundance remains

relatively constant across the shelf (Small and Menzies, 1981; Hood et al., 1992). Water over the

slope and offshore typically has much lower concentrations of nutrients and chlorophyll than

water over the shelf off Newport (Corwith and Wheeler, 2002). These large differences in the

phytoplankton stock may promote the development of different euphausiid species assemblages.

The eggs and early larval stages of T. spinfera and E. pacfica were distributed nearshore where

Chl-a concentrations often reach > 3 j.tg Ii, representing a food-rich environment for first-feeding

calyptopis stages (Peterson et al., 2002b; Feinberg and Peterson, 2003). Bargu et al. (2003)

reported that adult E. pacfica have significantly higher weight-specific feeding rates than T.

spinfera. Lower rates mean less food need, perhaps representing better adaptation to oligotrophic

habitat. Thus, adults T spinifera should be well adapted to offshore oligotrophic conditions.

However, E. pacfica has proven to have very flexible feeding habits, feeding on heterotrophic

and autotrophic prey (Nakagawa et al., 2002) and switching from hervibory to carnivory (Ohman,

1984).

The causal explanation of species richness is one of the central issues of community ecology.

Theoretical, non-equilibrium approaches to the solution of Hutchinson' s "paradox of the

plankton" show that periodic disturbances can enhance the number of coexisting species.

Connell's intermediate disturbance hypothesis (IDH) predicts that species richness and diversity

within a community will be maximal at intermediate frequencies and intensities of disturbance



(Connell, 1978). Disturbances like cooling by upwelling, daily and fortnightly variability of

upwellingldownwelling, strong jet currents, mixing nearshore, and episodic phytoplankton

blooms promote relatively low niche diversification in the coastal region where T. spinzfera and

E. pacfica attain their greatest densities. Relatively less variable environmental conditions in the

oceanic region; [e.g., Chl-a concentration in offshore waters is essentially the same during normal

and El Niño conditions along the NH-line (Corwith and Wheeler, 2002)], promote higher species

richness with intermediate disturbance intensities and frequencies. However, the role of seasonal

succession, reproductive seasons, and mortality as factors controlling inshore-offshore zonation

patterns need further study.

Seasonal and decadal succession, community structure variations and environmental
conditions

Community structure of euphausiids in Central Oregon was dominated by three species with

subarctic biogeographical affinity T. spinfera, E. pacfica, and T. longipes. Along the NH-line

these euphausiids are present throughout the year but their abundance peaks during summer. In

the neritic region, monospecific samples are commonly collected (E. pacfica or T. spinfera).

Thus, in the neritic region (with sporadic incursion of the species of the Group 3) there is little

seasonality in species composition, but seasonal changes in their abundance were driven by the

seasonal cycle of phytoplankton growth with small phytoplankton blooms in spring, massive

blooms in summer, and modest blooms in fall. This contrasts with the copepod community

structure in the Oregon neritic region (station NH-5, 1969-1973, 1983, 1996-2002) that clearly

varies seasonally, with a summer community distinct from a winter community (Peterson and

Keister, 2003). The euphausiids Nematoscelis difficilis, T. gregaria and T. oculatum (Group 3)

were commonly collected offshore throughout the year in low abundances, but they were

observed on the shelf only during winter months, probably transported by the coastal Davison

current like the winter copepod community dominated by Paracalanus parvus, Ctenocalanus

vanus, and Clausocalanus spp. (Peterson and Keister, 2003).The shelf-break and oceanic regions

seem to have relatively larger seasonal changes in species composition, in particular, group 4

from the cluster analysis showed sudden appearances, probably related with onshore transport

events.

Brinton (1962) and Brinton et al. (2000) reported up to 17 species in the Oregon-Washington

region. In this study all of those species were recorded excepting Nyctiphanes simplex,
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Thysanoessa raschi M. Sars, Thysanopoda acutijfrons Holt and Tattersall, Thysanopoda cornuta

hug, and Thysanopoda egregia Hansen. Because the species of the genus Thysanopoda are

bathypelagic species and rarely caught during day at the depths sampled (<280 m), they were not

recorded in this study. Brinton and Townsend (2003) reported that during 1972-1976 N. simplex

was virtually absent from the southern California coast. We recorded three species not previously

reported in this region: Nematoscelis atlantica, Slylocheiron abbreviatum, and S. affine. The

presence of N. atlantica is interesting because this is the northern most report for this species.

Hebard (1966) found 11 species during a three-year study, all of them also recorded during this

study.

Retrospective studies of zooplankton community structure provide information about long-

term variability associated with climatic shifts. Most of the period of study (excepting during

January to April and June 1970) had negative Pacific Decadal Oscillation values (PDO), typical

of the 1947-1976 cool phase characterized by cooler than average SSTs along the coast of North

America and higher atmospheric pressure over the North Pacific (Miller et al., 1994; Mantua et

al., 1997). This enhanced coastal ocean biological productivity in comparison to higher latitudes

(e.g., Alaskan waters) typical of this cool phase. The present retrospective study provides us an

opportunity to compare with the zooplankton collected as part of the Northeast Pacific U.S.

GLOBEC Program during late 90's and early 2000's (Peterson et al., 2002b; Peterson and

Keister, 2002; Feinberg and Peterson, 2003). During the 1980's and 1990's, a warming was

observed in the California Current System, coupled to decline by about 70% in the zooplankton

biomass, at least in the southern California sector (Roemmich and McGowan, 1995). The period

between 1976 and 1998 had positive PDO (excepting the years 1989, 1990, 1991, and 1994) and

shifted to negative PDO values from 1999 to 2002 (Mantua et al., 1997; Smith et al., 2001).

Peterson and Mackas (2001) suggested that this could be a climatic shift in progress. During this

short period with negative PDO, the euphausiids E. pacfica and T. spinfera increased their

abundance in the southern California bight (Brinton and Townsend, 2003) and Monterey Bay

(Marinovic et aL, 2002). In a long term comparison in the southern California Bight (Ca1COH

surveys 1950-2002), E. pacifica showed marginal negative correlation with the PDO, four

subtropical species (N. simplex, E. gibboides, E. eximia, and E. recurva) were positively

correlated with the PDO, while T. spinfera, N. dfflcilis, and T. gregaria did not have significant

correlation with this index (Brinton and Townsend, 2003). Zooplankton standing stocks during

1997-1999 were lower than those recorded during 1969-1971 (Peterson and Miller, 1977;
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Peterson and Keister, 1999). In British Columbia, E. pacifica and T. spinfera increased in

abundance during the late 1980s into the early 1990s, then leveled off or declined in abundance

through the mid- and late 1990's (Tanasichuk, 1998a, b; Mackas et al., 2001).

The period studied included the end of the weak El Niño event of 1969-1970 and the La Nina

of 1970-197 1 with cooler and fresher water than normal. During May 1972, La Nina gave way to

a strong El Niflo in the equatorial Pacific, but temperatures along the NH-line remained cold

throughout the summer, resembling 1971 (Smith et al., 2001); there was little effect on the

euphausiid (this study) and copepod community structure (Peterson and Keister, 2003). At least

qualitatively, the euphausiid community structure differed before and after the 1976 climatic

shift. During the strong 1972 El Niflo event at the Equator (Huyer, 1977; Smith et al., 2001), the

absence of species like the neritic subtropical N. simplex (distributed along Baja California and

Gulf of California) indicated this event did not propagate to Oregon-Washington latitude. Hebard

(1966) did not report this species during his 1962-1964 study off Oregon, a period considered as a

weak El Niño event (1963-64). However, during the strong El Niño events 1982-83 and 1997-

1998, N. simplex, had a northward range extension to Oregon, Washington, and Barkley Sound,

Canada (48°54'N, 125°6'W) waters (Brodeur, 1986; Peterson et al., 2002b, Tanasichuk and

Cooper, 2002). Nyctiphanes simplex along with some unusual species like Euphausia gibboides

Ortmann, Euphausia mutica Hansen, and Euphausia recurva Hansen (these last three are usually

restricted to the northern portion of the Pacific Central gyre) were recorded in Monterey,

California (Marinovic et al., 2002) and Oregon waters (Peterson and Keister, 1999) during the El

Niflo 1997-98. Brinton and Townsend (2003) reported tropical species commonly distributed in

southernmost Gulf of California (Euphausia distinguenda, Euphausia tenera, Euphausia
lamelligera, and Euphausia diomideae) in the Southern California Bight in 1998 for the only time

in the 52 years of surveys. We did not find those species during summer 1972. The presence of N.

simplex in high latitudes is recorded only during strong El Niflo events (Brinton and Townsend,

2003), which apparently were more frequent and intense over the last quarter of the twentieth

century (McGowan et al., 1998). It is evident that El Niflo events have a generally negative

impact in the coastal upwelling system of the CCS. For example, both total zooplankton and

euphausiid abundance dramatically declined in Monterey Bay California in summer of 1997,

coincident with a rapid increase in SST and mixed layer depth during the El Niflo 1997-1998

(Marinovic et al., 2002). The same was true also for eggs and nauplii of E. pacfica and T.

spinfera along the NH-line during El Niflo 1997-1998. They had very low abundances and
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increased their spawning intensity from 1999 onward (Feinberg and Peterson, 2003). Although

euphausiid community structure can change from year-to-year, decadal or even longer time

scales, it is probable that euphausiids always will have an inshore-offshore gradient during

summer. This seems to be an inherent euphausiid community feature in wind-driven upwelling

ecosystems.
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Abstract

Three different egg hatching mechanisms were observed under laboratory conditions in

Euphausia pacfica Hansen, Thysanoessa spinfera Holmes, and Thysanoessa inspinata Nemoto:

backward, forward, and flipping. Like all broadcast spawning euphausiids, these species usually

hatch as nauplius 1 (Ni). Some hours before hatching the vitelline membrane breaks and the

embryo is freely suspended within the chorion; later the embryo takes on a slightly oval-shape.

When ready to hatch, the Ni pushes against the chorion with the posterior part of the abdomen

producing a protuberance. No spine or egg tooth is present to break the chorion. The pressure

breaks the chorion, and the nauplius pushes itself backward with the first and second antennae

and mandible to slide from the chorion. After about 3/4 of the body is outside, the nauplius brings

all the appendages together to move backward without becoming stuck in the chorion. This is the

backward hatching mechanism. The vitelline membrane remains within the egg after the nauplius

leaves the chorion. Hatching takes 5 to 20 seconds, and most of the eggs in a clutch hatch during

less than 2 hours. Several eggs of E. pacifica hatched as metanauplii (MN) (>200 h after

spawning) or as calyptopis 1 (Cl) stage (>232 h), rather than as Ni. Delayed hatching of embryos

also was observed in T. spinifera as nauplius 2 (N2) (>120 h) or as MN stage (>180 h), and in T.

inspinata as N2 (106 h) after spawning. Eggs with larvae in stages of development beyond Ni

have not been observed from preserved zooplankton samples. However, eggs spawned in the field

and incubated in the laboratory also had extended development and late hatching but with low

frequency (<0.06%). It is proposed that, if the backward hatching mechanism fails, alternate

hatching mechanisms can be used by the euphausiid. There is high flexibility in their hatching

modes. The N2 and MN break the chorion with the first and second antennae, hatching forward,

and the Cl breaks it with the telson spines and by flipping of the abdomen, resembling the

decapod hatching mechanism. Delayed hatching using the forward and flipping mechanisms were

associated with low hatching success in comparison to the backward hatching mechanism.

Introduction

There are 86 species of euphausiids in the oceans, of which 57 are believed to shed their eggs

freely into the sea; the remaining 29 species protect their embryos by attachment to the posterior

pairs of thoracic legs (Mauchline and Fisher, 1969). Euphausiids of the genera Bentheuphausia,

Euphausia, Thysanoessa, Meganyctiphanes, and Thysanopoda spawn freely and hatch as nauplius



1, while the genera Nernatoscelis, Nyctiphanes, Pseudeuphausia, and Stylocheiron brood their

eggs and hatch in the early metanauplius phase as pseudometanauplii or as metanauplii

(Mauchline and Fisher, 1969; Brinton et al., 2000). Nematobrachion and Tessarabrachion,

having three and one species respectively, were included in the past with the genera that brood

their eggs (Mauchline and Fisher, 1969). However, this has been questioned and there are no

direct observations of reproduction for these four species. Data from samples collected during

eight oceanographic cruises (n=222) along Baja California (1986-199 1) Mexico, showed that

adult females of Nematobrachionflexipes Ortmann were present at 50 stations. From those 50

stations, 246 immature females, 42 females with spermatophore attached, and 9 females with ripe

oöcytes inside the carapace were recorded. No female with a brood-sac was observed (Gómez-

Gutiérrez, unpublished data). This information suggests that this species is a broadcast spawner.

Mauchline (1985) had the same conclusion for Nernatobrachion boopis Calman in the Rockall

Through. Therefore, the presence of ovigerous sacs has been confirmed for only 26-euphausiid

species of the family Euphausiidae (Casanova, 1984; Mauchline, 1985; Brinton et al., 2000; Ross

and Quetin, 2000).
As a rule, the emergence of a larva from its egg membranes is a critical period of the life

cycle of crustaceans. For example, Quetin and Ross (1989) showed that all embryonic stages of

Euphausia superba Dana, can regulate metabolism over a wide range of oxygen concentrations,

but hatching eggs cannot regulate and require high oxygen levels. This suggests the vulnerability

of this stage to variability in environmental oxygen concentrations. Hatching of crustacean eggs

generally occurs with a sudden rupture of the chorion (Davis, 1968). There is very little

information in the literature on the eclosion of euphausiids, perhaps because hatching is a simple

process, lasting just a few seconds and requiring almost continuous observationunder laboratory

conditions, and because most researchers are most interested in egg production rates and hatching

success (i.e. Komaki, 1967; Ross et al., 1982; Iguchi and Ikeda, 1994). Despite three reviews of

hatching of invertebrate eggs, there is as yet no adequate description of hatching for the Order

Euphausiacea (Davis, 1968, 1981; Anderson, 1982). There are studies of the general morphology

and biometry of the eggs (e.g. Suh et al., 1993) and egg hatching success (Ross, 1981; Ross et al.,

1982; Iguchi and Ikeda, 1994). However, except in brief and general descriptions by G.O. Sars

(1898) and Ponomareva (1963), hatching behavior has not been reported for broadcast spawners.

Lebour (1950) and Ponomareva (1969) described the hatching of the eggs of Stylocheiron

carinatum G.O. Sars, a tropical species that broods its eggs on its thoracic appendages.
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I incubated clutches of eggs from mature females of the euphausiids Euphausia pacifica

Hansen, Thysanoessa spinfera Holmes, and Thysanoessa inspinata Nemoto collected from the

Oregon upwelling system in order to describe the early embryology of the eggs and to estimate

egg production rates, egg development rates, and egg hatching success at several temperatures.

During those experiments we recorded the development and hatching of the eggs of these three

species using a video camera system. In this paper I describe the hatching mechanism of nauplius

1 (Ni) and report delayed hatching by other means of some of the eggs as nauplius 2 (N2),

metanauplius (MN) and even calyptopis 1 (Cl). This is the first report of an N2, MN or Cl inside

the egg of any free spawning species of the order Euphausiacea.

Material and methods

Mature females were collected at night using a 1-rn diameter net with a 333-nm mesh during

seven oceanographic cruises along the Newport Hydrographic line (NH line, 44°38N) and four

oceanographic cruises along the coast of Oregon and California, all part of the NE Pacific U.S.

GLOBEC sampling program. Sampling was conducted during May 18, June 27, July 18, and 30,

August 5, and September 10, and 18, 2001 and March 4, April 10, and May 9, 2002 at the NH5,

NH15, NH2O, and NH25 stations, where the number indicates the number of nautical miles from

the coast (9.3 km to 46.3 km). Additional shipboard experiments were conducted off the Oregon

and northern California coasts during May 28-June 18, 2002 (Mesoscale-Ill cruise). Samples

were obtained by double oblique tows from 10 to 20 rn depth. The zooplankton catch was diluted

and transferred into 20-L insulated containers filled with surface seawater. Females were

transported to the cold room at Hatfield Marine Science Center (HMSC, Newport, OR) within 2

to 3 hours after collection for the NH line cruises. During the Mesoscale-Ill cruise, ship

incubations were done at sea inside a cold room at 10°C. I applied the female reproductive status

stages Ito IV stages of egg growth within the ovary described by Ross et al. (1982). Mature

females ready to spawn (stage IV) are easily recognized by a purple band for E. pacca and

blue-green band for T. spinfera just under the pericardial area of the cephalothorax. Healthy

appearing, mature females (maturity stage IV) of both species were sorted out using a plastic

spoon. Females of T. inspinata with colored ovaries were never observed (even though they

spawned in the laboratory). Therefore, observing the brown spermatophore attached to the

thelycum was the main selection criterion for females of T. inspinata included in the egg



production experiments. The eggs of this species are heretofore undescribed (Brinton et al.,

2000). Specimens were placed into 1-L bottles filled with sieved (< 64 tm) surface seawater

from the stations where the females were collected. One female was placed in each bottle. From 2

to 38 replicates were made per station according to the availabilityof purple females in the

zooplankton samples. Bottles were incubated under constant temperature 10.5°C ± 0.5°C, 24

hours dark and 12 hours low light. This temperature was selected because it is the average value

observed for the upper 20 m of the water column over the inner and middle shelf off Oregon. The

females were monitored every hour after incubation to detect when they spawned. If a female

spawned (the eggs are large enough to be seen by the naked eye), she was removed from the

bottle with a spoon. The females were measured for total length (mm), and the eggs were counted

directly from the bottle without exposing them to the air. Fecundity was expressed as brood size:

number of eggs produced per female per event (eggs fem'). Development of the eggs was

monitored using a digital video camera (CV-730 super resolution) adapted to a stereomicroscope

and a digital camera (Olympus Camedia 3040, 3.3x106 pixels resolution). Video and digital

pictures were recorded, using Capture Vision (v 1.52) or Camedia software, every 10 minutes

during the first 8 to 10 hours of egg development, every hour between 10 to 15 h, and every 2 to 4

hours after 15 h until the end of the experiment.

Development of the eggs after spawning was classified according to the stages described by

Ponomareva (1963), George and Stromberg (1985) and Quetin and Ross (1984, 1989) which are

defined in Table 3.1.
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Table 3.1. Development of the eggs after spawning (Ponomareva, 1963; George and Stromberg,
1985; Quetin and Ross, 1984, 1989).

Egg stage Description

Single cell (SC) recently spawned, perivitelline space minute, and no sign of cleavage

Multiple cell (MC) initial stage of cleavage to multicellular blastula

Gastrula (G) formation of two layers of cells enclosing a central cavity
(archenteron)

Early limb-bud (eLB) the embryo is transformed into a nauplius, the naupliar appendages
still connected with the body by a membrane and limb primordia
visible in lateral view as ridges

Late limb bud (ILB) the distal ends of the limbs have become free, tube-like structures

Twitch (TW) the nauplius has taken shape, no membrane surrounding it,
appendages freely suspended from the body and, in a live egg, the
nauplius moves the appendages and has a pulsating heart

Results

Normal hatching process

From a total of 92 E. pacifica females incubated between May 18, 2001 and May 9, 2002, 41

produced eggs that hatched. Most of the eggs in a brood hatched almost synchronously. The

average time to hatching for the first Ni of each brood, at 10°C (± 0.5°C), was 35 h (range 27 to

50 h; s ± 2.3 h, broods = 9), and more than 50% of the Ni had hatched by about 40 h after

spawning (range 29 to 60 h; s ± 3.1 h, broods = 11).

A sequence of eight pictures (Figs. 3.1 A-H) shows the hatching mechanism for E. pacfica.

The entire process takes 5 to 20 seconds for an individual egg. The eggs of E. pacfica, during

developmental stages eLB and ILB, have a vitelline membrane around the embryo, a penvitelline

space, and the outer chorion. Mauchline and Fisher (1969) believe that the chorion is really two

membranes tightly laminated. When the egg is in developmental stage TW, the vitelline

membrane breaks and the embryo is freely suspended within the chorion. At this stage the

appendages show weak movements. A few hours before hatching the embryos change to a

slightly oval shape. There is no apparent increase of egg size caused by an osmotic process.
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During normal hatching, after the embryo breaks the vitelline membrane (egg stages 1LB to TW),

the Ni pushes with its appendages against the chorion and the posterior part of the abdomen

produces a protuberance (Fig. 3.1 A). In the live embryo, the posterior part of the abdomen

appears light red. Perhaps a chemical substance derived from the red spot, maybe an enzyme,

helps to break the chorion. No spine or egg tooth is present to break the chorion; rather pressure

from the abdomen breaks it (Fig. 3.1 B). The nauplius pushes itself backward by means of the

first and second antennae and mandible and slides out of the egg (Figs. 3.1 C-D). After about

of the body is outside, the nauplius brings all the appendages together to move backward without

becoming stuck in the chorion (Figs. 3.1 E-H). The vitelline membrane never leaves the chorion

(Fig. 3.1 H), and it is easily seen inside after the nauplius is out.

From a total of 121 T. spiny'era females incubated between May 18, 2001 and May 9, 2002,

51 produced eggs that hatched. From a total of six T. inspinata females incubated during the May

28-June 18, 2002 Mesoscale-IlI cruise five produced eggs, and the embryos of three clutches

hatched. In general, T. spin jfera and T. inspinata have the same backward hatching mechanism

described for E. pacfica.

th\/, i.ir

Fig. 3.1. Sequence of video-pictures of the normal 'backward' hatching process of the eggs of the
euphausiid Euphausia pacfica under laboratory conditions at iO.5°C (± 0.5°C, living specimens).
The entire hatching process takes just 5 to 20 seconds. Scale bar = 100 m.
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Nauplius stuck in the chorion

Occasionally some of the Ni were held back by their appendages and unable to completely pass

through the hole in the chorion (usually less than 1% of the nauplii). Those animals tried for

hours to push themselves out, working constantly. Some stuck larvae were observed to have

developed to N2 and a few to MN. Most of these animals died before freeing themselves from the

chorion. In one case an Ni broke the chorion at the anterior part of the egg with the appendages,

and then tried to push itself forward. However, this Ni remained stuck with the chorion around its

abdomen until it died.

Late hatching of euphausiid larvae

Two females of E. pacfica (EP1 and EP2) collected at NH2O on July 30, 2001, and two females

collected at NH25 on April 10, and May 9, 2002 produced eggs that hatched as MN or Cl. Eggs

produced by those females were monitored every two to four hours during 247 h (10.3 days). The

EP1 female produced 194 eggs, but only one egg hatched normally as Ni, after 38 h. However,

13 more hatched as MN about 190 h after spawning. The rest of the eggs did not hatch.

Photographs of each developmental phase of those eggs with delayed hatching are shown in

Figures 3.2 A-F. The N2 appear inside the egg about 96 hours (4 days) after spawning (Fig. 3.2

B). The N2 showed two pairs of spines on the posterior margin. The MN was first observed

inside the eggs about 103 h (4.3 d) after spawning (Fig. 3.2 C). This was easily recognized by the

two striated bundles of eyestalk retinal elements typical of this phase, and because in some

specimens the carapace was visible inside the egg, fringed with spines on the anterior margin and

first half of the lateral margin. The mandibles were reduced and seen as small buds in the ventral

view of the larva; the first antennae were unsegmented but the second antennae showed

segmentation developing. The MN showed lines in the thorax between blocks of tissue forming

the cephalothoracic appendages (rudiments of the mandible, maxillae 1 and 2, and maxillipeds).

The tissue of the abdomen showed no segmentation. The formation of the more complicated

internal organs of the larvae also took place. The first MN hatched 190 h (7.9 days), the last 239

hours (10 days) after spawning. The hatching of the MN was different from that of Ni. The

larvae inside the eggs as Ni, N2, and MN were very active, moving their appendages

continuously. The chorion began to disintegrate about 8 days after spawning, so the MN was able
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to break it easily in different areas with the first and second antennae, hatching forward. Usually

the appendages were the first parts extending outside the eggs (Figs. 3.2 D-E). These MN had

healthy appearance (Fig. 3.2 F) and they molted later to Cl with normal morphology and

swimming behavior. The developmental progress of the larvae inside the eggs coincided well

with that of the only specimen that hatched as Ni and swan freely in the petri dish as it developed

to Ci.
A second female (EP2) produced 121 eggs of which 67 (55%) hatched normally as Ni,

mostly 35 to 36 h after spawning. Additional embryos developed inside the egg to N2. Of the 54

remaining eggs, eight did not hatch, but 46 embryos continued to develop inside the egg. Overall

hatching success was 85%. Just hatched Ni were transferred to a new beaker, and most of them

developed to N2 at about 85 h (3.5 days), to MN at about 99 h (4.1 days), and to Cl at about 204

h (8.5 days) after spawning at 10°C. The rest of the eggs (46) showed development similar to

those that hatched normally as Ni, and hatched in stage Cl. When all the animals that hatched as

Ni had developed to Cl, only four of the 46 individuals with delayed hatching had developed to

Ci. The rest remained in the MN phase inside the egg, indicating a slower development rate.

After 233 h, the first Cl was observed inside the eggs (Fig. 3.2 G). By then the eggs had

increased in diameter considerably, and the chorions looked in better shape than those of the EP1

brood. The first body part that the Cl extended outside the egg was the abdomen, which flipped

actively as the larvae tried to exit from the eggs. It is probable that the Ci slit the chorion using

their telson spines (Fig. 3.2 H). The hatching Cl were healthy and similar in morphology and

swimming activity to larvae hatched several days before as Ni (Fig. 3.2 I).
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Fig. 3.2. Delayed hatching of the eggs of Euphausia pacfica 'EP1' and 'EP2' females collected in
the NH2O station during July 30, 2001. The sequence shows the morphology of the egg of stage
1W with the nauplius 1 inside the egg 36 to 51 h after spawning (A). The nauplius 2 developed
between 70 and 96 h after spawning (B) and metanauplius between 90 to 220 h (C). From this
point the broods of EP 1 and EP2 had different development and hatching mechanism. About 200
h after spawning the chorion of the eggs of the EP1 brood began to disintegrate and all the eggs
hatched as metanauplius (D-F). For the EP2 brood, calyptopis 1 was observed 232 h (G) and they
hatched around 347 h after the spawning (H). 63 eggs of the EP2 brood hatched as Ni 65 h after
spawning and 46 eggs hatched as Cl (I). Scale bar = 100 tim.
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Experiments were stopped 247 hours after spawning (about 10.3 days). Eggs produced by

EP2 female increased in outer diameter throughout development until reaching Cl inside the egg.

The average diameter for eggs in stage SC was 0.4 11 mm (n=22, range 0.390 to 0.439 mm), for

the eggs in stage TW 0.42 1 mm (n8, range 0.4 15 to 0.439 mm), and for the eggs with the Cl

inside, 0.526 mm (n=5, range 0.5 10 to 0.530 mm). The average volume of the egg increases 2-

fold, from 3.64x105 cm3 for the sc egg to 7.62x105 cm3 for egg with the Cl inside.

Two additional E. pacifica females with broods of 35 and 60 eggs collected on April 10 and

May 9, 2002 respectively also had late development. Only six and two animals hatched as

metanauplius and calyptopis 1 about 65 (2.7 days) and 201 hours (8.4 days) respectively after

spawning at 10.5 °c. None of the four broods of eggs with delayed hatching of E. pacfica

hatched in stage N2.

During April 10 and May 9, 2002, 76 females of T. spinfera were incubated at 10.5°C, 21 of

them produced eggs that hatched as Ni, and six produced eggs that hatched as N2 or as MN. One

female produced 430 eggs of which six embryos hatched as N2 and nine as MN (3.5% hatching

success). But 152 eggs with N2 and 70 eggs with MN inside never hatched, and the 'late

hatchers' were deformed in comparison to animals that hatched backward on schedule as Ni. Fig.

3.3 shows the delayed hatching of the eggs of T. spinifera. The sequence shows the morphology

of a spherical egg with the Ni inside at about 45 h after spawning (Fig. 3.3 A). An elongation of

the egg is typical of the twitching egg developed in this case 83 h after spawning (Fig. 3.3 B); the

N2 inside the egg appeared about 94-119 h after spawning, however the posterior part of the

nauplius does not have typical spines but a bifurcate end (Fig. 3.3 C). About one hour later, six

N2 hatched breaking the chorion with their appendages, resembling the E. pacca metanauplius

forward hatching mechanism (Fig. 3.3 D). Several embryos continued to develop inside the egg

as metanauplius between 140 and 180 h after spawning (Figs. 3.3 E-G), and at about 157 h a

deformed larva with morphology intermediate between MN and Ci hatched using the abdomen

(Fig. 3.3 F). Nine MN hatched about 182 h after spawning, using the forward hatching method.

However, those animals did not have the typical morphology of the MN that hatched earlier as

nauplius 1 (Fig. 3.3 H).

Fig. 3.4 shows the late hatching of a T. inspinata. The mother produced 68 eggs (SC stage =

360-370 j.tm diameter) with very low hatching success (2.9%). The Ni (TW egg stage) was

observed at about 39 h (Fig. 3.5 A) and the N2 at 113 h after spawning. Very long spines are

characteristic of the N2 of this species (Fig. 3.4 B).
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Fig. 3.3. Delayed hatching of the eggs of Thysanoessa spinfera female collected in the HH-4
station during April 10, 2002. The sequence shows the morphology of the egg stage TW with the
nauplius 1 inside the egg at about 45 h after spawning (A). Twitching egg developed 83 h after
spawning (B), nauplius 2 inside the egg 94 h (C), nauplius 2 metanauplius
inside the eggs 140 h (E), deformed larvae between metanauplius and calyptopis 157 h (F),
Metanauplius inside the egg 180 h (G), and free metanauplius> 180 h after spawning (H). Scale
bar= 100am.

A comparison of the brood size (eggs fem') and hatching success, expressed as the

percentage of eggs that hatched, of the broods from females that hatched backward (normal

hatching mechanism) and delayed hatching (forward or flipping hatching mechanism) for E.

pacifica and T. spinfera is shown in Fig. 3.5. The data set includes only the females collected at

the same day and station where normal and late hatching were observed simultaneously in the

laboratory. These graphs show that the average brood sizes and hatching success for both species

were smaller for the broods with late hatching (forward and flipping hatchers) than for the broods

with only normal hatching (backward) (Figs. 3.5 A, B). However, a t-test for differences of the

means between these two groups showed marginal significant differences only for brood size and

hatching success of E. pacifica (one-sided p-value = 0.069, and 0.024, d.f. = 9). The T. spin'era

comparisons were not statistically significant (one-sided p-value > 0.16, d.f. = 25). Because T.

inspinata had a small sample size of females incubated (n=5) with normal and late hatching, it

was not statistically compared.
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Fig. 3.4. Delayed hatching of the eggs of Thysanoessa inspinata female collected in the RR-7
station during June 13, 2002. The sequence shows the morphology of the egg stage TW with the
nauplius 1 inside the egg at about 39 h after spawning (A), and nauplius 2 hatching about 113 h
after spawning (B). Scale bar = 100 .tm.

Discussion

Hatching mechanism

This study demonstrated that 'backward hatching' is the normal hatching mechanism for

broadcast spawning euphausiids. When this mechanism fails two unusual hatching mechanisms

can potentially be used by the euphausiid embryos: the 'forward hatching' used by N2 and MN,

and the 'flipping hatching' used by Cl. Backward hatching is associated with relatively greater

brood size and hatching success than extended development with forward and flipping hatching.

Although Ross (1981), Ross et al. (1982), Suh et al. (1993), Iguchi and Ikeda (1994) and Summers

(1993) perhaps observed the mechanism of normal hatching for Euphausia pacfica and

Thysanoessa spinfera during their experiments on egg production and hatching success, or for the

description of early nauplii stages, they did not describe hatching because that was not among their

goals. Ross and Quetin (1982), George (1984), George and Stromberg (1985), Marschall and

Hirche (1984), and Quetin and Ross (1984, 1989) also certainly observed nauplii of Euphausia

superba hatching. In fact, Ross and Quetin (1982, their Fig. 3.2) and George (1984, his Figure 1)
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Fig. 3.5. Comparison of the brood size (eggs fem') (A) and hatching success, expressed as the
percentage of eggs that hatched from the spawned brood size (B), of the broods from females that
hatched backward (normal hatching mechanism, empty bars) and late hatching (forward or
flipping hatching mechanism: black bars) for Euphausia pacca and Thysanoessa spinfera under
laboratory conditions. Data set includes only females collected at the same date and station where
normal and late hatching was observed on the laboratory conditions. Vertical lines are standard
error (Si).



showed photographs of nauplii hatching backward, but they did not describe the process. There is

little information on hatching for other species of the Order Euphausiacea (Davis, 1968, 1981;

Anderson, 1982). In G.O. Sars's (1898) description of the eggs of Meganyctiphanes norvegica M.

Sars, in Ponomareva' s (1963) review of euphausiid biology in the North Pacific, and in the

landmark reviews of euphausiids by Mauchline and Fisher (1969) and Mauchline (1980) the

hatching process is described only briefly and in general terms. For example, 0.0. Sars (1898)

reported that: "the movements become more energetic, and at last cause the rupture of the thin

external coating of the sphere, whereupon the young individual escapes in a very imperfect

condition, as a rather simple nauplius." Ponomareva (1963) describes the hatching process as "the

fully formed nauplius ruptures the egg membrane and emerges". Ponomareva (1969) reported for

Stylocheiron carinatum 0.0. Sars the only description of the hatching of eggs for species that brood

their eggs. She said, "the perfectly formed nauplii extended and contracted the anterior part of the

appendages, pining the egg membrane by short dense spines and then, parting their appendages

(swimming movements), ruptured the nearest part of the egg membrane and subsequently emerged

into the surrounding water." This description suggests that the nauplius of S. carinatum had forward

hatching. However, she did not show drawings of the hatching process. It is interesting that

Ponomareva (1963) and Lebour (1950) reported a nauplius emerging from the egg of S. carinatum

rather than a pseudometanauplius or a metanauplius, which are more usual hatching stages in

euphausiid species with an egg sac (Komaki, 1967; Brinton et al., 2000).

Iguchi and Ikeda (1994) also reported nauplii of E. pacfica hatched out almost synchronously.

Hatching of the three species observed here appears to be primarily mechanical, but the observation

of the light red coloration at the posterior part of the abdomen of the Ni just before hatching

suggests that an enzyme could play a part in the dissolution of the chorion. An enzymatic

mechanism has been observed in embryos of other marine crustaceans (De Vries and Forward,

1991; Saigusa and Terajima, 2000). Saigusa and Terajima (2000) reported that embryos of the

estuarine crab Sesarma haematocheir have a pair of glands of 30-jzm diameter located in the dorsal

thorax adjacent to the site where the egg case is ruptured. They recognized two active substances

released outside the egg case: one is a caseinolytic protease and the other an unidentified enzyme.

The activity of the former was at a very low level compared with a standard casein-lytic enzyme. It

might be digesting the thin, sticky internal layer enclosing the embryo but would not act on the

thick, tough layer constituting the main component of the egg capsule (Saigusa, 1996). The second

substance, unidentified so far, may soften the egg case. They observed that the egg case seemed to
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be softened during a few hours preceding hatching (Saigusa and Terajima, 2000). The Ni of E.

pacfica and T. spinfera, unlike the N2, does not have two pairs of spines on the posterior margin

(Suh et al., 1993; Summers, 1993) to help open the chorion of the egg. I believe that hatching is

primarily mechanical because the nauplius completely fills the perivitelline space and can exert

pressure against the chorion. The possibility of enzymatic weakening of the chorion is an open

question.

The empty chorion of the euphausiid species is flexible, and the hole the nauplius makes for

hatching is not easily detected. The vitelline membrane remains inside the chorion after the

nauplius completely escapes from both envelopes. Hatching of E. superba, reported by Ross and

Quetin (1982) and George (1984), must have a similar mechanism. Hatching of euphausiids is

basically different from that of other holoplanktonic crustaceans including Anostraca, Cladocera,

Copepoda, Branchiura, Mysidacea, Isopoda, Amphipoda, and pelagic Decapoda (Lufer), which

are extensively discussed by Davis (1968, 1981) and Anderson (1982). In Calanoid copepods, for

example, Marshall and On (1954) and Peterson (1980) reported the chorion splits by pressure

from within caused by expansion of the vitelline membrane. The inner membrane expands until it

is much larger than the original egg, and within this blister membrane the unattached nauplius

begins to swim actively. They believe that substances of high osmolality secreted by the embryo

cause the inflow of environmental water, increasing the pressure inside the egg. The thin

membrane is finally burst by the activities of the nauplius, which beats upon the membrane with

the setae of its appendages. The euphausiid nauplius breaks the vitelline membrane inside the egg

and this membrane remains within the egg even after the nauplius leaves the chorion.

Comparative studies leave no doubt that the basic pattern of development in the Crustacea

includes a small yolky egg, modified spiral cleavage, hatching as a nauplius larva and anamorphic

development of the post-naupliar somites during a series of larval stages with intervening moults

(Anderson, 1982; Dahms, 2000). However, the hatching mechanism among different crustacean

orders has important differences, perhaps reflecting their phylogenetic separation.

Nauplii stuck in the empty chorion

A low percentage of the E. pacfica eggs observed (< 1%) remained stuck in the chorion. Stuck

larvae have also been observed for the eggs of Branchiura, in which nauplii trapped by the

springiness of the split chorion struggle for many hours before dying (Davis, 1968). The Ni at



hatching has setae on the first and second antennae, which sometimes entangle with the chorion.

An Ni could be stuck inside the chorion due to small size of the hole, inadequate extension of the

antennal appendages to push out of the chorion, or weakness. An Ni can develop to N2 and MN

while stuck in the chorion because those phases do not require exogenous food (Mauchline and

Fisher, 1969; Suh et al., 1991). The chorion is flexible enough to permit the increase in size of the

larvae without breaking. Usually N2 and MN have a fast escape response to moving objects.

Being stuck in the chorion wastes energy on escape efforts and certainly makes them more

vulnerable to predation in the field.

Late hatching

This is the first time an abnormally delayed hatching has been observed for any of the broadcast

spawning euphausiids. The N2 and MN break the egg chorion in different areas with the first and

second antennae hatching forward and the Ci breaks it with the telson and the abdomen, resembling

the decapod hatching mechanism (Davis, 1968; Saigusa and Terajima, 2000). Delayed hatching

was observed in three euphausiid species that inhabit relatively different distributional patterns:

Euphausia pacfica is widely distributed in the North Pacific, the Japan Sea, and the Yellow Sea

(Suh et al., 1993). Thysanoessa spinfera is considered a neritic species and occurs along the

western coast of North America from the Southeastern Bering Sea, to as far south as mid-Baja

California (28°N) during particularly cold springtimes (Brinton, 1962; Brinton et al., 2000).

Thysanoessa inspinata is an oceanic species and usually is recorded in low abundances across the

North Pacific in the zone 40-45°N; it is known to distribute in the California Current southward

to Oregon (Brinton et al., 2000). It is well known that eggs of these species hatch as Ni (Ross,

1981; Summers, 1993), as do the eggs of the other species of Euphausiacea that shed their eggs in

the ocean (Brinton et al., 2000). Iguchi and Ikeda (1994) reported the hatching time of eggs of E.

pacifica as a function of temperature and estimated that at 10.5° C the hatching time would be 1.26

days (30 h). I observed that normal hatching of the three species ranged between 35 and 45 h at this

temperature (unpublished data). However I observed that the frequency of embryos with delayed

hatching was inversely related with temperature. The eggs with delayed hatching of E. pacfica, T

spinifera, and 7'. inspinata hatched at about 9-10 days (220-247 h), 8 days (182 h), and 4 days (106

h) after spawning. The timing of hatching is controlled primarily by temperature (Ross et al., 1988;

Iguchi and Ikeda, 1994), but the physiological mechanism underlying the timing of hatching for
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normal and delayed eggs is unknown because normal and delayed hatching were observed from

females collected from the same day and location (station), and incubated under the same laboratory

conditions. Nevertheless, it is possible that laboratory conditions, like a "wall effect", where the

eggs are incubated in a bottle or petri dish, could promote delayed hatching.

Previous studies of egg development of Meganyctiphanes norvegica M. Sars, Thysanoessa

raschi M. Sars, Thysanoessa inermis Krøyer, and E. superba did not show any abnormality or

suggest they could hatch at phases older than Ni (Sars G.O., 1898; Taube, 1909; Ponomareva,

1963; Marschall and Hirche, 1984; George and Stromberg, 1985; Ross and Quetin, 1982).

However, Zelikman (1961, his Fig. 2) showed a drawing of a nauplius breaking the chorion with the

second antennae and mandible suggesting a forward hatching mode for T. inermis. Apparently egg

development of species that shed their eggs into the ocean may be more flexible than previously

thought. Therefore broadcast spawning euphausiids have several alternate hatching mechanisms

(backward, forward, and flipping),It would be interesting to know how a larva could molt inside

the egg. This certainly occurs in eggs of species that brood their eggs and hatch as

pseudometanauplius or metanauplius. Saigusa and Terajima (2000) using light and electron

microscopy observed two thin layers (ex 1 and ex2) inside the eggs of the crab S. haematocheir,

which were identified as exuvia deposited by the embryos at late stages of development. It is

possible that the advance from metanauplius to calyptopis also involves a molt inside the egg,

leaving the exuvia within, but that was not observed.

The N2, MN, and Cl are typically motile phases. Similar to larvae stuck in the chorion of the

eggs, the eggs with delayed hatching time had the disadvantage of a lackof motility to avoid

predators. In the hypothetical scenario that delayed hatching of N2 and MN occurs in the field, it

might have a small ecological impact because those phases do not have a mouth and do not feed.

They obtain their nourishment from the remainder of the yolk present in their body. However, the

molt from MN to Cl, when the feeding appendages are added, seems to be critical (Ross, 1981;

Ross et al., 1988). The first calyptopis has functional mouthparts and feeds by filtering suspended

matter, including phytoplankton and marine snow, from the surrounding water (Suh et al., 1991;

Dilling et al., 1998). According to Ikeda (1984), the Cl is the stage with the highest metabolic

activity and the lowest energy store in the body; therefore survival of this stage is very sensitive

to food limitation. There is a critical period after the larvae develop the ability to feed, also

known as the point-of-no-return or (PNR), when the starved larvae cannot recover if re-fed and
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inside the egg before hatching, it would have less time to feed, so the survival of those individuals

could be reduced. Ross and Quetin (1989) calculated that the PNR of E. superba larvae is

between 9 and 15 days after they molt from MN to Cl for temperatures between ito 2°C.

Because E. pacfica, 7'. spinfera, and T. inspinata larvae usually inhabit waters with temperatures

> 8°C the metabolic expenses could be greater and the PRN could be shorter than 9 days.

The egg brood size and hatching success of both species were slightly lower for the broods

with delayed hatchers than the broods which had normal backward hatching (Figs. 3.5 A, B). The

hatching success values reported in this study were relatively lower than hatching success

reported by Ross (1981) and Iguchi and Ikeda (1994) for E. pacfica (usually > 95%). It is

uncertain if eggs of E. pacfica, T. spinifera, and T. inspinata with abnormally delayed hatching

occur in the field. However, eggs spawned in the field and incubated in the laboratory occasionally

had embryos that hatched forward as Ni, a typical hatching mode for delayed hatching. In addition,

eggs spawned at the field and incubated under laboratory conditions had delayed hatching but with

low frequency (0.06%, n = 1751 eggs). Euphausiids eggs with an N2, MN , or Cl inside have

never been seen in a seven year (1996 to 2002), biweekly sampling program along the Newport

hydrographic line (L. Feinberg and W.T. Peterson, pers. comm.). I did not observe any in the

examination of biweekly samples for the same stations collected in 1970-1972. The verification of

the occurrence of delayed hatching of the eggs of these three species in the field and evaluation of

the impact on their population dynamics awaits future studies. Researchers need to observe eggs

for many days beyond normal hatching to avoid an underestimate of the egg hatching success. Also,

future observations of hatching mechanisms for other euphausiid species around the world will

show whether the hatching mechanism and occasional late development observed for E. pacfica,

T spinifera, and 7'. inspinata are general among euphausiids that spawn freely.
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Abstract

Observation of the sac-spawning euphausiid Nematoscelis difficilis Hansen during shipboard

laboratory incubations showed that its embryos usually hatch as pseudometanauplius (PMN) or

metanauplius (MN). The eggs, which have a minute perivitelline space, are spherical at spawning

and become elliptical after the nauplius 1 develops. When ready to hatch, the PMN or MN

embryos extend and contract their first and second antennae in a swimming movement, breaking

the chorion in almost equal halves joined by one small section in the anterior part of the chorion.

The mandibles play a secondary role in cutting the chorion. Then the embryo pushes itself

backward with the first and second antennae to escape from the chorion. This is named 'push-off

hatching. The embryos always hatch progressively from the distal end toward the proximal end

of the ovigerous sac. The time between hatching of the first and last embryo may reflect the time

the females require to lay a clutch of eggs (<2.1 h). Development time to the PMN stage at 10°C

was approximately 5 5-60 h and to MN stage approximately 84 h. Eggs of one brood of N.

dfflcilis hatched backward at 47 h as nauplius 2 (N2) rather than as PMN or MN. This is the

second observation of early hatching by any sac-spawning euphausiid species. Therefore, a

morphological description is provided of the free-swimming N. difficilis N2. It is expected that N.

difficilis N2 could be found in the ocean; a taxonomic complication for the identification of

nauplii, and therefore a comparison is made with N2 stages of three of the most abundant

broadcast-spawning euphausiid species (Euphausia paqfica, Thysanoessa spinfera, and

Thysanoessa inspinata) in the same geographical range. This is also the first description of the N2

for T. inspinata. Both sac-spawning and broadcast-spawning strategies in euphausiids have

shown high flexibility in the hatching schedule. However, early hatching in sac-spawners and late

hatching in broadcast-spawners are usually associated with low embryo hatching success.

Introduction

Among 86 described species of euphausiids, about 26 have a sac-spawning reproductive strategy

in which the female attaches the eggs to the thoracic legs in a membranous sac. The rest of the

species employ a broadcast-spawning strategy, releasing their eggs into the ocean (Mauchline and

Fisher, 1969; Mauchline, 1980; Brinton et al., 2000). Among the Class Malacostraca only in the

Euphausiacea and the Dendrobranchiata do the larvae hatch as nauplii (Scholtz, 2000). Little

attention has been paid to early embryology, hatching mechanism, or hatching success of sac-



spawning euphausiid species. A recent study mentions it would be interesting to know more

about egg release, hatching mode, and brood care, because those are critical characters in the

interpretation of the systematic relationships within Euphausiacea (Maas and Waloszek, 2001).

Three reviews of hatching of invertebrate eggs reported no adequate description of hatching for

the Order Euphausiacea (Davis, 1968, 1981; Anderson, 1982). Gómez-Gutiérrez (2002) showed

that three broadcast-spawning euphausiid species from the California Current System (CCS)

display three different embryo hatching mechanisms (backward, forward, and flipping) and that

nauplius 2 (N2), metanauplius (MN), and calyptopis 1 (Cl) stages may sometimes hatch from the

egg, instead of the more usual nauplius 1 (Ni). In the backward hatching mechanism, the Ni

pushes against the chorion with the posterior part of the abdomen producing a protuberance. The

pressure breaks the chorion, and the nauplius pushes itself backward with the first and second

antennae and mandible to slide from the chorion. After about of the body is outside, the

nauplius brings all the appendages together to move backward without becoming stuck in the

chorion. The forward hatching N2 and/or MN break the chorion with the first and second

antennae, hatching forward, and in flipping-hatching the Cl breaks the chorion with the telson

spines by flipping of the abdomen. Hatching is a critical period for any crustacean, and broadcast-

spawning euphausiid embryos sometimes have high mortality during this process because they do

not make a hole big enough to pass through the chorion, breaking the thin naupliar cuticle

(Gómez-Gutiérrez, unpublished data).

Hatching of nauplii for sac-spawning euphausiids has been described briefly for only one

species: Stylocheiron carinatum G.O. Sars, (Ponomareva, 1969). It apparently resembles the

forward hatching mechanism of free-spawning species (Gómez-Gutiérrez, 2002). To study the

hatching mechanism of a sac-spawning species, I selected Nematoscelis dfficilis Hansen. This

species is endemic in the transition zone of the North Pacific and is the most abundant sac-

spawning euphausiid from the North Pacific Drift (Ca 37-45°N). It is common along the CCS

(Gopalakrishnan, 1975; Brinton et al., 2000) and in the Gulf of California (Brinton and

Townsend, 1980). Along the Oregon-Washington coasts it is distributed offshore > 45 km from

the coast (Williamson et al., 1986; Gómez-Gutiérrez, unpublished data), but in California it may

also be quite close to shore (Brinton and Willie, 1976; Brinton, 1967, Marinovic et al., 2002).
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Descriptions of the size of the egg and the early larval development (stages older than PMN

stage) of N. difficilis indicate that embryos usually hatch as pseudometanauplius (PMN) or

metanauplius (MN) (Komaki, 1967; Gopalakrishnan, 1972, 1973). In other sac-spawning species

from the genera

Nyctiphanes, Slylocheiron, and Pseudeuphausia, the naupliar stages are passed within the egg

and the larvae hatch as a PMN stage (Lebour, 1925, 1950; Boden, 1951; Wang, 1965; Brinton et

al., 2000). The PMN of N. difficilis gradually develops into MN without molting (Komaki,

1967). Therefore, both larval forms could be combined and regarded as a single stage based on

the definition of a stage as an instar between molts. The pseudometanauplius is defined as a

newly hatched larval form with an extremely short abdomen compared to that of the older

metanauplius (Gopalakrishnan, 1973). However, the PMN and MN also may be separated by the

molt of a thin cuticle soon after hatching, as in the sac-spawning species Nyctiphanes couchi Bell

(Lebour, 1924). The brood size of N. dfficilis ranges between 50 and 560 eggs per female; the

carbon content of a clutch of eggs is equivalent to 28% of the female body carbon and the

nitrogen content to 19% of the female body nitrogen (Komaki, 1967; Nemoto et al., 1972).

Because the interbrood period and spawning season duration of N. difficilis are unknown, it is not

yet possible to estimate the life-span fecundity of this species. I report here the hatching

mechanism of N2, PMN, and MN of N. dfflcilis under shipboard laboratory conditions. This is

the first report of the hatching of a N2 from the egg of N. dffIcilis and the second report for a sac-

spawning species (Lebour, 1950; Ponornareva, 1969), indicating that early hatching as N2 is an

optional hatching mechanism for these euphausiids. Because the N2 of a sac-spawning species

typically is passed inside the egg, a description of the morphology of the free-swimming N2 of N.

difficilis is provided to help in its identification in field studies.

Material and methods

Eleven ovigerous females of Nematoscelis df.ficilis were collected at night during an

oceanographic cruise aboard the RN New Horizon (July 29-August 18, 2002) along the Oregon

coast as part of the NE Pacific U.S. GLOBEC sampling program. No ovigerous females were

collected during a cruise carried out in winter (RN Wecoma, January 19-February 9, 2003; n= 14

MOCNESS and 1-rn mouth net night samples) suggesting reproduction of this species occurred

only during summer. All females had the typical form, lacking lateral denticles on the carapace
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(McLaughlin, 1965). Ovigerous females were collected offshore at depths > 200 m, at three

stations FIH5 (44°00.36 N, 125°00.61 W), CR4 (41°55.98 N, 125°31.02 W), and ED3 (42°15.02

N, 125°39.87 W) with a 1 m2 MOCNESS net. The MOCNESS typically sampled nine strata from

250-rn depth to the surface. The HH5 station was sampled multiple times: August 2, 13, 17, and

18. No ovigerous N. difficilis females were collected at other stations during the cruise (from a

total of 33 nighttime MOCNESS and 49 nighttime 1-rn mouth net samples). The ovigerous

females were transferred into 1-L bottles of surface seawater and incubated on board inside a cold

room at 10°C ± 0.5°C until several days after all the eggs hatched. This is the average

temperature for the upper 30 m of the water column over the inner and middle shelf off Oregon

during summer. If a female detached her ovigerous sac or her eggs hatched, she was removed

from the bottle. Sacs were monitored every 2-4 hours until all larvae hatched. The females were

measured for total length (mm) and incubated several additional days with abundant field-caught

phytoplankton to observe whether they spawned again. The brood size was calculated as the total

number of larvae plus eggs that did not hatch at the end of each experiment. Hatching success

was estimated as the percentage of embryos that hatched from the total spawned. The mortality of

larvae after hatching was not estimated. Development of the eggs was monitored using a digital

camera (3.3x106 pixels resolution). I classified development of the embryos after spawning as

proposed for several broadcast spawning euphausiid species (Ponomareva, 1963; George and

Stromberg, 1985; Quetin and Ross, 1984, 1989). Eggs with nauplius 1, nauplius 2,

pseudometanauplius or metanauplius inside are referred as Nie, N2e, PMNe, or MNe

respectively to distinguish them from the same free-swimming larval stages (outside the chorion).

Results

Embryo hatching process

Nematoscelis dfficilis females carry eggs in two symmetrical membranous ovigerous sacs

attached to the outer edges of the endopodites of the 6th and 7th thoracic legs, with a length

proportional to the female size (29% of the female total length, r2 = 0.63, d.f. = 9, p <0.006) (Figs.

4.1 A-B). However, the length of the ovigerous sac is only weakly associated with the number of

eggs per brood (r2= 0.23, d.f. 9, p = 0.16), because the number of rows of eggs is variable,



affecting width and depth of the ovigerous sac. Both ovigerous sacs are usually in contact with

the ventral part of the female, however she can move them down and up while swimming. The

eggs within a brood hatch progressively from the distal end to the proximal end of the sac (toward

the thelycum of the female) (Figs. 4.1 C-D). The eggs are attached to each other by a thin mucous

membrane secreted by the female that has a bibbed shape even after all the embryos have hatched

(Figs. 4.1 D-E). The membrane is elastic and is not sticky after the eggs are laid within the

ovigerous sac. The spent spermatophore remains attached to the female but is seen only after the

ovigerous sac is removed from the female. Observations during the shipboard incubations

showed that a few healthy eggs may detach accidentally before hatching from the ovigerous sac,

however most of them remain attached to it even after the first larvae emerge from the chorion.

When some eggs die during embryonic development, they are easily detected by an opaque

or/and whitish appearance of the chorion (Fig. 4.1 F). The female, using the down and up

movement of the ovigerous mass, oxygenate the eggs, but also help to detach the dead eggs,

probably preventing bacterial colonization on the dead eggs from affecting healthy eggs within

the brood. The formation of the ovigerous mass has never been directly observed. However, the

lag between the first and the last embryo hatched is here assumed to be roughly the time the

female took to spawn the eggs within the ovigerous mass. The elapsed time from the first to last

hatching for broods, at 10°C (± 0.5°C), was less than 2.1 h (n=6 broods).

After all the ovigerous females released their broods in the laboratory, none produced eggs

again, even when they were fed with abundant local phytoplankton and observed for ten days

after brood release. A mature female, originally incubated without an ovigerous mass, produced

390 eggs approximately 58 h after collection. The ovigerous mass was formed and filled with

eggs in less than 2 h (the interval between two consecutive observations of the female), spawning

at least 3 eggs After all the ovigerous females released their broods in the laboratory, none

produced eggs again, even when they were fed with abundant local phytoplankton and observed

for ten days after brood release. A mature female, originally incubated without an ovigerous mass,

produced 390 eggs approximately 58 h after collection. The ovigerous mass was formed and filled

with eggs in less than 2 h (the interval between two consecutive observations of the female),

spawning at least 3 eggsper minute. This period is similar to the brood production rate deduced

from the time elapsed between hatching of the first and the last embryo.
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C) III

a

Fig. 4.1. Nematoscelis difficilis. Position and sequential hatching of embryos within the ovigerous
sac: Female bearing a complete ovigerous sac (A), ventral view of a complete newly released
ovigerous sac (B), female with half spent ovigerous sac (C), embryos hatching from the distal end
to the proximal end of the ovigerous sac (D), empty ovigerous sac showing the membrane that
envelopes the embryos during embryonic development (E), ovigerous sac showing white or
opaque eggs that have died during embryonic development (F). All the scale bars = 10 mm,
except (d) = 1 mm.
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Figure 4.2 shows some of the developmental stages of the eggs: multiple cell (MC),

gastrulation (G), early limb bud (eLB), and late limb bud (1LB) (Figs. 4.2 A-D). Eggs are nearly

spherical when just spawned, but may look irregular in shape due to crowding inside the brood.

The embryos are surrounded by two membranes, the vitelline membrane and the chorion showing

a minute perivitelline space, this is observable only with a microscope lOx magnification. When

the eggs are released from the membranous sac, the perivitelline space widens to approximately

20 tm. The development time to successive embryo stages at 100 C was approximately 7 h (MC),

15-24 h (G), 29 h (eLB), and 32-35 h (ILB) after spawning. As in broadcast-spawning euphausiid

species, when an egg reaches ILB stage, the embryo breaks the vitelline membrane and is freely

suspended within the chorion leaving virtually no space between the embryo and the chorion.

These late embryos have an elliptical shape. No eggs hatched at the Ni stage. Therefore the

analogous stage is here named N le. The female may release the whole ovigerous mass after the

eggs have reached the N le, but usually does so when most of the eggs have reached the N2e,

PMNe, or MNe stages. In several cases, embryos began to hatch when the females were still

carrying their ovigerous mass. The eggs usually show an increase in size caused by growth inside

the egg of the embryos to stages beyond N2e.

Figure 4.2 shows the early (N2), normal (PMN and/or MN) hatching mechanisms for N.

difficilis (Figs. 4.2 E-H). The N2e was observed approximately 47 h after spawning and hatched

backward approximately 52 h after hatching (n=i brood) (Figs. 4.2 E and F). In the live Nie and

N2e embryos, the posterior part of the abdomen appears red. During normal hatching, a PMN or

MN embryo emerges from the egg approximately 50-64 h or 77-100 h after spawning,

respectively (n=6 broods). The PMN and MN stages break the chorion in two halves by extension

and contraction (swimming movements) of their first and second antennae (Figs. 4.2 G and H).

The mandibles play a secondary role in breaking the chorion. The chorion halves remain joined

only by a small section in the anterior part. The PMN and MN push with their antennae on both

halves of the chorion and escape from it by a 'push-off' hatching mechanism (Figs. 4.2 G and H).

This mechanism makes it virtually impossible for the larva to become stuck in the chorion. The

entire hatching process for an individual egg takes between 2 and 15 minutes (average 9.5 mm.,

n=25).
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Fig. 4.2. Nematoscelis d jfficilis. Embryo development in the ovigerous sac and hatching
mechanisms: Multiple cells (A), Gastrula (B), Early limb-bud (C), Late limb-bud (D) egg stages.
N2 hatching backward breaking the chorion with the posterior part of the body (E), free-
swimming N2 (F). Pseudometanauplius (G) and metanauplius (H) hatching using the 'push-off'
hatching mechanism. Scale bar = 100 m.
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This push-off hatching mechanism observed for PMN and MN of N. difficilis perhaps also

occurs in other euphausiid species with the sac-spawning strategy. The PMN usually

metamorphosed to MN stage within 24 h after hatching, showing normal swimming behavior.

The free-swimming PMN and MN had similar sizes and morphology as in previous descriptions

for those stages (Komaki, 1967; Gopalakrishnan, 1973).

A comparison of the brood size (eggs fern') and hatching success of the brood that hatched as

N2 (early hatching mechanism) and broods with normal hatching as PMN or MN for N. dfflci1is

shows that embryos hatching as N2 were from a smaller brood and had lower hatching success

(Table 4.1). An exception is a female with an incomplete ovigerous mass (34 eggs) that had a

100% hatching success. However, because of the small number of females examined, it is not

possible to test this distinction statistically.

Description of the free-swimming nauplius 2 stage

The free-swinmiing N2 of N. difficilis has not been observed previously. These larvae could be

erroneously identified as the N2 of any broadcast-spawning species from the N. difficilis

distribution range. Currently available descriptions of larvae of N. difficilis begin with the

pseudometanauplius (Komaki, 1967) and metanauplius (Gopalakrishnan, 1973). Here I describe

the morphology of the N2 of this species and compare it to the N2 stage of the offshore,

broadcast-spawning species Thysanoessa inspinata Nemoto, for which larval stages are hitherto

undescribed (Table 4.2, Figs. 4.3 A-J), and with two of the most abundant broadcast-spawning

euphausiids from the Oregon-Washington coasts, Euphausia pacifica Hansen and Thysanoessa

spinifera Holmes (Table 4.2, Fig. 4.4A-L). Suh et al. (1993) and Summers (1993) described the

N2 for E. pacifica and T. spinifera, respectively, and their morphological characteristics and body

measurements are shown in the Table 4.2. All the drawings shown in Figs. 4.3 and 4.4 are N2 of

larvae produced from eggs of females collected in the field and spawned under laboratory

conditions during this study.

Nematoscelis difficilis (n=5, Figs. 4.3 A-E, Fig. 4.5 A, Table 4.2): The N2 body is oval in

dorsal view, and the average total length is 0.46 mm (range 0.44 to 0.48 mm) (Fig. 4.3 A). In

dorsal view the average dorsal body width/length ratio is 0.61 mm (range 0.60 and 0.63). In

lateral view the N2 has a humpback shape.
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The posterior margin has three smoothly rounded lobes, the outer two with three pairs of

spines. The outer and inner pairs of spines are very small and the other pair is 0.10 mm long

(range 0.09 to 0.12 mm) (Fig. 4.3 B). Sometimes the N2 shows lines on the posterior end of the

body that is the telson of the metanauplius with partially extruded spines beneath the cuticle of

the premolt N2. The first antennae (Al) have two long setae and one short, broad subterminal

spine (Fig. 4.3 C). The second antennae (A2) are biramous and segmented between the coxa and

the basis; the endopod bears two setae and two subterminal spines; the exopod bears five long

setae (Fig. 4.3 D). The mandibles (Md) are biramous with three setae on endopod and exopod

(Fig. 4.3 E).

Thysanoessa inspinata (n=2, Figs. 4.3 F-J, Fig. 4.5 B, Table 4.2): In dorsal view the N2 body

is elliptical with an average body total length of 0.49 mm (range 0.48-0.50 mm), with slender

posterior and anterior ends, and having an average dorsal body width/length ratio of 0.53 (range

0.52-0.54) (Fig. 4.3 F). In lateral view the N2 is elliptical. The posterior margin of the body has

two pairs of broad spines; the outer pair is small and the inner pair is 0.10 mm long. The

innermost part of the posterior margin bears a small pair of spines (Fig. 4.3 G). The Al have two

broad long setae and one long lateral spine (Fig. 4.3 H). The A2 are biramous; the endopod bears

two setae and one small spine, and one long lateral spine; the exopod bears five setae (Fig. 4.3 I).

The Md are biramous, bearing two setae and one terminal spine on the endopod and three setae

and one terminal spine on the exopod (Fig. 4.3 J). This is the only species studied with unequal

number of setae on the mandible's endopod and exopod.

Euphausia pacfica (n=5, Figs. 4.4 A-F, Fig. 4.5 C, Table 4.2): The body of N2 is robust

and oval, rounded anteriorly in dorsal view (Fig. 4.4 A). The posterior margin of the body is

relatively rectangular and will form the telson in the metanauplius stage. In dorsal view the

average total body length is 0.51 mm (range 0.50-0.53 mm), and the average dorsal body

width/length ratio is 0.3 (range 0.61-0.64) (Table 4.2).



Table 4.1. Female total length, brood size, hatching success, and hatching time of embryos of Nematoscelis dffici1is from the Oregon
coast, USA. * = female and eggs preserved after collection without spawning; + = death of all the embryos within a brood during
embryonic development; DE = Dead embryos within the brood that had opaque and whitish appearance.

Station Date Collection time Female total Ovigerous-sac Brood size Hatching Hatching Hatching

dd/mm/dd hit/mm length mm length mm eggs fern4 success % larval stage time h
1111-5 3-Aug-2002 21:00 21.9 7.3 220 +

1111-5 3-Aug-2002 21:00 22.4 7.5 280 94.6 PMN 64

CR-4 6-Aug-2002 0:30 22.4 6.2 260 +

CR4 6-Aug-2002 0:30 19.4 5.0 103 20.4 PMN 65

CR-4 6-Aug-2002 0:30 17.8 5.0 152 *

1111-5 1 1-Aug-2002 5:10 21.6 7.1 133 18.9 (DE) N2 52

ED-3 14-Aug-2002 1:45 21.0 6.1 306 97.7 PMN 50
1111-5 17-Aug-2002 18:45 18.4 5.5 182 95.6 PMN 63

1111-5 17-Aug-2002 22:00 20.5 6.2 156 77.6 MN 80
HH-5 17-Aug-2002 22:00 21.9 incomplete 34 100.0 PM & MN 61

Female spawned but
HH-5 18-Aug-2002 1:13 24.8 6.9 390 + dead 53 h after spawning
Average 21.1 6.3 201.5 81.0 62.1



Table 4.2. Comparative morphology of the free-swimming nauplius 2 (N2) of the sac-spawning euphausiid Nematoscelis dfficilis and
the N2 of the most abundant broadcast-spawning species along the Oregon-Washington coast: Euphausia paczfica, Thysanoessa
spinfera, and Thysanoessa inspinata. Range values are shown between parentheses. * = Data calculated from published N2 drawings
(Suh et. al. 1993, Summers, 1993). The first antennae (Al) is uniramous and the second antennae (A2) and the mandible (Md) are
biramous.

Species N. dfflcilis T. inspinata E. pacifica E. paqfica T. spin fera T. spinifera
Source This study This study Suh et al. (1993) This study Summers (1993) This study

Dorsal body total
length (nun)

Dorsal body width
(mm)

Dorsal body W/TL

Lateral body Depth/TL

First antennae (Al)

Second antennae (A2)
Endopod

Exopod

Mandible (Md)
Endopod

Exopod
Posterior margin
Setation

0.46 (0.44-0.48)

0.28 (0.26-0.30)

0.61 (0.60-0.63)

0.57 (0.56-0.59),
humpback shape

2 long setae,
I small broad

subterminal spine
2 setae,

2 subterminal
spines

S long setae

3 setae

3 setae
3 pairs, outer and
inner short, other

pair long
Posterior margin 0.10 (0.09-0.12)

0.49 (0.48-0.50)

0.26 (0.26-0.27)

0.53 (0.52-0.54)

0.52 (0.51-0.53),
elliptical shape

2 broad-long setae, 1
long lateral spine

2 long setae, 1 small
spine, 1 long lateral

spine
5 long setae

2 setae, 1 spine

3 setae, 1 spine
3 pairs, outer and

inner short, other pair
long
0.10

0.52 (0.50-0.53)

0.29 *

0.63 *

No data available

2 long setae, 1 small
subterminal spine, 1

short spine
3 setae, 1 subterminal

spine

5 long setac,
I small spine

3 setae

3 setae
2 pairs, outer short,

inner long

0.10 *

0.51 (0.50-0.53)

0.32 (0.31-0.34)

0.63 (0.61-0.64)

0.54 (0.53-0.57),
humpback shape

2 long setae, 1 small
subterminal spine, 1

short spine
3 setac, 1 subterminal

spine

0.44* (0.38-0.54) 0.47 (0.42-0.50)

0.22 * 0.27 (0.26-0.30)

0.50 * 0.54 (0.52-0.62)

No data available

3 long setae, 1
small spine distally

4 setae, 1
subterminal spine

5 long setae, 4 setae,
1 small spine 1 small spine

3 setae 4 setae

3 setae
3 pairs, outer and

inner short, other pair
long
0.09

0.52 (0.50-0.53),
elliptical shape
2 long setae, 1

small spine
distally

2 setae, 1
subterminal

spine
4 setac,

1 small spine

3 setae
3 setae

4 setae
1 pair of spine long 1 pair of spine

long, 1 small
outer spine

0.08 * 0.09
longer spine length
(mm)



Nematosce/is difficilis Hansen

Thvsanoessa inspinata Nemoto
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Fig. 4.3. Morphology of nauplius 2 (N2) of the sac-spawning euphausiid Nematoscelis difficilis

and an offshore broadcast-spawning euphausiid Thysanoessa inspinata from the Oregon coast
reared under shipboard-laboratory conditions. Dorsal view of N2 of N. dfficilis (A), detail of
posterior margin (B), first antenna (Al) (C), second antenna (A2) (D), and mandible (Md) (E).
Dorsal view of the N2 of T. inspinata (F), detail of the posterior margin (G), first antennule (Al)
(H), second antennae (A2) (I), and mandible (Md) (J). Scale bar = 100 m.



In lateral view the N2 has a humpback shape. The posterior margin has two pairs of spines;

the inner pair is longer (approximately 0.10 mm long) (Fig. 4.4 B, Table 4.2). Larvae reared in

the laboratory started N2 stage with two pairs of spines, as described by Suh et al. (Suh et al.

1993), but prior to the molt to the metanauplius stage had three pairs of spines on posterior

margin. The outer and inner pairs of spines are short while the remaining pair of spines is long

(0.09 mm) (Fig. 4.4 C). The E. pacifica Al, A2, and Md morphology matched with the

description of E. pacfica N2 reported by Suh et al. (Suh et al., 1993) (Table 4.2). The Al have

two long setae, one small subterminal spine and one small spine distally (Fig. 4.4 D). The A2 are

biramous; the endopod carries three setae and one subterminal spine; the exopod bears five setae

and one small spine (Fig. 4.4 E). The Md are biramous, the endopod is unsegmented with three

terminal setae; the exopod is two-segmented with three setae on the distal segment (Fig. 4.4 F).

Thysanoessa spinifera (n=4, Figs. 4.4 G-L, Fig. 4.5 D, Table 4.2): In dorsal view the N2 body

is elliptical having an average total length of 0.47 (range 0.42-0.50 mm), with acute posterior and

anterior ends and an average dorsal body width/length ratio of 0.54 (range 0.52-0.62) (Fig. 4.4 G

and Table 4.2). In lateral view the N2 is elliptical. The medial eye is pigmented and visible. The

posterior margin of the body has an acute end, which will become the telson in the metanauplius

stage, with one pair of spines approximately 0.09 mm long on its posterior margin (Fig. 4.4 H).

However, an older N2 may bear two pairs of spines, adding a small outer pair (Fig. 4.4 I). I found

specimens of T. spinfera N2 whose Al, A2, and Md morphology that matched with the original

description (Summers, 1993) (Table 4.2): Al have three long setae and one small spine. The A2

are biramous; the endopod bears four setae and one subterminal spine; the exopod has four setae

and one small spine. The Md are biramous bearing four setae on each ramus (no drawings are

shown). However, I also observed individuals with some modification in the Al, A2, and Md

morphology. The Al have two long setae and one subterminal spine (Fig. 4.4 J). The A2 are

biramous; the endopod bears two setae and one subterminal spine; the exopod has four setae and

one small spine (Fig. 4.4 K). The Md are biramous bearing three setae on each ramus (Fig. 4.4

L). Comparing the lateral views of the N2 stage of the four species (at least three specimens per

species) (Figs. 4.5 A-D, Table 4.2) shows that N. djfficilis also has a humpback shape with an

average depth/length ratio of 0.57 (0.56-0.59) (Fig. 4.5 A); 1'. inspinata has an oval shape with a

depth/length ratio of 0.52 (0.5 1-0.53) (Fig. 5.5 B); E. pacflca has a humpback shape with an

average depth/length ratio of 0.54 (range 0.53-0.57) (Fig. 5.5 C); and T. spinifera has a elliptical

and slender shape with a depth/length ratio of 0.52 (0.50-0.53) (Fig. 5.5 D).
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Euphausia pacifica Hansen 

e 

Thysanoessa spinifora Holmes 

Fig. 4.4. Morphology of N2 of two of the most common broadcast-spawning euphausiid species 
from the Oregon coast, Euphausia pacfica and Thysanoessa spinfera reared under ship- 

laboratory conditions during this study. The N2 of E. pacifica and of T. spinifera have been 
described by Suh et al. (1993) and Summers (1993). Ventral view of N2 of E. pacflca (A), detail 

of posterior margin showing two (B) and three pairs of spines (C), first antenna (Al) (D), second 
antenna (A2) (E), and mandible (Md) (F). Ventral view of N2 of T. spinfera (G), detail of 

posterior margin with one (H) and two pairs of spines (I), first antenna (Al) (J), second antenna 
(A2) (K), and mandible (Md) (L). Scale bar = 100 zm. 



N. difficilis

C

E. pacifica

T. spinifera

Fig. 4.5. Comparative morphology of the lateral view of the nauplius 2 (N2) of Nematoscelis
difficilis (A), Thysanoessa inspinata (B), Euphausia pacWca (C), and Thysanoessa spinfera (D).
Scale bar = 100 ,sm.
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Discussion

Gómez-Gutiérrez (2002) proposed that 'backward' hatching of the Ni stage is the normal

hatching mechanism for broadcast-spawning euphausiids. However, when hatching as N2 or MN,

euphausiids hatch by 'forward' hatching, and when hatching as Cl, they hatch by a 'flipping'

hatching mechanism (Fig. 4.6 A). The backward hatching of Ni is associated with relatively

greater hatching success than the extended hatching schedules with forward or flipping hatching.

The present study demonstrated that PMN and MN stages ofN. d jfficilis, a sac-spawner, employ a

different hatching mechanism called 'push-off" hatching. This is the fourth hatching mode

observed for euphausiid embryos, and it has been observed so far only in N. dfficilis (Fig. 4.6 B).

Hatching of this species is primarily mechanical, facilitated by the increase in size of the PMN and

MN and the strong extension and contraction of their appendages. The empty chorion is flexible,

and that it is broken in almost equal halves is easily detected. The vitelline membrane, like that of

broadcast-spawning species, remains inside the chorion after the N2, PMN or MN completely

escapes from the embryonic envelopes (vitelline membrane and chorion). Komaki (1967)

observed using on-board incubations that all the embryos of six females of N. dfJ1cilis hatched as

PMN. Gopalakrishnan (1973) reported, from five females incubated, that PMN and MN stages

hatch from the egg, and he combined both forms as metanauplius. The present study confirms these

observations, but shows that N. difficilis also can hatch earlier as N2 using the backward hatching

mechanism described for broadcast-spawning euphausiids (Fig. 4.6 B). The hatching of an N2 of a

sac-spawning species has been reported before (Ponomareva, 1969; Mauchline and Fisher, 1969;

Mauchline, 1980). However, the only other description of hatching for a brooding species is for the

tropical euphausiid Stylocheiron carinatum G.O Sars, in which apparently hatched as an Ni

(Ponomareva, 1969) by a forward hatching mechanism. It is interesting that she reported a nauplius

emerging from the egg of S. carinatum, rather than a PMN or a MN stage, which are more usual

hatching stages in sac-spawning euphausiids (Lebour, 1925; Boden, 1951; Brinton et al., 2000).

Lebour (1950) collected two S. carinatum ovigerous females, one in January 1941 and one in

June 1947. Eggs of the January 1941 female hatched as N2 and those of the June 1947 female

hatched as PMN. She inferred that the larvae hatched from the 1941 female would not normally

have emerged so early and the PMN is the form that would hatch naturally.
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Fig. 4.6. Comparison of the life cycle of broadcast-spawning (A) and sac-spawning (B)
euphausiid species (Brinton et al., 2000): Species that spawn freely usually hatch as nauplius 1,
while the species that brood their eggs hatch as pseudometanauplii or as metanauplii stage.
Dashed lines show the results of Gómez-Gutiérrez (2002) demonstrating that broadcast-spawning
species have three different hatching mechanisms, two of them with delayed hatching schedule
(A). Results of this study, also in dashed lines, demonstrate that sac-spawning species have two
hatching mechanisms, one of them with accelerated hatching schedule (B).



No hatching success was reported. Mauchline and Fisher (1969) and Mauchline (1980)

reported that embryos of the sac-spawning species pass through NI while attached to the mother

and an N2 or PMN is liberated. They equated the N2 and the PMN and did not deal with form or

function of the mandible. Therefore, occasional hatching as N2 is expected in other sac-spawning

species but perhaps it is not the most common embryonic stage at hatching.

In the live N. dfficilis Nie and N2e embryos, the posterior part of the abdomen appears light

red suggesting that, like broadcast-spawning euphausiid embryos (Gómez-Gutidrrez, 2002); an

enzyme could play a part in the dissolution of the chorion during the backward hatching

mechanism. The PMN or MN did not have red coloration in the posterior part of the body.

The hatching success values reported in this study were relatively lower than hatching

success reported in previous studies (Gopalakrishnan, 1972, 1973). This was partially associated

with the lower hatching success of the embryos that hatched as N2. A few larvae of N. dzfflcilis

that tried to hatch as N2 died because they made only a very small hole through the chorion.

None of the eggs that hatched as PMN or MN with the 'push-off' hatching mechanism were stuck

or died during the hatching process. The embryos break the chorion in two halves avoiding being

stuck in the chorion. Thus, the 'push-off' hatching of N. dfJlcilis might be more efficient than the

other three hatching modes (backward, forward, and flipping) used by broadcast-spawning

euphausiids. Casanova (1984) considers the sac-spawning species more advanced (apomorphic)

than broadcast-spawning species (plesiomorphic) because the embryos attached to the female

have better odds of avoiding predation with maternal care. The hatching schedule of both sac- and

broadcast-spawning euphausiid species seems to be very flexible, but the generalization that the

former hatch mostly as PMN or MN and the latter mostly as Ni (Boden, 1951; Brinton et al.,

2000) is still valid. The prevailing pattern in each group is associated with higher hatching

success, so should have an evolutionary advantage within the group.

Nematoscelis difficilis cannot produce a new batch of eggs until previous eggs have hatched.

Thus, intuitively an accelerated schedule with hatching as N2 could give the female an advantage

to produce eggs more quickly (14 h earlier than hatching as PMN and 30 h than hatching as MN).

However, this may not be the case because early hatching for N. difficilis is associated with lower

hatching success and the difference in time (<1.5 day) among the three hatching schedules seems

to be insignificant in comparison with the euphausiid's interbrood period.



These observations need to be tested in a future study because in this study only a small

number of females were examined. The inherent variability in hatching schedule and its role in

reproductive success are still poorly understood. The hatching time of an individual egg as Ni for

broadcast-spawning euphausiids is relatively fast, taking about 15-20 seconds, and entire egg

clutches can hatch almost synchronously (Iguchi and Ikeda, 1994; Gómez-Gutiérrez, 2002). In N.

dfficilis, the hatching as PMN or MN for each embryo is slower, taking several minutes, and the

entire brood hatches progressively from the distal to the proximal end of the ovigerous sac over

approximately 2 h. Spawning may be an elaborate process, because the female must accommodate

the eggs aligned in rows in two almost symmetrical sacs. However, a previous report indicates that

N. dfficilis apparently spawns quickly because a few specimens were observed with a small

number of egg in their pouches, indicating an incomplete spawning (Nemoto et al., 1972), but this

could also be an indication of loss of embryos during sampling. The ovigerous sac of euphausiids is

formed by a very thin transparent mucous membrane, which keeps all the eggs attached to the

female cephalothorax, but the way the sac is produced is unknown. Embryos stick to each other to

maintain a constant position within the ovigerous sac. Some healthy eggs can be detached and lost

when the membrane is broken accidentally. Other planktonic crustaceans like copepods and mysids

produce ovigerous sacs. Mauchline (Mauchline, 1998) reported that copepod sac-spawning species

carry the egg mass attached to the genital somite. The egg mass is often called an egg sac, but in

calanoids there is no evidence that the eggs are contained in a membrane. Rather, the secretions that

form the outer membrane of eggs of free spawners seem to be more copious in egg mass carriers so

that the eggs as they are laid do not separate but form into a mass attached to the genital somite.

Apparently, N. dfflcilis produces a mucous matrix where the eggs are accomodated with a similar

process. Mysids carry their embryos in a marsupium within which the entire, although abbreviated,

larval development takes place. The Mysid' s marsupium is a chamber formed by lamellae or

oosteogites present on all or some of the second to eighth pairs of thoracic legs. The normally thin-

walled, transparent concave plates are fringed with short strong setae that interlock ventrally to form

a closed chamber below the thorax (Mauchline, 1980).

When eggs die during embryonic development, they eventually detach from the ovigerous

mass, facilitated by frequent movement of the pouches by the female, perhaps losing attachment to

their sibling embryos. Brinton et al. (2000) included a video, under laboratory conditions, of a N.

difficilis female moving her ovigerous sac down and up. This is a very frequent movement for

females with ovigerous sacs, possibly associated with oxygenation of the eggs.



It may be particularly important for eggs in the core of the sac completely surrounded by their

sibling embryos. Female grooming behavior can also remove dead embryos with abundant

bacterial populations that could affect healthy eggs. In wild crustacean populations, filamentous

bacteria and algae are common epibiontic organisms that cause mortalities and fouling of the eggs

in the ovigerous sac of several decapod species (Fisher and Wickham, 1976). The cause and

frequency of mortality of eggs within the N. difficilis brood, with whitish and opaque appearance,

are unknown.

The nauplii of all euphausiid species are so similar that it is frequently impossible to separate

them (Mauchline and Fisher, 1969). The body width/length ratios from dorsal and lateral views,

the shape of the posterior margin of the body, and the setation pattern of the Al, A2, and Md are

the key characteristics to identify the free-swimming N2 of N. difficilis from that of E. pacfica, T.

spinifera, and T. inspinata the more abundant broadcast-spawning euphausiids from the Oregon-

Washington coasts. A comparison of published N2 descriptions for E. pacfica (Suh et al., 1993)

and T. spinifera (Summers, 1993) with animals from this study showed that both species

sometimes add a pair of posterior spines as they grow just before they change into metanauplius.

According to Marshall and Hirche (1984) the posterior spines of N2 of E. superba changed their

appearance progressively during naupliar development, but no molting was observed. They also

state that the first molt occurred between the nauplius and the metanauplius stages. The N2 of N.

difficilis can be easily confused with an N2 of E. pacfica because both have a humpback shape in

lateral view. It seems unlikely that the N. difficilis N2 could be confused with those of T. spinifera

or T. inspinata, which both have slender naupliar bodies. Thysanoessa inspinata is the only

species, from this study, with an unequal number of setac on the mandible's endopod and exopod;

thus this is a valuable taxonomic characteristic for its identification.

The euphausiid N. difficilis is the most abundant sac-spawning species in the North Pacific.

Nyctiphanes simplex Hansen is another abundant sac-spawning euphausiid in the CCS, but the

core of its distribution, where it accounts for more than 90% of the euphausiid biomass, is along

Baja California (Gómez-Gutiérrez, 1995), and in the Gulf of California (Brinton and Townsend,

1980). The northern distribution limit of N. simplex usually is in southern California (Brinton and

Willie, 1976). However, this species has been recorded along the Oregon-Washington coast

during northward advection of water caused by strong El Niflo events (Brodeur, 1986).



Stylocheiron ion gicorne G.O. Sars and Slylocheiron maximum Hansen are less abundant sac-

spawning species off the Oregon coast, but only stages older than Cl have been described

(Brinton et al., 2000). It is unknown if accelerated hatching is a common phenomenon for sac-

spawning species or if other sac-spawning species use the 'push-off hatching mechanism;

corroboration of these should be sought for other euphausiid species.
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CHAPTER 5

COMPARATIVE BIOMETRY OF EGGS OF THREE BROADCAST-SPAWNING
EUPHAUSIIDS FROM THE OREGON COAST AND COMMENTS ON THE

BIOMETRY OF EGGS WITHIN THE FAMILY EUPHAUSIIDAE

Jaime Gómez-Gutiérrez



Abstract

The euphausiids Thysanoessa spinfera 0.0. Sars and Euphausia pacfica Hansen are the

numerically dominant species in the Oregon upwelling region. This study compares the morphology

and biometry of the eggs during the post-spawning embryonic development for these two species

and an oceanic, but less abundant euphausiid, Thysanoessa inspinata Nemoto. This information

based on eggs from females that spawned in the laboratory was used to identify the eggs of each

species from preserved samples collected in the field to infer the areas and intensity of the spawning

events. Although the biometry of the eggs of E. pacifica and T spinfera overlaps, they can be

identified by the chorion (CD) and embryo (ED) diameters, the hardness and shape of the chorion,

the size of the perivitelline space (PVS), and the elongation of the embryo in advanced

developmental stages. The average chorion and embryo diameters for all pooled developmental

stages were significantly larger for E. pacfica (0.407 mm CD and 0.378 mm ED, n=389 1) than for

T. spinfera (0.363 mm CD and 0.353 mm ED, n=3853). The PVS of T. spinfera, when present, was

narrow (0.005 mm), and the chorion was sticky, not completely spherical and usually with particles

attached to the chorion. The E. pacfica eggs usually have a greater PVS (0.0 14 mm), and the chorion

is transparent, smooth, elastic, and completely spherical. The completely developed twitching stage

embryo of T. spinfera has an elliptical shape (0.84 width/length ratio) while the twitching stage of E.

pacfica is spherical to slightly elliptical (0.94 width/length ratio) even after the nauplii hatch. The

average CD and ED of the eggs of T. spinfera were significantly larger than those of T. inspinata

(0.333 mm CD and 0.312mm ED, n=93). Thysanoessa inspinata eggs have a narrow PVS (0.005

mm); with a transparent, spherical and not sticky chorion. The nauplius in the twitching stage has

distinctly thicker first and second antennae and is nearly spherical 0.91 width/length ratio. The

average CD for T. spinifera and E. paafica was larger near the shelf-break where the euphausiids

were usually more abundant during the peak of the spawning season (June) and decreasing toward

offshore areas. A biweekly time series (eggs, nauplii+metanauplii, and ripe females) collected along

the Newport hydrographic line (44°40'N) during 1970-1972 showed that E. pacfica and T. spinfera

spawned mainly nearshore (<40 km from the coast) from March to October, but E. pacca also

spawns regularly in oceanic locations. A meta-analysis of the CD and ED of 37 euphausiid species

around the world indicates that these variables alone cannot be used to identify eggs to species due to

the relatively small size range of euphausiid eggs (0.232-1.05 mm for epipelagic euphausiids).

However, in specific regions where one or two broadcast spawning species dominate the euphausiid



assemblage, those variables can be successfully used to identify species. There is not a consistent

pattern that neritic broadcast spawning species have a large PVS, while oceanic broadcast spawning

species have a small PVS, as previously thought. This supposedly was an adaptation to avoid

sinking to the seafloor by having slower sinking velocity. This study highlights the gaps in

measurements and current knowledge of egg biometry within the Order Euphausiacea.

Introduction

The study of temporal and geographical distribution of euphausiid eggs may elucidate preferences

for spawning season and location, centers of larval dispersion, and clues about how embryos survive

in the ocean. Recruitment, and ultimately biomass production of euphausiids, is strongly regulated

by egg production and mortality of the eggs and early larval stages. The identification of eggs from

sac-spawning species does not impose a challenge, because most of the embryonic development is

passed within the female's ovigerous sac. The ecological implication of this reproductive strategy is

that the mortality of the eggs within the ovigerous sac by predation should be strongly associated

with the female's mortality rate (Kiørboe and Sabatini, 1994; Ohman and Townsend, 1998;

Logerwell and Ohman, 1999), although not necessarily associated if the eggs die by causes not

related to predation, like parasitism or failure of embryonic development (Gómez-Gutiérrez, 2003).

Broadcast spawning euphausiid species release their eggs in the water column, so eggs and parental

stock would necessarily be in the same place for at least a brief period following spawning.

Subsequent upward or downward migration of adults and sinking of eggs would separate a parental

stock from its eggs (Brinton and Willie, 1976). The ecological significance is that eggs are expected

to have a substantially different mortality pattern that the adults. The identification of broadcast

spawning euphausiid eggs to species, even to genus, from zooplankton samples collected in the field

imposes a great challenge, particularly because they lack distinctive external structures (spines,

varied coloration, or chorion shape and texture such as distinguishes many copepod eggs). Means

for identifying eggs are necessary to understand spawning season and location and centers of larval

dispersion. This is especially relevant because broadcast-spawning is the most common reproductive

strategy within the Order Euphausiacea. There are seven genera with 61 species (-71%) of

euphausiids with broadcast spawning, out of a total of eleven genera with 86 species (Lindley, 1997;

Brinton et al., 2000). Near the Oregon coast were recorded 14 euphausiid species during 1970-1972

(Gómez-Gutiérrez et al., submitted), but only three of them are sac-spawning species.



In the Order Euphausiacea the naupliar and metanaupliar stages of 34 species have been

described, as have the calyptopis and furcilia stages of 65 species (Brinton et al., 2000). However,

characters for identifying euphausiid eggs have not been fully established. In fact, from all the

euphausiid species currently described around the world, the eggs have been identified and

measured in only 37, and in most cases only the average diameters of the chorion and the embryo

are available (see Mauchline, 1988; Brinton et al., 2000). Specific information on egg morphology

and reproductive mode of euphausiids is scant, and absent for many species, even several genera.

Here I present a data set of the euphausiid egg size updated from Mauchline (1988) and Brinton et at.

(2000).

Detailed embryonic development has been studied in the eggs of Meganyctiphanes norvegica M.

Sars, Thysanoessa raschi M. Sars (Taube, 1909, 1915; Sars, 1898) and Euphausia superba Dana

(Marschall and Hirche, 1984; George and Stromberg, 1985) representing the most detailed

descriptions of the euphausiid eggs available. The chorion and embryo diameters vary within and

between species throughout embryonic development (Quetin and Ross, 1984), but interannual and

geographical differences in embryo size are well documented for a few euphausiid species

(Mauchline and Fisher, 1969; Mauchline, 1980; Ross and Quetin, 2000; Timofeev and Sklyar, 2002).

The substantial inherent variability observed for those few and implied for the rest also complicates

the species identification of eggs of broadcast spawning species. Although there are several

limitations, the chorion and embryo sizes are important parameters of the life cycle of euphausiids,

and sometimes they are the only indices that allow us to evaluate quantitatively the contribution of

individual females to the total progeny. Ross (1981) additionally suggested that the embryo size

could affect development time, a so-called maternal effect.

This study is part of a larger project seeking to understand the processes related to egg

production, egg sinking rates, hatching mechanisms, hatching success, and recruitment of larvae

of Euphausia pacfica Hansen, Thysanoessa spinfera Holmes and Thysanoessa inspinata

Nemoto in the Oregon upwelling region. These three species are broadcast-spawners, thus

dispersion starts from the egg stage. Realistic predictions of embryo concentrations and

horizontal distribution of eggs will be difficult until the spawning behavior, the movements of

reproductive populations, the effect of environmental conditions upon embryo development and

sinking rates of these embryos are better understood. The first problem is that the morphology

and embryology of the eggs of E. pacfica have been partially described by Ross (1981) and Suh

et al. (1993), while the eggs of T. spinfera and T. inspinata are hitherto not formally described
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(Summers, 1993; Brinton et al., 2000; Gómez-Gutiérrez, 2002). Therefore, it was not possible to

identify reliably the eggs of these species from field collections. A recent study in the Oregon

coast successfully compared the egg and naupliar abundances, because the nauplius 1 and 2

stages are easier to identify to species level than their eggs, to determine the spawning season

duration of these two euphausiid species (Feinberg and Peterson, 2003). However, they were only

able to assign a given spawning to one of the two species when there was clear dominance in

abundance by nauplii of just one species.

The present study describes the biometry and morphology of the eggs of these three

broadcast-spawning euphausiid species from the Oregon coast. The extensive data set came from

20 oceanographic cruises made between July 1999 and August 2002. Additionally, I show the

geographical distribution during three summer oceanographic cruises (2000 and 2002) of the average

chorion diameter per station where ripe females were incubated under shipboard conditions to

measure their brood size. Finally, using the criteria proposed to separate the eggs of E. paqfica and

T. spin jfera, the inshore-offshore and temporal distributions of the eggs along the Newport

Hydrographic line (NH-line, 44° 40' N) were examined in a biweekly time series collected

between January 1970 and July 1972. The spatio-temporal distributions of eggs were compared to

those of nauplii and females ready to spawn (stage IV) in order to define spawning preferences and

seasonality.

There is no simple rule or dichotomous key for identification of euphausiid eggs. However,

this research provides a comprehensive biometry data set for eggs at each developmental stage

and qualitative characteristics that will help the identification of the two most abundant

euphausiid species from the Northeast Pacific. Previous efforts to understand the scaling
relationships of reproduction investment (brood size and/or fecundity) with female body size have

been biased toward euphausiid species from the North Atlantic (Mauchline, 1988) or species of

commercial value (Ross and Quetin, 2000). To provide a general perspective about the variability

of chorion and embryo diameters and the relationship between female body size and reproductive

investment (expressed as egg size) among the species of the Order Euphausiacea the essay

concludes with a meta-analysis of the chorion and embryo diameters and the adult maximum total

length (MTL) for broadcast and sac-spawning euphausiids around the world (Mauchline, 1988;

Brinton et al., 2000). This meta-analysis highlights the current gaps in knowledge of egg biometry

within the Order Euphausiacea.
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Materials and methods

Field collection

Females ready to spawn (gonad development stage IV) were easily recognized by a purple band

for E. pacfica (Ross et al. 1982) and a blue-green band for T. spinfera (Summers, 1993; Gómez-

Gutidrrez, 2002) just under the pericardial area of the cephalothorax. Females of T. inspinata

with colored ovaries never were observed, even though they spawned in the laboratory.

Therefore, observing the brown spermatophore attached to the thelycum was the main selection

criterion for females of T. inspinata to be included in the egg production experiments (Górnez-

Gutiérrez, 2002). Ripe females of the three species were collected at night using a 1-rn diameter

net with a 333-tim mesh and a sealed cod end. Sampling was approximately every two weeks on

cruises aboard of the RN Elakha between May and October 2001 and 2002 at two stations

(NH2O and NH25) along the Newport hydrographic line (44°40'N). However, here is presented

data only from nine cruises when mature females were collected. Additional brood size

measurements were done during eight oceanographic cruises named L-TOP made usually in

April, May, and September each year and three oceanographic cruises (Mesoscale) aboard of the

RIV Wecoma and RN New Horizon along the Oregon coast in July-August 2000, June and

August 2002. Euphausiid females were collected by lowering the net to 10- to 20-rn depth for

five to ten minutes, sampling horizontally while the ship was drifting. This gentle collection

method minimized damage to the specimens. The geographic location of the live tows during the

mesoscale cruises is shown in the Figure 5.1 A.

The zooplankton catches from the 1-rn net from Elakha were gently diluted and transferred

into 20-L insulated containers filled with in situ surface water and transported to the laboratory at

Hatfield Marine Science Center to measure the brood size and to observe embryo development

within 3 hours after collection. Ripe females collected on the Wecoma and New Horizon were

incubated aboard ship under laboratory conditions to estimate only brood size. Healthy appearing

purple females were sorted out and placed into 1-L bottles pre-filled with sieved (<64 tm)

surface seawater and incubated during approximately 24-48 h at a constant temperature of 10 ±

0.5°C and under continuous darkness.



To show the regional distribution of spawning areas and the regional variability of chorion

diameter during the three mesoscale oceanographic cruises (2000 and 2002), 1 calculated the

average chorion diameter for each species. Sample size ranged from 2-45 females, depending on

female availability from the three mesoscale oceanographic cruises.

Euphausiid abundances (eggs to adults) from zooplankton samples collected approximately

biweekly between 1970 and 1972 along the NH-line, including twelve stations located at 2

(NH1), 6 (NH3), 9 (NH5), 19 (NH1O), 28 (NH15), 37 (NH2O), 56 (NII-130), 65 (NH35), 74

(NH4O), 93 (NH5O) and 111 (NH6O) km from the coast (Fig. 5.1 B), were first counted but not

identified to species level by William T. Peterson (Peterson and Miller, 1976). In the present

study, those samples were re-analyzed (n=244) to identify the euphausiid eggs using the biometry

and external appearance described in this study, guided by the abundance of Nauplius 1, Nauplius

2, and Metanauplius (all the larvae pooled together), as well as the abundance of ripe females

ready to spawn (stage IV) to determine the inshore-offshore and temporal distribution of the eggs

of each species. The nauplius and metanauplius of each species were identified with the

description provided by Suh et al. (1993) and Gómez-Gutiérrez (2003) for E. pacfica, and

Summers (1993) and Gómez-Gutiérrez (2003) for T. spinfera. Additionally, the adult females

from those 1970-1972 samples were staged by the development of the ovary using the

classification proposed by Ross et al. (1982) to determine the abundance of females ready to

spawn along the NH-line.
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Fig. 5.1. Area of study. (A) Location of the nighttime stations where gravid females of Euphausia
pacfica and Thysanoessa spinfera were collected to measure the brood size under shipboard
laboratory conditions. The cruises were made along the Oregon coast during July, 2000, June-
July, and August, 2002. (B) Location of stations along the Newport Hydrographic line, Oregon
collected biweekly between January 1970 and July 1972. The numbers indicate the distance from
the coast in nautical miles.

Egg biometry and morphology

After each female from the Elakha cruises spawned in the laboratory, the live eggs were counted

and measured for chorion and embryo diameters at different developmental stages. Eggs from

incubations carried out on the Wecoma and the New Horizon cruises were preserved with 5 %

borate-buffered formaldehyde and the eggs were measured, usually within two months after the

cruises. The embryo is suspended in fluid within the chorion, moving freely and sinking to the

bottom side of this shell. Therefore, the perivitelline space (PVS) is not always symmetrical. Thus,

the PVS was calculated as [PVS = (chorion diameter embryo diameter)/2]. Pictures of each

embryo developmental stage for each species were obtained using a digital camera Olympus

4030. The eggs are killed if they are exposed to heating for long periods; therefore the light of the

microscope was turned on only briefly to take pictures. The development of the eggs after

spawning was staged following the criteria proposed by Ponomareva (1963), George and

Stromberg (1985), and Quetin and Ross (1984, 1989) (Table 5.1).
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Recently I discovered that embryos of E. pacjfica, T. spin jfera and T. inspinata may hatch as

nauplius 2, metanauplius or calyptopis 1 (Gómez-Gutiérrez, 2002), but embryo stages beyond

nauplius 1 inside the eggs, characteristic of delayed hatching, were not considered in this study.

The average biometry of the eggs of the three species was compared using two-sample t-tests for

selected egg developmental stages.

Table 5.1. Development of the eggs after spawning (Ponomareva, 1963; George and Stromberg,
1985; Quetin and Ross, 1984, 1989).

Egg stage Description

Single cell (SC) recently spawned, perivitelline space minute, and no sign of
cleavage

Multiple cell (MC) initial stage of cleavage to multicellular blastula

Gastrula (G) formation of two layers of cells enclosing a central cavity
(archenteron)

Early limb-bud (eLB) the embryo is transformed into a nauplius, the naupliar appendages
still connected with the body by a membrane and limb primordia
visible in lateral view as ridges

Late limb bud (1LB) the distal ends of the limbs have become free, tube-like structures

Twitch (TW) the nauplius has taken shape, no membrane surrounding it,
appendages freely suspended from the body and, in a live egg, the
nauplius moves the appendages and has a pulsating heart



Meta-analysis of the biometry of the eggs of the family Euphausüdae

I compared the average egg size (chorion, embryo and embryo/chorion ratio), as summarized by

Brinton et al. (2000) and several other studies quoted in Table 5.6, with the adult maximum total

length (MTL) known for each euphausiid species obtained from Baker et al. (1990). The MTL is

an indicator of the upper size limit that each species can attain. Nemoto et al. (1977) reported that

euphausiid females are generally larger than the males, thus the MTL may reflect the maximum

size of females in most of the cases. Brinton et al. (2000) summarized the biometry of the eggs of

16 euphausiid species and in the present study I updated this information to 29 species (Table

5.6). Mauchline (1988) measured the egg volume of 25 epipelagic and bathypelagic euphausiid

species, eight of them not included in the present study, using a Birardi apparatus. Thus, 37

species are included in the present meta-analysis. Apparently Mauchline (1988) reported ripe

oocyte diameter, rather than that of spawned eggs, but these measurements are comparable. The

chorion diameter of these eight species was calculated from the volume, assuming all are

spherical, taking the data from Mauchline's Figure 3. Since the size of the eggs changes during

embryonic development, for comparative purposes, mostly the measurements used for statistical

analyses were of eggs in early stages of embryogeny (SC-MC), as summarized in Table 5.6.

Because relatively few studies have been done incubating females in the laboratory to obtain

eggs, we also included measurements of eggs collected and identified from preserved

zooplankton samples, but using only those studies that clearly had correct species identification.

For example, Williams and Lindley (1982) reported that Thysanoessa longicaudata in their study

area accounted for 99.5% of the total euphausiids at Ocean Weather Station "r' in the North

Eastern Atlantic. Thus, eggs in this region were likely spawned by T. longicaudata. There are

several published measurements of dry and carbon weight of eggs and females for a few

euphausiid species. However, to avoid using erroneous transformations, I compared the data set

directly in millimeters assuming that diameter and MTL are good indicators of egg and female

size, respectively. When a publication reported only the chorion or embryo size range, the

average diameter was approximately calculated by the mean of the minimum and maximum

values. All the euphausiids listed in Table 5.6 are mostly epipelagic, excepting the bathypelagic

Thysanopoda cornuta Illig, Thysanopoda minyops Brinton, and Thysanopoda egregia Hansen.

The egg diameters estimated for these Thysanopoda species, and all of Mauchline's (1988)
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estimates of egg sizes, are for ripe oocytes dissected from the female rather than for spawned

eggs. All the euphausiid species were separated as neritic (N) or oceanic (0) species and by their

reproductive strategy as sac-spawning (S) or as broadcast-spawning (B) species, according to the

information given by Brinton (1962) and Brinton et al. (2000). I calculated the average ratio of

the embryo diameter to chorion diameter to determine inter-species variability in the perivitelline

space and, also, the ratio of chorion diameter to MTL to determine inter-species variation of

reproductive investment in egg production.

Results

General embryology and development

The development of the embryos of the three broadcast-spawning species Euphausia pacfica,

Thysanoessa spinfera, Thysanoessa inspinata was similar to observations of other euphausiid

species (G.O. Sars, 1898; Taube, 1909, 1915; George and Stromberg, 1985); therefore, it is only

summarized here. The chorion and the yolk of the embryo are quite transparent in live eggs, so it is

not necessary to stain the egg to observe the cell division. The euphausiids have relatively small

yolky eggs, with total cleavages producing a hollow blastula. The early divisions are radial and equal

cleavages with uniform distribution of yolk until the 32-cell stage. Polar bodies or other

differentiations cannot be seen easily in live eggs, making it difficult to determine the embryo's

polarity. Thus, the blastomeres of the 2-cell stage cannot be reasonably labeled, because the fate of

the individual cells is unclear. The first cleavage is total and meridional. The second cleavage is

again meridional and the cells divide synchronously in a perpendicular plane. The 4-cell stage has

four almost equal blastomeres. The 8-cell stage is 4 micromeres and 4 macromeres each dividing

again medially to form the 16- cell embryo. Apparently, the 32-cell stage is the last stage radially

arranged, after which the blastomeres divide asynchronously. Gastrulation sensu stricto is initiated

by the micromere derivatives of the largest quadrant in the posterior part of the embryo. The

blastopore or gastrulation centre is in the posterior region of the forming germ disc with a close

spatial relationship between the gastrulation area and the proctodaeum. Development after

gastrulation was not followed due to its complexity. Embryos of all three species in ILB and TW

stages have a red coloration at the posterior end of the unhatched nauplius.



Morphology and biometry of euphausiid eggs

A total of 610 females of E. pacfica, 498 of T. spinifera and eight of T inspinata were incubated

under laboratory conditions to measure the brood size and egg biometry (1999-2002). The

average and the 95% confidence interval of the chorion and embryo diameters, and the calculated

perivitelline space (PVS) of these three species are shown in the Tables 5.2 to 5.4 respectively.

Euphausia pac(fica: Unfertilized eggs (eggs without cleavage) had larger PVS (0.028 mm)

than healthy single cell (SC) stage, with an average 0.016 mm PVS (p<O.000l). It is difficult to

know from preserved samples if an egg was fertilized or not; however, if a live egg does not

divide within the first two hours (10°C) almost certainly it is unfertilized. Selected

developmental stages are shown in Figure 5.2 A-F. The SC stage had an average chorion

diameter of 0.390 mm and average embryo diameter of 0.359 mm (Fig. 5.2 A, Table 5.2). The

chorion is rigid, thick, transparent, smooth, and spherical. The diameter of the eggs varied greatly

in later developmental stages, but in general, the embryo and chorion diameter increased slightly

with age (Table 5.2). In general, most of the developmental stages had a large perivitelline space

(0.10- 0.35 mm), although some eggs with small perivitelline spaces were observed (0.01-0.09

mm). The embryos normally had a near-spherical shape, even in the twitching stage (TW) when

completely developed to nauplius 1 (Ni) and ready to hatch, having an embryo widtMength ratio

of 0.94 (n=72) (Fig. 5.2 F). In fact, just spawned Ni also have a similar width/length ratio.

Broods with high hatching success have been successfully reared under laboratory conditions

from eggs to adulthood, though females from these cohorts produced only unfertilized eggs

(Feinberg, L.R and Shaw, T., HMSC, Newport, unpublished data). The mortality of eggs under

laboratory conditions was moderate. The most important causes of E. pacfica egg mortality were

deformation of the embryo at the gastrula stage when the development halted, parasitism by an

unidentified dinoflagellate species, and swollen eggs, perhaps unfertilized, that had a significant

intake of water, presumably by an osmotic process, and failed to hatch (Table 5.2). All those

unviable eggs had, in general, similar diameters to those with healthy embryos.
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Fig. 5.2. Euphausia pacifica egg development stages. (A) Single cell, (B) Multiple cells (two-
cells), (C) Gastrula, (D) Early limb-bud, (E) Late limb-bud, and (F) Twitching stage. Scale bar =
100 urn.



Table 5.2. Biometry of the embryo, chorion, and perivitdlline space of the eggs ofEuphausiapacifica spawned under laboratory conditions (10.5°C).

Egg stage No. eggs Embryo diameter (mm) Chorion diameter (mm) Perivitelline space (mm)
n Average 95% CI Average 95% CI Average 95% CI

Unfertilized 78 0.307 0.299 - 0.315 0.364 0.356 - 0.371 0.028 0.025 - 0.031
SC 1874 0.359 0.357 - 0.361 0.390 0.388 0.392 0.016 0.015 - 0.016
MC 531 0.399 0.395 - 0.403 0.410 0.407 - 0.413 0.006 0.005 - 0.006
MC-2 cells 18 0.412 0.406 - 0.418 0.413 0.407 - 0.419 0.001 -0.001 - 0.002
MC-2-4 cells 10 0.420 0.411 - 0.429 0.420 0.411 - 0.429 0.000 0.000 - 0.000
MC-4 cells 46 0.375 0.361 - 0.389 0.415 0.409 - 0.422 0.020 0.016 - 0.025
MC-8 cells 19 0.387 0.372 - 0.403 0.407 0.401 - 0.413 0.010 0.004 - 0.016
MC-16 cells 20 0.342 0.326 - 0.358 0.399 0.388 - 0.410 0.029 0.019 - 0.038
MC-32 cells 59 0.375 0.367 - 0.383 0.398 0.394 - 0.402 0.011 0.008 - 0.014
MC-64 cells 12 0.418 0.399 - 0.436 0.429 0.412 - 0.446 0.006 -0.001 - 0.013
Morula 19 0.413 0.396 - 0.429 0.435 0.412 - 0.459 0.011 0.002 - 0.021
Blastula 8 0.375 0.363 - 0.387 0.408 0.388 - 0.427 0.016 0.009 - 0.023
Gastrula 309 0.388 0.383 - 0.393 0.404 0.400 - 0.408 0.008 0.007 - 0.010
eLB 57 0.355 0.352 - 0.358 0.425 0.420 - 0.430 0.035 0.033 - 0.037
eLB4LB 38 0.268 0.256 - 0.279 0.299 0.289 - 0.309 0.016 0.013 - 0.020
ILB 32 0.385 0.377 - 0.393 0.433 0.426 - 0.441 0.024 0.019 - 0.029
TW 72 0.319 0.313 - 0.325 0.332 0.328 - 0.336 0.007 0.004 - 0.010
Hatching 2 0.320 0.148 - 0.492 0.360 0.360 - 0.360 0.010 -0.033 - 0.053

Dead while hatching 4 0.323 0.298 - 0.348 0.356 0.353 - 0.359 0.000 0.000 - 0.000
Deformed 122 0.395 0.387 - 0.404 0.405 0.398 - 0.411 0.005 0.002 - 0.007
Parasites (flagellate) 20 0.394 0.387 - 0.401 0.398 0.392 - 0.404 0.002 0.000 - 0.004
Dead swollen eggs 43 0.354 0.342 - 0.366 0.373 0.365 - 0.38 1 0.009 0.005 - 0.014
Unidentifiedeggstages 498 0.310 0.304 - 0.315 0.337 0.332 - 0.342 0.014 0.013 - 0.015

All stages pooled 3891 0.378 0.377 0.379 0.407 0.406 - 0.408 0.014 0.013 - 0.015
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Thysanoessa spinfera: Unfertilized eggs have small chorion and embryo diameters (0.290

and 0.2 10 mm) and a large perivitelline space (0.040 mm) that make them relatively easy to

distinguish from healthy, single-cell eggs. Selected developmental stages are shown in Figure 5.3

A-F. The SC stage had an average chorion diameter of 0.352 mm, embryo diameter of 0.342 mm,

and a PVS of 0.005 mm. The chorion is sticky (usually with particles and debris from the

environment attached), soft, thin, quite flexible and semitransparent. The uncleaved embryo is

not completely spherical (Fig. 5.3 A). Observations of females that spawned twice under

laboratory conditions in less than 48 h after first spawning showed that average embryo and

chorion diameters of eggs from the second spawning were significantly smaller than the eggs

from the first spawning (p<O.001) (Table 5.3). The diameter of the eggs of T. spinifera also

showed high variability between different developmental stages, but with small progressive

increases in chorion and embryo diameters (Figs. 5.3 A-F, Table 5.4). All the egg stages had a

small perivitelline space (0.002-0.005 mm). The embryo usually has a semi-spherical shape until

the late limb-bud stage; however, when the embryo develops to the TW stage, the nauplius 1 has

a characteristic elliptical shape with a width/length ratio of 0.84 (n=27) (Fig. 5.3 F). Eggs of T.

spinfera commonly swell after death by osmotic intake of water and are distinctively opaque,

with large PVS and an undeveloped embryo (Table 5.3). Dead, deformed and swollen T. spinfera

eggs were approximately the same size as healthy E. pacfica egg chorion and embryo diameters.

For T. spinifera eggs rinsed from incubation bottles into plastic petri dishes for counting,

mortality was higher (average hatching success only 7.8 %, n=17 broods) than that observed for

E. pacfica eggs (20.4, n44 broods), possibly because the T. spinifera eggs were sticky and

adhered to the bottoms of the incubation bottles. We incubated females of T. spinfera using

teflon bottles, but the increase of the survival rates was relatively small (average hatching success

5.1%, n=9 broods). Additional experiments were done incubating the females in teflon 'bottles

with diatomaceous earth in the bottom to avoid the eggs attaching to the bottom of the bottle, but

again the survival rate was no larger than 5% (n=1 1). The best results were obtained when the

female was removed from the bottle after spawning without touching the eggs. Those eggs were

incubated and >60% hatched successfully on several experiment dates. In one of those dates (July

31, 2001), all the females within a swarm were green-blue, but the larvae developed only until

juvenile stage (Feinberg, L.R and Shaw, T., HMSC, Newport, unpublished data). This suggests

that conditions affecting the larval survival in the laboratory were substantially different from

conditions in the field.
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Fig. 5.3. Thysanoessa spinfera egg development stages. (A) Single cell, (B) Multiple cells (eight-
cells), (C) Gastrula, (D) Early limb-bud, (B) Late limb-bud, and (F) Twitching stage. Scale bar =
100gm.



Table 5.3. Biometiy of the embryo, chorion and perivitelline space of the eggs of Thysanoessa spinifera spawned under laboiatoiy conditions (10.5°C).

Stage No. eggs Embryo diametei (mm) Chorion diameter (nun) Perivitelline space (mm)
n Average 95% Cl Averagç 95% CI Average 95% CI

Unfertilized 2 0.210 -0.005 - 0.425 0.290 0.247 - 0.333 0.040 -0.089 - 0.169
SC first spawn 10 0.370 0.356 - 0.384 0.370 0.356 - 0.384 0.000 0.000 - 0.000
SC second spawn 9 0.362 0.338 - 0.387 0.367 0.345 - 0.388 0.002 -0.003 - 0.007
sc 2228 0.342 0.187 - 0.496 0.352 0.190 - 0.513 0.005 -0.047 - 0.057
MC 2 to 8 cells 230 0.353 0.348 - 0.358 0.360 0.355 - 0.365 0.004 0.003 - 0.005
MC-16 cells 18 0.336 0.323 - 0.348 0.339 0.325 - 0.353 0.002 0.000 - 0.004Blastula 43 0.351 0.344 - 0.359 0.352 0.344 - 0.359 0.000 0.000 - 0.001
Gastrula 33 0.346 0.340 - 0.352 0.354 0.346 - 0.362 0.004 0.001 - 0.007
eLB 13 0.338 0.329 - 0.348 0.342 0.330 - 0.353 0.002 -0.002 - 0.005
eLB-ILB 2 0.300 0.300 - 0.300 0.300 0.300 - 0.300 0.000 0.000 - 0.000
ILB 54 0.368 0.359 - 0.376 0.371 0.363 - 0.380 0.002 0.000 - 0.003
TW 27 0.346 0.325 - 0.366 0.350 0.329 - 0.370 0.002 -0.001 - 0.005

Dead 4 0.385 0.332 .. 0.438 0.385 0.332 - 0.438 0.000 0.000 - 0.000
Deformed 14 0.341 0.315 - 0.368 0.369 0.345 - 0.392 0.014 0.003 - 0.024
Parasites (flagellate) 2 0.330 0.287 - 0.373 0.330 0.287 - 0.373 0.000 0.000 - 0.000
Deadswolleneggs 317 0.379 0.373 - 0.385 0.393 0.388 - 0.398 0.006 0.003 - 0.009
Unidentified egg stages 847 0.291 0.288 - 0.293 0.299 0.294 - 0.304 0.004 0.002 - 0.006

All stages pooled 3853 0.353 0.352 - 0.354 0.363 0.362 - 0.364 0.005 0.004 - 0.005

C
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Thysanoessa inspinara: The chorion of this species is spherical, smooth, rigid, and transparent,

but not sticky like that of T. spinfera. Selected egg developmental stages are shown in Figure 5.4

A-F. The SC stage has an average chorion diameter of 0.312 mm, an average embryo diameter of

0.333 mm, and an average PVS of 0.005 mm. The diameters of the chorion and embryo are

greater in older developmental stages (Table 5.4). All the egg stages had a small perivitelline

space (0.003-0.012 mm). The embryo usually has a nearly spherical shape, even in the TW stage

with mean width/length ratio of 0.91 (n=9) for unhatched nauplius 1. The early limb-bud, late

limb-bud and TW stages characteristically have thicker first and second antennae compared to

those of the other two euphausiid species. The mortality of eggs under laboratory conditions was

high (average hatching success 4.4%, n=3 broods), and the average chorion diameter of the

swollen dead eggs was 0.344 mm.

__ A B

Fig. 5.4. Thysanoessa inspinata egg development stages. (A) Single cell, (B) Multiple cells
(eight-cells), (C) Gastrula, (D) Early limb-bud, (E) Late limb-bud, and (F) Twitching stage. Scale
bar= 100gm.



Table 5.4. Biometry of the embryo, chorion and pcñvitelline space of the eggs of Thysanoessa inspinata spawned under laboratory conditions (10.5°C).

Stage No. eggs
a

Embryo
Average

diameter (mm)
95% CL

Chorion diameter (mm)
Average 95% Cl

Perivitelline space (mm)
Average 95% Cl

SC 49 0.300 0.288 - 0.312 0.309 0.296 - 0.322 0.004 0.002 - 0.007
MC 4 0.278 0.219 - 0.336 0.290 0.243 - 0.337 0.006 -0.005 - 0.017
Blastula 5 0.322 0.317 - 0.327 0.340 0.340 - 0.340 0.009 0.006 - 0.012
Gastrula 1 0.270 0.279 0.004
eLS 11 0.313 0.289 - 0.336 0.313 0.289 - 0.337 0.000 0.000 - 0.001
ILB 6 0.304 0.258 - 0.351 0.312 0.262 - 0.362 0.004 -0.004 - 0.012
TW 9 0.306 0.275 0.336 0.311 0.284 - 0.338 0.003 -0.001 - 0.007
Dead during hatching 3 0.307 0.233 - 0.382 0.332 0.271 - 0.393 0.012 -0.007 - 0.032
Deformed 3 0.327 0.305 - 0.348 0.327 0.305 - 0.348 0.000 0.000 - 0.000
Dead swollen eggs 2 0.344 0.344 - 0.344 0.344 0.344 - 0.344 0.000 0.000 - 0.000

All stages pooled 93 0.312 0.281 - 0.341 0.333 0.293 - 0.347 0.005 0.001 - 0.008
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Statistical comparison of the biometry of eggs of E. pacijka, T. spinifera and T. inspinata

Comparison of chorion (CD) and embryo diameters (ED) between E. pacfica and T. spinfera, both

pooling together all the egg developmental stages and separately for selected egg stages, indicated

that the eggs of T. spinfera were significantly smaller (n=3023) than the eggs of E. pacfica
(n=3 157, p<O.0001) (Table 5.5). The CD and ED of the species overlaps; thus, eggs of E. pacfica
may have any size within T spinfera range, but healthy CD of T spinfera eggs were no larger than

approximately 0.400 mm (Fig. 5.5 A-D). Only dead swollen T. spinfera eggs were larger than 0.400

mm (Fig. 5.5 C, D). The chorion diameter of E. pacfica eggs were always larger than 320 zm.

Average PVS of E. pacfica eggs was significantly larger than in T. spinfera for most embryo stages

(p<O.000l), excepting the marginally significant difference for the Gastrula and the Twitching stages

(p< 0.059) and the non-significant different for the dead swollen eggs (p<O.474). The figures 5.5 A-

D show that there is not association between the ED and CD and female total length for E. pacfica
and T. spinfera.

The CD and ED of T. inspinata for all the developmental stages pooled together and for selected

stages were significantly smaller than the eggs of T. spinfera (n=87, p<O.044) (Fig. 5.5 C, D). The

average CD and ED of healthy embryos of both species do not overlap; however the PVSs were not

significantly different (p0.360) for any development stage, excepting the Blastula, where it was

significantly larger for T. spin fera than for T. inspinata (p<O.000l) (Tables 5.4 and 5.5).
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Fig. 5.5. Average embryo and chorion diameters per female versus female total length for (A, B)
Euphausia pacfica and (C, D) Thysanoessa inspinata (filled circles) and Thysanoessa spinfera
(empty circles). The percentages are the proportion of eggs from the total measured below and
above 0.400 mm or CD diameter for each species.



Table 5.5. T-test comparison (two-sidep -values) of the biometry of selected egg stages of Euphausia pafica
and Thysanoessa spin4fera and T. spinfera compared with Thysanoessa inspinata spawned under laboratory
conditions. All the t-test comparisons were significant different excepting for perivitelline space of the gastrula,
twitching stages and dead swollen eggs.

Stage Chorion Embryo Perivitelline space Number of eggs measured
p-value p-value p-value n n

E. pacfica T. spinifera
SC 0.000 0.000 0.000 1871 2288
MC 0.000 0.000 0.000 765 248
Blastula 0.000 0.009 0.000 8 43
Gastrula 0.000 0.000 0.059 309 33
eLB 0.000 0.000 0.000 57 13
LB 0.000 0.008 0.000 32 54
TW 0.012 0.001 0.053 72 27
Dead swollen eggs 0.002 0.004 0.474 43 317
All stages pooled 0.000 0.000 0.000 3157 3023

T. inspinata T. spinifera
SC 0.000 0.000 0.648 49 2288
MC 0.001 0.002 0.473 4 248
Blastula 0.000 0.0 10 0.000 5 43
Gastrula 1 33
eLB 0.021 0.026 0.430 11 13
ILB 0.000 0.000 0.360 6 54
TW 0.044 0.040 0.775 9 27
Deadswolleneggs 2 317
All stages pooled 0.000 0.000 0.409 87 3023
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Spawning areas and average chorion diameter along the Oregon coast

The spawning areas of E. pacfica and T. spinfera along the Oregon coast overlapped considerably,

both spawning frequently close to the shelf-break during late-spring and summer (Figs. 5.6 A-F).

Large CD of both species were commonly measured from females collected over Heceta banks (44°

50' N) and in Cape Blanco (43°N), particularly during May-June 2002 (Figs. 5.6 B and E),

decreasing the average CD in August 2000 and 2002 years, in comparison with May-June 2002.

However, these maps do not accurately represent the spawning areas, because they include only

night stations (black dots) at which ripe females were collected and incubated to estimate brood size.

In other words, other areas with spawning activity were not sampled. For this reason, I re-analyzed

zooplankton samples collected systematically along the NH-line between January 1970 and July

1972 to detect cross-shelf and temporal spawning patterns.

Euphausia pacfica spawned almost all along the NH-line throughout the year, but high intensity

of reproduction, indicated by high abundance of eggs, was nearshore between early June and

November in 1970 and short spawning events in 1971 and 1972 (Fig. 5.7 A). The naupliar (<3 days

old 10°C) and metanaupliar (2 to 5 days old, 10°C) abundances matched relatively well with egg

abundance, although having relatively broader distribution along the NH-line; but the largest naupliar

abundances were recorded between the stations NH1 and NH15 (Fig. 5.7 B). A small spawning in

the beginning of 1972 had very low naupliar abundance, suggesting high egg mortality rates (Fig. 5.7

A, B). Ripe females ready to spawn (gonad stage P1) were abundant between May and August,

1971-72, at NH2O and NH25, but they were virtually absent in nearshore stations (NH1 -NH 10) (Fig.

5.7 C). There are two possible explanations of the high egg abundance and absence of purple females

nearshore: a) The eggs may be produced near the shelf-break and they are transported inshore by

brief upwelling relaxation events, and/or the females may be transported inshore at night.

Zooplankton collections were mostly carried out during daytime, thus the abundance of eggs and

females matched only briefly.
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Thysanoessa spinfera spawned primarily close to the coast (<25 nm), excepting an apparently

offshore spawning event in March 1971 (Fig. 5.8 A). Nauplii and metanauplii of this species were

not collected, suggesting also high larval mortality in offshore waters (Fig. 5.8 A). The nauplii and

metanauplii were mostly distributed at <45 km, indicating better survival rates in neritic conditions

(Fig. 5.8 B). The spawning season was typically between April and September (Fig. 5.8 A, B). Ripe

females ofT spin jfera were typically recorded at stations nearshore (NH1-NH3O) with sporadic

offshore distribution between March and November 1970 (Fig. 5.8 C). Adults of 1'. spin jfera were

commonly observed to be swollen, with a yellow material completely filling the haemocoel of the

cephalothorax. This frequently made it impossible to determine their oocyte development stage.

Thus, it was at the few stations where the females did not have this odd condition that I was able to

stage the ovarian development. Therefore, the Figure 5.7 C likely underestimates the abundance of

green-blue females in the field.

Thysanoessa inspinata was distributed and spawned along the Oregon coast in oceanic waters (>

70 km offshore, data are not shown) during summer 1971, 1972 and 2002, but the species was

relatively rarely collected to define the spawning duration.

Meta-analysis of the biometry of the eggs of the family Euphausiidae

The maximum total length (MTL) frequency distribution for 84 broadcast and sac-spawning

euphausiid species (Baker et al. 1990) is shown in Figures 5.9 A-B. The Order Euphausiacea

includes 59 confirmed broadcast-spawning species with MTL ranging between 9 mm Euphausia

tenera Hansen and 150 mm Thysanopoda spinicauda Brinton and a mode with 24 species

between 10-19 mm. Most of the broadcast-spawning species (46) reach an MTL between 10 and

40 mm. Five species range between 41 and 65 mm and three bathypelagic species of the genus

Thysanopoda are relative giants with MTL between 120 and 150 mm (Fig. 5.9 A).

All the 25 sac-spawning species are epipelagic and they are, in average, smaller than

broadcast-spawning species with a mode for 11 species at 15-19 mm and eight species smaller

than 15 mm. Only six sac-spawning species reach an MTL between 20 and 30 mm (Fig. 5.9 B).
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The smallest sac-spawning species are Stylocheiron microphthalma Hansen and Slylocheiron

suhmi G.O. Sars (both with 7 mm), and the largest one is Stylocheiron maximum Hansen (30

mm). In two species it is dubious whether they are broadcast spawning species, Bentheuphausia

amblyops (50 mm) and Tessarabrachion oculatum (26 mm). Therefore they were not included in

the Figure 5.9.

The meta-analysis of the CD and ED of eggs (mostly SC stage) of 37 euphausiid species (23

broadcast and 14 sac-spawning) are shown in Figures 5.9 C-H and Table 5.6. Some few euphausiid

species have several CD and ED average measurements plotted in the graph from different studies

reflecting geographical variability. The eggs of different euphausiid species vary greatly in size from

less than 0.232 mm to more than 2.5 mm. Egg size within a species varies also considerably. The

differences are largely due to the degree of embryonic development, variations in egg size from

location to location and from female-to-female. The average CD of the broadcast-spawning species

increases with the MTL. The neritic epipelagic and bathypelagic species have a significant linear

association between CD and MTL(r2=0.41, p=O.Ol, n=11 and r2=0.99, p=0.00l, n=3 respectively),

but there is no significant relationship for the oceanic, epipelagic species (r2=0.001, p=O.06, n=21)

(Fig. 5.9 C). The CD of epipelagic, neritic, sac-spawning and broadcast spawning species have a

positive association with MTL, but the slopes in both reproductive strategies were marginally

significant (r2=0. 28, p=O.OS, n=7 and r2=0.0027, p=0.O5, n=1 1) (Fig. 5.9 D).

The ratio chorion diameter/euphausiid MTL is a scaled indicator for the amount of biomass each

species invests to produce one egg. This ratio decreased significantly with MTL for both epipelagic-

broadcast and sac-spawning species. For example, for neritic, broadcast-spawning species, this value

is minimum for Thysanoessa spinfera (1.1) and maximum for Euphausia nana Brinton (3.9). This

means that smaller species produce proportionally larger eggs than larger species. The same is true

for epipelagic, oceanic species, but with large variability between 20-30 mm MTL (Fig. 5.9 E, F).

The chorion/MTL ratio was remarkably constant for the three bathypelagic, broadcast-spawning

species at nearly 1.5% (Fig. 5.9 E). The embryo/chorion ratio inversely indicates the width of the

perivitelline space in SC eggs. There were no significant differences between neritic and oceanic,

epipelagic broadcast species, although with very large variability, ranging from 0.40 to 0.97 (Figs.

5.8 G). Both neritic and oceanic, epipelagic, sac-spawning euphausiids have relatively high

embryo/chorion ratios (above 0.7 indicating small PVS) compared with broadcast-spawning species

(Figs. 5.8 H).
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Fig. 5.9. Meta-analysis of maximum total length (MTL, mm) frequency distribution for all the
(A) broadcast-spawning and (B) sac-spawning euphausiid species reported by Baker et al. (1990).
Relationship between MTL and average chorion size of (C) broadcast epipelagic and
bathypelagic species and (D) sac-spawning epipelagic species. Relationship between MTL and
percentage of the embryo diameter of the MTL of (E) broadcast epipelagic and bathypelagic
species and (F) sac-spawning epipelagic species. Relationship between MTL and embryo/chorion
ratio of (G) broadcast and (H) sac-spawning epipelagic species.
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Discussion

Morphology and biometry of euphausiid eggs

There will be practical benefits from the capability to identify euphausiid eggs to species from

preserved samples, because it will allow us to determine the spawning areas, duration of the

spawning season, favorable environmental conditions for spawning and recruitment and the mortality

from spawning to early naupliar stages. In the Oregon-Washington region about 20 euphausiid

species have been recorded (Brinton, 1962; Bnnton et al., 2000; Chapter 2); thirteen of them are

broadcast-spawners. Thysanoessa is the most diverse genus (six species) in the North Pacific.

Although the genus Euphausia includes the most species (31) world-wide within the Order

Euphausiacea, only E. pacifica is distributed in the northern North Pacific (Brinton, 1962).

Because T. spinfera and E. pacfica account for more than 90% of euphausiid biomass and

abundance in this region (Summers, 1993; Tanasichuk, 1998a, b; Chapter 2), it is likely that most

of the euphausiid eggs spawned along the Oregon coast belong to these two dominant species.

Thus, the major problem is to distinguish the eggs of these two species. On average, the ED, CD

and PVS of T. spinfera were significantly smaller than those of E. pacjfica, even though the adults

of the former species are larger and more robust. In fact, T. spinfera was the species with the

smallest chorionlMTL ratio among six epipelagic, neritic broadcast-spawning species (Fig. 5.9 E).

The chorion diameters of the two species overlap, however; about 94% of the T spin?fera chorion

diameters of healthy eggs were smaller than 0.400 mm, while only 37% of the eggs of E. paqfica

have chorion diameters smaller than 0.400 mm. This means that, along the Oregon coast, virtually all

of the healthy eggs with chorion larger than 0.400 mm are E. pacWca. Eggs with chorion diameters

smaller than 0.300 im are always T. spin jfera eggs (Fig. 5.6 B, D). The embryo diameters of both

species have a larger overlap in sizes, making it difficult to separate them. No individual clutch of

eggs from T. inspinata had an average chorion diameter larger than 0.360 mm, but two out the total

of 93 eggs measured were 0.400 mm. It is well established that T spin jfera larvae (nauplius,

metanauplius and calyptopis) are long and slender, while E. pacca larvae are more robust (Suh et

al., 1993; Summers, 1993; Gómez-Gutiérrez, 2003), and these shapes are noted already in late limb-

bud (ILB) and twitching (TW) stages, making them relatively easy to identify.
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Thysanoessa spin jfera has a smaller (0.84) width/length embryo ratio in comparison to E.

pacfica (0.94). The TW embryos of T. inspinata and the sacspawning euphausiid N. dffici1is also

have a near-spherical shape (>0.90).

The eggs of T. spinfera are distinctively sticky when they are alive (Summers, 1993; this study),

remaining in this condition for several weeks after preservation with 5 % borate-buffered

formaldehyde. Thus, it is recommended to analyze the zooplankton samples as soon as possible after

collection to recognize their eggs more easily when the eggs still sticky. Some eggs of the copepod

Acartia spp. laid in the laboratory tend to adhere to each other and to the surface of the vessels, more

firmly in the case of plastic than glass (Lindley, 1997). Thus the egg chorion adhesion may occur

also in other planktonic crustaceans. However, other species of the genus Thysanoessa distributed in

the North Pacific like T. inspinata (this study), T. longipes (Naoki Iguchi, pers. comm.), T. inernis,

T longicaudata, and T. raschi (Sergey Timofeev, pers. comm.) do not produce sticky eggs,

suggesting it is a unique characteristic for T. spinfera. However, T. gregaria eggs have not been

observed yet, so it is unknown whether this species produces sticky eggs.

All the Thysanoessa species, excepting T. longicaudata, have been recorded during cold years

along the Oregon coast (Brinton, 1962; Hebard, 1966, Chapter 2). The eggs of T. longipes are

distinctively large, 0.900-1.050 mm (Ponomareva, 1963; Brinton et al., 2000) with a rigid and

smooth chorion. This species was the third most abundant euphausiid off the Oregon coast in

1970-1972, and their eggs were recorded offshore (92 to 111 km from the coast) along the NH-

line (Chapter 2). However, during 1999-2002 neither ripe females nor eggs of this species were

caught. Ponomareva (1963) suggested that there are differences in morphology between T.

inermis and T. raschi; the PVS is narrow in T. raschi eggs and wide in T. inermis eggs. However,

this possibly is true only for just-spawned eggs (SC stage), because the PVS of these species

varies considerably both geographically and during embryonic development in the Barents Sea

(Timofeev, 1990, 2000; Timofeev and Sklyar, 2002).

The PVS of T. spinfera, when present, was narrow compared to that of E. pacfica. The

correlation between the CD and ED for T. spinfera is larger (r2=0.77) than for E. pacfica (?=0.40)

because the latter has a larger variability in the PVS. Euphausia pacca also has a large PVS

variability between West and East North Pacific populations (Brinton et al., 2000). Suh et al. (1993)

reported that eggs of E. paafica with undeveloped embryos collected near Japan have a very large

PVS (0.100 to 0.150mm averaging 0.120mm, n=326). In the Oregon coast only 2.3% (n=3891
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eggs) of the eggs had PVS between 0.100 and 0.200 mm (mostly swollen and SC stage).

Measurements of just-spawned eggs of E. pacjfica from Toyama Bay, Japan (Iguchi and Ikeda,

1994, Naoki Iguchi pers. comm.), had an average ED of 0.361 mm, CD of 0.460mm and PVS of

0.049 mm (N=24), values more similar to measurements of the SC eggs of females from the Oregon

coast. Unfertilized eggs are commonly collected in the field, and field-collected females often spawn

them in the laboratory. Possibly the main cause is failure to mate. Observations (Sergey Timofeev,

pers. comm.) of euphausiid eggs from preserved zooplankton samples taken in the North Pacific

indicate that about 50% of the eggs were unfertilized, recognized as eggs without cleavage or with a

formless embryo. However, it is possible in crustaceans for early cleavages to occur without

fertilization (Ivanova-Kazas, 1979). Therefore, identification of eggs in MC stage in the field does

not necessarily mean that they were fertile. Eggs spawned under laboratory conditions have the first

cleavage within the first 2 hours at 10°C, accounting for about -6% of total post-spawning

embryonic development time (Gómez-Gutidrrez, unpubl. data). However, a high proportion of SC

eggs are recorded in the sea. During 1970 (NIH1-NHIO) about 57.3% of the E. pacfica eggs (n=997)

and 43.5% of T. spin y"era eggs (n=820) were staged as SC egg stage from a total of 97 stations

sampled (Gómez-Gutidrrez, unpubi. data). There are three possible explanations for this observation:

1) preservation makes the embryo darker, making it more difficult to identify development stages

and 2) a large proportion of the eggs spawned in nature are in fact unfertilized.

Living eggs of E. pacfica, T. spinifera, T inspinata and N. dfJIcilis are colorless, except in the

TW stage when the embryos have a posterior red spot before hatching. I have suggested that this

region may secrete an enzyme to dissolve the chorion during hatching (Gómez-Gutiérrez, 2002).

This red coloration was also observed in Thysanoessa raschi (MacDonald, 1928), and is perhaps a

general characteristic in euphausiids. Coloration of live eggs has been observed in other euphausiid

species. For example, eggs of Euphausia eximia are pale blue when they are alive but fade before

hatching (Knight, 1980). Bathypelagic Thysanopoda species have orange-red coloration even after

preservation (Nemoto et al., 1977). However, color is unlikely to be a practical characteristic with

taxonomic value, given the difficulty in observing planktonic eggs alive.
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Biometry and morphology of deformed euphausiid eggs

Hatching success is generally high for E. pacfica and relatively low for T. spinfera and T. inspinata

under laboratory conditions (Gómez-Gutidrrez, 2002). The largest eggs of E. pac?fica and T.

spinfera, here named swollen eggs (usually > 0.390 mm), increased in size after death or when

development halted, perhaps caused by an osmotic process once the chonon loses its ability to

control permeability. Lebour (1924) and MacDonald (1928) reported that the larger eggs observed

for T. inermis and T. raschi in the field were probably abnormal. Although Lebour (1924) thought

that the large eggs of T inermis were eggs of T neglecta, this name is currently considered

synonymous to T. inermis (Brinton et al., 2000). Thus, perhaps those eggs were dead and swollen. In

T. longicaudata the perivitelline space usually is very small, however, Williams and Lindley (1982)

concluded that eggs of this species with large perivitelline spaces were probably recently released

from the female. It is required to learn about the biometry of eggs with live embryos, because it is

easy to overlook the inherent variability for each species. For example, swollen eggs (dead and

unfertilized) of T spinfera were larger than healthy eggs of this species and they overlap with the

size range of healthy eggs of E. pacfica above 0.400 mm (Fig. 5.6 A-D). Fortunately, it is relatively

easy to distinguish if the eggs were dead (swollen) from field collection or from spawning

experiments, because they have a very large and opaque PVS, asymmetrical cleavage in early stages

or deformed embryo morphology in late stages, and usually a very soft chorion, and have yellowish

color.

Euphausiid spawning areas along the Oregon coast

Most previous studies that reported timing of the spawning season of E. pacfica in the North

Pacific inferred it from ovary maturation, abundance of eggs not identified to species level or

from back calculation using abundance of identifiable larvae (Nemoto, 1957; Ponomareva, 1963;

Smiles and Pearcy, 1971; Cooney, 1971; Brinton, 1976; Heath, 1977; Ross et al., 1982; Bollens et

al., 1992; Iguchi, et al., 1993; Summers, 1993; Tanasichuk, 1998 a, b). However, there are

disadvantages to inferring egg abundance from oocyte counts, because females spawn repeatedly

and grow new oocytes throughout the reproductive season.
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The back calculation from larval abundance only helps to infer when spawning most likely

happens, but is imprecise because advection spawning location cannot be identified due to

mortality magnitude and high variability in developmental rates (Feinberg and Peterson, 2003).

In this study it was evident that both dominant euphausiids spawn mainly close to the coast in

water deeper than 50 m. Euphausia pacfica has a wider spawning area farther offshore than T.

spinfera, coinciding with the inshore-offshore distributional patterns known for the populations of

these species (Tanasichuk, 1998a,b; Chapter 2). Feinberg and Peterson (2003) proposed that

presence of eggs on any given day at inner shelf locations is controlled by shoreward transport of

adult euphausiids from deep shelf-break waters moving shoreward that eventually upwells over

the inner shelf. In the present study it is confirmed that ripe females of T. spinfera were recorded

nearshore (< 30 nm) and E. pacifica prefer to distribute in stations offshore beyond NH 15, while

the eggs are usually more abundant at nearshore stations (NH1-NH1O).

The eggs of both species have an average sinking rate, measured under similar temperature and

density conditions, of about 120 m d'. Since the embryo hatching time is about 35 h at 10°C

(Gómez-Gutiérrez, unpubl. data), they have a high probability of reaching the seafloor. Thus, the

production of sticky eggs of T. spinfera may be an adaptation to attach to surfaces once they reach

the seafloor to avoid transport to more unfavorable offshore conditions. However, this should be

corroborated with appropriate sampling near the seafloor. Egg sinking rates were significantly

higher (-190 m d') when groups of two to four eggs of 7". spinfera were stuck together,

increasing the odds of reaching the continental shelf floor (Gómez-Gutiérrez, unpubl. data).

Lindley (1997) proposed the opposite hypothesis, that neritic species should have larger PVS than

oceanic species to increase egg buoyancy, keeping species from settling to the sea floor. Apparently

that is not consistently the case. The PVS of all the developmental stages of E. pacfica, and species

that commonly spawn both onshore and offshore was significantly larger than that of the more

strictly neritic T. spinifera. The average PVS of E. pacfica also was significantly larger than that of

T. inspinata, a completely oceanic euphausiid, and the PVS sizes of T. spinfera and T. inspinata

were not significantly different, both 0.005 mm. Lindley' s hypothesis is not supported by my data.

The meta-analysis for all the broadcast-spawning, epipelagic species with known egg biometry also

did not show convincing evidence that neritic species had larger PVS than oceanic species (Fig. 5.9

G).
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Feinberg and Peterson (2003) tracked the duration and intensity of the spawning season of

both species through biweekly sampling along the NH-line (44.6°N) during 1996-200 1, by egg

abundance (not identified to species) but conoborated by the abundance of Ni when only one

species accounted for most of the larvae in the station. They observed that 1996 and 1997 were

characterized by one large, late summer peak in egg density at their inshore station (NH5),

similarly to 197 1-1972 evaluated in the present study along the NH-line. The El Niño year 1998

followed this pattern for NH15, but eggs were nearly absent at NH5. Starting in 1999, they

observed multiple peaks in egg density and found that the spawning season extended from spring

through early fall. This spawning pattern was also observed nearshore in 1970. Peaks in egg

abundance seen by Feinberg and Peterson often followed cold-water upwelling events associated

with phytoplankton blooms, but not in a strongly predictable way.

Interannual and geographical differences in embryo size and perivitelline space have

implications for the energy reserves available for the non-feeding larval stages, and may impact their

survival (Ross and Quetin, 2000). The embryo and chorion diameter is quite variable between

different species and even between broods from different females of the same species. In this study it

was evident that chorion sizes were larger at the shelf-break where euphausiids are more abundant

(Fig. 5.6), and presumably females find more favorable feeding and reproductive conditions. The

chorion sizes were generally smaller offshore. This inshore-offshore trend complicates the

identification of eggs from preserved samples based solely on the embryo and chorion diameters.

Timofeev and Sklyar (2002) investigated the geographical size variability of the chorion, embryo

and PVS of T. raschi in the Barents Sea. They found that the chorion diameter was similar

throughout the reproductive area, but reached either lower or higher values in expatriate zones, in

other words in the limits of their distribution ranges where environmental conditions begin to be

mostly unfavorable. They did not find very large variability in embryo diameter, suggesting that

the PVS changes inversely with both temperature and salinity. This could be connected with a

protective function. They reported that the proximity of the embryo to the egg surface decreases

(increasing the PVS) in harsher conditions.
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In general, the size of PVS decreased as the embryo developed, and when it reaches the TW

stage, the PVS is usually absent. From the TW stage on, both the embryo and chorion diameters

increase until hatching. This is not, however, consistent, because Quetin and Ross (1984) reported

that chorion size changes in Euphausia superba through development, being slightly smaller

surrounding a gastrula than during younger and older stages. MacDonald (1928) also reported

changes of chorion size during development of T. raschi.

In our study there was no significant association of chorion or embryo diameter with female total

length for E. pacjfica, T. spinfera or T inspinata. For example, females of 20 mm total length can

produce eggs of virtually any size within the range of variability observed for those species. Several

studies like Harrington and Ikeda (1986) or Iguchi and Ikeda (1994) also found no significant

relationship between post-spawned egg diameter and female body size. However, Brinton (1976)

and Mauchline (1968) showed significant correlation in internal ripe oocytes and female sizes,

suggesting that most of the ED and CD variability observed after spawning might be associated with

changes of PVS diameter associated with the density, salinity and temperature in the column water.

Marschall (1983) experimentally demonstrated that the chorion and PVS of eggs of E. superba

change when exposed to seawater with different densities, thus it is expected that just-spawned eggs

change the dimension according to the local osmotic conditions.

Meta-analysis of the biometry of the eggs of the family Euphausildae

It is interesting that T. spinifera was comparatively the neritic broadcast-spawning species with

the smallest chorionlMTL ratio. This indicates that it produces very small eggs in proportion to its

adult body MTL size. This is connected to my estimates of proportion of carbon invested in new

egg broods (Chapter 7). These are substantially smaller than measured for E. pacfica collected

along the Oregon coast. Euphausia pac4fica eggs also have a relatively small chorion diameter

(0.378 mm) in comparison with other epipelagic oceanic, broadcast-spawning species (average

0.54 1 mm), but E. superba had a smaller chorionlMTL ratio.

I observed that eggs of T. spinfera in SC stage vary from 0.260 to 0.450 mm representing a

very large female-to-female and regional variability. This represents about 23% of the total

average chorion range of all epipelagic euphausiids (0.232-1.050 mm). In the case of E. pacfica

the chorion variability of the SC stage also represents nearly 21% (0.300-0.475 mm) of total

variability for all epipelagic euphausiids. While average chorion and embryo sizes can be used to
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understand the relative investment of each species in reproduction, the CD and ED diameters per

se are not good taxonomic characteristics. We are not likely to make an identification key for

euphausiid eggs based solely on biometry. It is required to know from live and preserved eggs the

external chorion characteristics, biometry of the embryo, and perhaps developmental times that

distinguish sibling species.

The euphausiids from nine genera which live above about 500 m are relatively small in MTL

size (<30 mm). There are two exceptions: the Antarctic Euphausia superba Dana (65 mm) and

Meganyctiphanes norvegica M. Sars on the North Atlantic (45 mm). Euphausiids inhabiting

waters between about 500 and 2000 m are include fewer genera and species. They are somewhat

larger (>30-65 mm) than epipelagic species and all of them are broadcast spawners. Mauchline

(1988) suggested that there is a tendency for the deeper pelagic crustaceans (mostly Mysids) to

have larger eggs than shallow living species. I also found that pattern in my meta-analysis, adding

more CD and ED diameter measurements of other species. The chorion/female MTL ratio

decreases as a function of the MTL for epipelagic euphausiids (broadcast and sac-spawning species),

but it is stable for bathypelagic broadcast euphausiids. This means that smaller epipelagic species

tend to have relatively larger eggs than larger species and that the eggs size of bathypelagic species

increase as MTL increases to sustain constant the chonon/female MTh ratio. The reader should be

cautioned at this point about the limitations of plotting chorion/female MTL ratio as a function of

the MTL because a negative slope is expected for two samples of random numbers. No

bathypelagic euphausiid has a sac-spawning reproductive strategy. The larger size of eggs in

deep-sea Thysanopoda, considered giants, may be an adaptation to the deep sea environment

where the food organisms are scarce (Brinton, 1953; Nemoto et al., 1977).

A sac-spawning reproductive strategy is common in holoplanktonic and meroplanktonic

crustaceans like copepods, amphipods, mysids and decapods. Sac-spawning species euphausiid

are mostly epipelagic and have a minute PVS throughout embryonic development. Perhaps this

is an adaptation to accommodate as many eggs as possible within the sac and to keep the embryo

close to the chorion for efficient oxygen diffusion, as suggested for sac-spawning copepods

(Kiørboe and Sabatini, 1994; Ohman and Townsend, 1998). The energetic cost of carrying eggs,

as opposed to those for free spawning, may contribute to limited brood sizes, but not necessarily

limit long-term fecundity. Most of the sac-spawning species produce fewer than 200 eggs per

spawn, with some exceptions like Nematoscelis species that produce up to 405 eggs in the bibbed
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ovigerous sac (Nemoto et al., 1972). Broadcast spawning species, in contrast, produce from

hundreds to thousands of eggs (Ross and Quetin, 2000). The maximum brood size observed in

this study for E. pacfica was 599 eggs, that for T. spinifera was 859 eggs. The interbrood periods

for sac-spawning species not have been directly measured, thus fecundity cannot be reliably

estimated. Hosie and Ritz (1983) assumed the embryo development time of Nyctiphanes australis

is 55 days. This estimate may be too long. Development time of N. dfficilis was not significantly

different than that of three broadcast-spawning species (3 to 8 days) (Gómez-Gutiérrez, 2003) at

the same temperature, suggesting that the interbrood periods may be similar for the two

reproductive strategies.

Finally, I can highlight the gaps in measurements and current knowledge of egg biometry within

the Order Euphausiacea. Currently, the euphausiid species for which eggs have not been collected,

measured or identified to species level are: Bentheuphausia amblyops G.O. Sars,

Tessarabrachion oculatum Hansen, 2 of 3 species of Nematobrachion, 20 of 27 species of

Euphausia, 4 of 7 species of Nematoscelis, 8 of 13 species of Stylocheiron, 4 of 10 species of

Thysanoessa, and 10 of 14 species of Thysanopoda. There are few species of euphausiid for

which brood size has counted or interbrood period determined to estimate fecundity. These data

are particularly lacking for sac-spawners and most of the tropical broadcast-spawning species.
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Abstract

Euphausia pacijica and Thysanoessa spinfera are the most abundant euphausiids in the eastern

North Pacific, particularly along the coast between Washington and Northern California. Brood

size was estimated for both species during 48 h incubations (10°C, ±0.5°C) on 23 cruises between

March 1999 and September 2003. Geographical and temporal variability in brood size were

compared with sea surface temperature and chlorophyll-a concentration. The data set includes a

5-year time series of estimates from several stations off Newport (NH-line, 44° 40'N) and

estimates made during several coast-wide cruises at stations representative of continental shelf,

slope, and oceanic waters. Euphausia pacfica had similar brood sizes inshore and offshore

during the period studied. Thysanoessa spinfera brood sizes were significantly larger in the

continental shelf and shelf-break waters, particularly at Heceta Bank (44°N) and south of Cape

Blanco (42°50'N), than at oceanic stations. Monthly anomalies from brood size averaged over

the 5-year period were, with few exceptions, negative between 1999 and 2000, positive afterward.

Both euphausild species had larger average embryo diameter, but not chorion diameter or female

total length, between June 2001 and 2002 than in earlier sampling. During summer 2002 the

percentage of female weight expressed as eggs produced increased significantly over previous

years, associated with both increased egg production per capita and increased embryo size. The

higher positive anomalies recorded during summer 2002 were associated with cooler, high chl-a

conditions that apparently resulted from anomalously high equatorward transport from the

subarctic. Larger average brood sizes per cruise were associated with temperatures <11°C. The

seasonal brood size patterns for the two species were different. Thysanoessa spinifera brood size

peaks in spring and decreases progressively during summer and fall, while E. pacca peaks

during summer with smaller broods in fall and spring. A comparison of regressions of brood size

vs. female total length among three E. pacfica populations (Puget Sound, WA, USA, Toyama

Bay, Japan and Oregon coast, USA) showed significant differences in the intercepts but not in the

slopes. The median and maximum brood size of the Oregon population were significantly higher,

after accounting for female body length, than in the two inland basin regions of the North Pacific.
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Introduction

There are recognized multi-decadal changes, regime shifts, in climatic and biological conditions

along the California Current System that have a profound impact in the productivity of the

epipelagic ecosystem. They result from shifts in the position and intensity of atmospheric

pressure systems in the Northern Hemisphere (Chavez et al., 2003). Sea surface temperature had

a relatively abrupt shift around 1976-77, concurrent with other basin-wide changes associated

with an intensification of the Aleutian low-pressure system (McGowan et al., 2003). During the

period 1976 to 1998, the zooplankton that inhabits the California Current System decreased in

biomass by about 70%, associated with anomalously warm conditions (Roemmich and

McGowan, 1995; Ca1COFI unpubi. data). From mid-1940 to 1976 the Pacific Decadal

Oscillation (PDO) was negative (cool regime), while from 1976 to 1998 this index was positive

(warm regime). In late 1998 the PDO reversed sign, again, and remained negative through

summer 2002, with a nearly immediate doubling of zooplankton biomass (Mackas et al., 2001;

Peterson and Mackas, 2001; Peterson et al., 2002b; Mantua and Hare, 2002; Chavez et al., 2003;

Peterson and Schwing, 2003). Several zooplankton taxa have been showing population stability

despite these multidecadal climatic changes, including larval fish, radiolarians, and some calanoid

copepods (Rebstock, 2001, 2003). Others have been showing dramatic changes in abundance and

species composition, including amphipods (Lavaniegos and Ohman, 1999), tunicates (Lavaniegos

and Ohman, 2003) and euphausiids (Brinton and Townsend, 2003). Since 1997 the U.S.

GLOBEC Northeast Pacific program has been sampling on a regular basis along the Oregon and

Washington coast to monitor the zooplankton biomass, community structure and vital rates of

some of the most abundant zooplankton species, particularly the euphausiids Euphausia pacflca

Hansen and Thysanoessa spinfera Holmes. A strong El Niflo event occurred in 1997-1998,

decreasing drastically the abundance of these two species in the California Current, associated

with increasing sea surface temperature and mixed layer depth (Marinovic et al., 2002; Brinton

and Townsend, 2003). Those studies recorded changes in the euphausiid population based on the

abundance of the post-hatching life stages recorded in the field and related with to environmental

variability.
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Some vital rates like body growth, feeding or fecundity rates should have high sensitivity to

local and large-scale changes in temperature and food conditions. However, experiments to

quantify those rates are time consuming at sea and are, in general, restricted to relatively short

periods of study (e.g., Ross et al., 1982; Iguchi and Ikeda, 1994, 1999). Nevertheless, time-series

of such variables would be valuable, so we generated one of five year duration.

Egg production is an important aspect of the ecology of euphausiids, because it is a measure

of the potential recruitment of new individuals, which must be balanced in steady-state by a

comparable rate of mortality. The brood size (eggs brood1), is a simple but sensitive indicator of

how much energy the female is devoting to reproduction at the moment of collection. The embryo

and chorion diameters are parameters associated with the egg volume, thus the amount of energy

available for the hatching embryo before it must feed. So, these three variables should be

indicators of early larval recruitment and the relative amount of biomass that each female invests

in reproduction. They should vary in year-to-year comparisons. The E. pafica brood size was
studied at Puget Sound, Washington (Ross et al., 1982) and Toyama Bay, Japan (Iguchi and

Ikeda, 1994, 1999). A six year (May 1996 to December 2001), biweekly sampling time series at

two neritic stations along the Newport Hydrographic line (NH-line, 44° 40'N, NH5 and NH15) of

euphausiid egg, nauplius and metanauplius abundance of E. pacWca and T. spinfera showed

significant year-to-year variability associated with local upwelling events and occasionally

responses to short-term peaks in chlorophyll-a concentration (Feinberg and Peterson, 2003).

Between 1999 and August 2003 a significant increase in chlorophyll-a concentration was

recorded along the Oregon coast (44.6°N) (Thomas et al., 2003, Wheeler et al., 2003). Summer

maxima in 2001 and 2002 appeared to be larger than in summers from 1998 to 2000 (Thomas et

al., 2003; Wheeler et al., 2003). The positive chlorophyll-a anomalies observed in 2001-2002 and

the spatial patterns were consistent with an enhanced advection of subarctic, nutrient-enriched

water into the California Current, rather than with an intensification of the winds favorable for

upwelling (Huyer, 2003; Freeland et al., 2003; Wheeler et al., 2003). The cold, fresh anomaly

above the permanent halocline was more extreme than any observation in records going back

several decades (Huyer, 2003). Assuming that E. pacfica and T. spinfera are phytoplankton

grazers (Dilling et al., 1998; Bargu et al., 2003), greater reproductive rates should have been

observed in 200 1-2002 than in 1999-2000. This assumption is based on the knowledge that

oocyte development will proceed more rapidly and a higher proportion of females will have

active vitellogenesis when food availability is high (Cuzin-Roudy, 2000).
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In the present study, an extension of Feinberg and Peterson's study, we tested this hypothesis

using measurements of the brood size taken under laboratory conditions. Our goal was to

compare temporal and geographical variability of the brood size, female total length, embryo and

chorion diameter and the percentage of the female weight produced as eggs by the euphausiids E.

pacfica and T. spinfera. We examine here the relationships of reproductive rate measures from

these euphausiids to temperature and chlorophyll-a along the Oregon coast.

Materials and methods

Field collection

Gravid euphausiid females were collected at night during 23 oceanographic cruises along the

Oregon coast between July 1999 and September 2003. These surveys were part of the U.S.

GLOBEC Northeast Pacific program and involved three different types of cruise:

1) Eight seasonal, one-week cruises from the Long-Term Oceanographic Program (L-TOP),

typically during March or April, July, and September between July 1999 and July 2002 along

the Oregon coast on board the R/V Wecoma, Oregon State University (OSU).

2) Three three-week, cruises, named "Mesoscale" cruises (July 28-August 17, 2000, June 28-

July18, 2002 and July 31-August 18, 2002) carried out on board the R/V Wecoma or the RN

New Horizon. These three cruises covered a large sampling area and large number of

zooplankton sampling stations along the Oregon coast (Fig. 6.1).

3) Twelve, one-night cruises biweekly between May 2001 and September 2003 along the

Newport Hydrographic line (NH-line, 44° 40'N) on board the RJV Elakha, Oregon State

University.

More L-TOP and Elakha cruises were carried out during the period studied, but we report

here only cruises and stations where healthy gravid females of E. pacfica or T. spinfera were

collected and subsequently spawned eggs under shipboard or laboratory conditions.
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Incubation of females for brood size estimation

To estimate brood size (BS) during Mesoscale cruises, we collected euphausiids at night using a

1-rn mouth diameter, 4 m long net with a black 333-nm mesh net fitted with a sealed cod end.

We sampled the 10 to 20-rn depth stratum for five to ten minutes while the ship drifted on station.

This gentle collection method avoided damage to the euphausiids. During LTOP and Elakha

cruises, we used similar methodology except that we towed white nets at < 3 knots. The catches

were diluted into 40-liter coolers filled with surface seawater, then carried to the cold room of the

ship. During the Elakha cruises the females were usually collected between 9 km (sta. NH-5) and

46 km (sta. NH-25) offshore and transported to the cold room at Hatfield Marine Science Center

(HMSC) Newport, Oregon within 2 to 3 hours after collection.
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Fig. 6.1. Area of study. Location of the stations where gravid female euphausiids were collected
and incubated under shipboard laboratory conditions (open circles) and locations of the CTD
casts (black circles) along the Oregon coast during three Mesoscale oceanographic cruises
Mesoscale II (July-August 2000), Mesoscale III (June-July 2002) and Mesoscale IV (August
2002).
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Mature females ready to spawn are easily recognized by a purple band for E. pacifica or blue-

green band for T. spin jfera just under the pericardial area of the cephalothorax. We will call

females with a purple or blue-green mass of eggs gravid females. Gravid females usually will

release the eggs within the first 48 after capture, but some few of them remained colored several

days or even weeks without releasing eggs. During the five year period of study (July 1999 to

September 2003) a total of 645 E. pacfica and 507 T. spinifera healthy-appearing, gravid females

were sorted out using a plastic soup spoon and placed individually into 1-L bottles pre-filled with

filtered (64 jsm) surface water. From 2 to 50 females (mean = 12 females) were incubated per

station according to the availability of gravid females in the zooplankton samples. Bottles were

incubated under constant temperature 10°C ± 0.5°C, in dark conditions. This temperature was

selected because it is the average value observed for the upper 20 m of the water column over the

inner and middle shelf off Oregon. Gravid females were monitored every 12 hours for at least 48

hours to detect when the female spawned. When a female spawned, she was removed from the

bottle with a plastic spoon and measured for total length (mm) from the posterior part of the eye

to the tip of the telson. Brood size was the number of eggs produced per female per spawning

event (eggs brood') in less than 48 h of incubation. Egg size is a sensitive indicator of nutritive

state of the crustaceans and also of reproductive success (Herring, 1974; Steele and Steele, 1975).

Thus, the chorion and the embryo diameters of at least 10 eggs per female were measured to

calculate the average and standard error of those variables.

Carbon weight of females and eggs

To calculate the proportion of carbon that each female invested to produce eggs (weight-specific

carbon produced per female per spawning event), we measured the dry weight of 198 E. pacfica
specimens (total length between 2.3 and 22.6 mm). The animals were briefly washed with distilled

water and dried at 60°C for 24 hours. We obtained the weight-length relationship for E. pacfica
females expressed as mg of dry weight as function of total length (TL) expressed in mm for total

length between 2.3 and 22.6 mm (n=215):

DW = 0.0031(TL mm)273 (r2=0.9392, p<0.00l)
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For T. spinfera we calculated an equation using Summers (1993) dry weight-total length data

and our own measurements (Julie Keister, HMSC, Newport, unpublished data) to estimate the dry

weight for total length between 2.8 and 32.6 mm (n=516):

DW mg = 0.0021 (TL mm)274(r2= 0.9565, p<O.00I)

The percentage of carbon in the dry weight for adults of E. pacfica ranges from 38.1 to 45.1 %

with an average of 40.5% (Lasker, 1966; Mauchline and Fisher, 1969; Omori, 1969; Childress and

Nygaard, 1974; Ross, 1982a, b; Iguchi and Ikeda, 1998; Gómez-Gutiérrez, chapter 7). For

simplicity we assumed that the carbon content was 40% of the dry weight for both species. We

obtained a linear relation between carbon content ofjust spawned, single cell (SC) eggs and embryo

diameter (ED) (n=5 groups with 20 eggs each):

Carbon SC eggs j.g = 0.0468 (ED /Lm)-13.316 (r2 = 0.865 1)

The average SC carbon weight and ED were 3.3 g egg' and 355 m, respectively. This is

equivalent to (Pcei .37x i0 ig C tF3). The reproductive effort, defined as the proportion of energy

or materials that a female allocates to reproduction rather than to growth and maintenance, was

estimated as the percentage of the female weight as eggs (% FCW). This was calculated as:

(ECWxBS%FCW=
FCW

)x100

Where %FCW is the percentage of female carbon weight produced as eggs, FCW is the female

carbon weight (mg C fem'), ECW is the egg carbon weight (mg C egg') estimated from the

embryo volume and the euphausiid carbon density (p), and BS is the brood size (eggs brood').
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Environmental temperature and chlorophyll-a concentrations

During each cruise conductivity-temperature-depth (CTD) profiles were taken at most of the

stations where we did brood size experiments. We obtained the sea surface and 10-rn

temperatures and chlorophyll-a (chl-a) concentrations for all the cruises, except during the Elakha

cruises where only the surface chl-a concentration was measured. Water samples collected at

each station were filtered onto Whatman GFIF filters, the chl-a was extracted with 90% acetone

and analyzed using a Turner model IOAU fluorometer. Past studies have indicated that surface

chl-a concentrations in this area are highly correlated with chlorophyll integrated over the upper

30 m (Feinberg and Peterson, 2003; Patricia Wheeler, COAS-OSU pers. comm.). Thus to

homogenize the data comparison among cruises we decided to use the surface chl-a concentration

for the 1999-2003 time-series cruises. The sea surface temperature has relatively large variability

due the direct interaction with the atmosphere (wind, solar radiation). For this reason, for the

Mesoscale cruises where geographical distribution was the goal, we used the 10-rn values.

Time series analysis

A five-year period (July 1999-September 2003) is used to calculate calendar month anomalies

from the average values (monthly corrected time series) of sea surface temperature and chl-a

concentration (Fig. 6.2), brood size, female total length, embryo and chorion diameters, and

percentage of the female weight spawned as eggs (Figs. 6.4 and 6.5). Those time series figures

also show the minimum and maximum values recorded per cruise to characterize the variability

around the averages. Females that did not produce eggs during the experiments (BS=0) were not

included in calculation of the average values or the anomalies.
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Results

Temporal and geographical variability of temperature and chlorophyll-a concentration

The five-year variability of sea surface temperature (°C, SST) and surface chl-a concentration (/Ll

F') where brood sizes were measured is shown as a time series (Fig. 6.2 A, B). The average

temperature recorded during July 2000 and 2001 was typically 14°C, but in 2002 SST were

anomalously cold (-.10°C), similar to SST recorded on cruises in April-June and September each

year (Fig. 6.2 A). The monthly anomaly showed positive SST anomalies from July 1999 to the

first oceanographic cruise in September 2001, negatives anomalies from the second cruise in

September 2001 to September 2003, and positive anomalies on the last cruise made in the second

half of September 2003 (Fig. 6.2 A). The monthly average chl-a concentration along the Oregon

coast was typically below 5 /21 1', but higher values were recorded during July 2001 and July and

August 2002 and 2003 (Fig. 6.2 B). The monthly chl-a anomalies were mostly negative between

July 1999 and September 2001 (excepting July 2001) and were primarily positive after March
2002 (Fig. 6.2 B).

During the Mesoscale cruises, low 10-rn temperatures, < 10°C, over the continental shelf

were generally restricted to the area inshore of the 200 rn isobath. In June-July 2002

temperatures >11CC were recorded nearshore north of 44.5° (Fig. 6.3 C). Cold water was

transported farther offshore south and north of the warm ring (Fig. 6.3 A). During August 2002,

water <10°C distributed broadly offshore of the shelf break throughout the area of study (Fig. 6.3

E). On all cruises, chl-a progressively decreased from nearshore to offshore waters. The chl-a

concentration in June 2000 was generally low (<2 /21 1', with two relatively high chl-a

concentrations near shore at 44.6°N (Newport) and 43.5°N (Cape Blanco) (Fig. 6.3 B). During
2002 higher chl-a (>14 /21 F') concentrations were recorded in Heceta Bank (44°N) over the

continental shelf. In the rest of the areas we found concentrations less than 2 /21 F' (Fig. 6.3 D). In

August 2002, chl-a concentrations >4 /21 F' were measured over virtually the entire continental

shelf, but the highest concentration was again observed over Heceta Bank (Fig. 6.3 F).
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Temporal variability of brood size, embryo and chorion diameters

Euphausia pacfica: The average brood size per cruise was low during 1999-2000 (negative

anomalies); while during the period from June 2001 to September 2003 anomalies were positive,

except for September 2001 and August 2003 (Fig. 6.4 A). This increase of the average brood size

was not associated with an increase of the female total length or embryo diameter (Fig. 6.4. B-C).

The median brood size during 2002 was not significantly different from the median brood size of

the rest of the time series for either the inshore (<300 m depth) (Mann-Whitney w-test,

p=value=0.0817) or the offshore (>300 m depth) regions (Mann-Whitney w-test,

p=value=0. 1600). However, during 1999- and part of 2000, larger chorion diameters were

associated with lower brood sizes (Fig. 6.4 D). Average brood size of E. pacfica peaks during

summer with smaller broods in spring and fall. The maximum brood size observed was 599 eggs

per brood'. Most cruises have very large female-to-female variability in the brood sizes produced

illustrated by the minimum and maximum brood size on each cruise (Fig. 6.4 A). The percentage

of female weight spawned as eggs had the same pattern as brood size, indicating that enhanced

weight-specific egg production derives from an increase of the number of eggs produced, rather

than increase of egg volume (Fig. 6.4 E). In July, the average percentage of body weight invested

in single clutches of eggs by E. pacifica females varied from 6-8% during 1999-2000 to 11-16%

during 2001-2002. A few relatively small females released up to 44% of their body weight in one

spawn.
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Fig. 6.2. Temporal variability of the monthly anomaly, average, minimum and maximum
measured values of (A) sea surface temperature (°C) and (B) chlorophyll-a (jzl 11) on each of 23
oceanographic cruises along the Oregon coast between July 1999 and September 2003. Only the
values of SST and Chl-a where gravid E. pacca and/or T. spinfera females were incubated
were included.
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Thysanoessa spinfera: Between 1999 and March 2002 (excepting July 2001 with 150 egg brood
l) the females produced small average broods, 60 eggs brood', with continuously negative

anomalies. From May 2002 to September 2003 positive anomalies were measured with exception

of June 2002 and August 2003 (Fig. 6.5 A). The median brood size during 2002 was significantly

larger than the median brood size of the rest of the time series for the inshore (>300 m depth)

region (Mann-Whitney w-test, p=value=0.0038). Reproduction of this species was restricted to

the inshore region during all the time series, excepting during 2002, when females spawned far

offshore with a median brood size of 43.5 eggs brood'. The maximum brood observed was 859

eggs. Larger female-to-female variability in brood size was observed during positive anomalies

than during negative anomalies. This increase of the average brood size after May 2002 was

possibly associated with increase of the female total length and/or embryo diameter (larger

carbon content), but the chorion diameters were not particularly large, except in June 2002 (Fig.

6.5. B-D). However, during 1999 and part of 2000, larger chorion diameters were associated with

lower brood sizes (Fig. 6.5 D). The percentage of female weight released as eggs had the same

pattern as brood size with predominantly negative anomalies before September 2001 and positive

anomalies after March 2002. The average percentages were smaller (<8%) than those observed

in E. pacjfica (Fig. 6.5 E). The maximum percentage of female weight as eggs for several females

was 45% of their body weight in one spawn.

Geographical variability of brood size, embryo and chorion diameters

The distribution of average brood size per station of T. spinfera and E. pacfica from three

mesoscale cruises shows that, with few exceptions, larger brood sizes occurred over the

continental shelf close to Heceta Bank (44°N) and Cape Blanco (43°N) (Fig. 6.7 A-F). In June

2000 small brood sizes were measured for both species at temperatures < 11°C and chl-a

concentrations <1 jLl F'. Only one out often offshore stations produced gravid T. spinifera

females with an average brood size >11 eggs broocF' (Fig. 6.7 A, D). During the June-July 2002

cruise, the gravid females were collected only in a narrow, low temperature band (<11 °C) that

widened south of Cape Blanco with an associated large spawning of both species offshore south

of 42.5°N. No gravid females were collected at four offshore stations at temperatures above 11°C

(Fig. 6.7 B, E).
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During August 2002, when lower temperatures and high chl-a concentrations extended far

offshore, high brood sizes of E. pacfica were recorded at virtually all stations, even in offshore

waters. There were no significant differences in the median brood sizes between inshore and

offshore regions in the time series as a whole (Mann-Whitney w-test, p-value=0.0603). Even

though T. spinfera increased its average brood size during 2002, its spawning occurred mostly

over the shelf-break and extended much farther offshore than in earlier years (Mann-Whitney w-

test, p-value=0.0269) (Fig. 6.7 B, C). The seasonal variability of brood sizes (BS) of E. pacfica
and T. spinfera at inshore (<300 m depth) and offshore (>300 m depth) stations as a function of

julian day is shown in the Figs. 6.6 A-D. Euphausia pacy'ica had relatively small BS from April

to May (before Julian day 150; mostly at offshore stations) and high BS throughout summer

(June-July, Julian days 153-2 12) and early fall (September, Julian days 244-273) (Fig. 6.5 A, B).

The median brood size of E. pacijica was not significantly different between the inshore (135

eggs brood') and the offshore (119 eggs brood') regions for the complete time series (Mann-

Whitney w-test, p-value=0.0603), but for T. spin jfera it was significantly larger inshore (217 eggs

brood') than offshore (157.8 eggs brood') (Mann-Whitney w-test, p-value=0.0008).

Maximum BS of T. spinifera occurred during April and July. Gravid females were virtually

absent during fall. During 1999-2001 and 2003 almost all the females that produced eggs were at

inshore stations. Smaller BSs were measured during June 2002, but the median BS observed

during 2002 overall was significantly larger than in the rest of the time series (1999-2001, 2003)

at nearshore stations (Mann-Whitney W-test, p<O.0038). No spawning by T. spin jfera was

observed offshore in 1999-2001 or 2003. Females were present, but were not actively

reproducing. During 2002 females of T. spinifera with large BS did occur offshore, indicating

that favorable conditions for reproduction extended farther offshore than in the rest of the period

studied (Fig. 6.6 C, D).
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Maps of brood sizes from locations where we found and carried out experiments on egg

production exclusively during nighttime perhaps have a biased perspective as to where and with

what intensity spawning occurs in the field because of uneven coverage. We compared both the

average brood size measured under shipboard laboratory conditions to the abundance of

euphausiid eggs (eggs m3), but not identified to species collected with vertical net tows (30 cm

diameter, 200 ,im mesh net) during the mesoscale II (July-August 2000). Both species had

relatively high brood sizes that matched with a high abundance of euphausiid eggs near to Heceta

Bank. Close to an offshore T. spinifera incubation along the NH-line (NH35) was a patch with

high euphausiid egg abundance (400 egg m3). Unfortunately, south of Cape Blanco, where very

large densities of eggs were collected with the vertical net, we did not perform egg production

experiments. (Fig. 6.8 A, B)

126 125 124 1Z

1600

E
1400 co

0)
0)

1200 ,.
woo

800

C)
60O

-Q

200

+ Net stations

1 to 10

o 11 to 50

0 51 to 100

o 101 to 200

0 201 to 300

(I)

0)
0)
a)
a)
N
Cl,

0
0
0
I-
.0
a)

E
a)

a)
C)

Fig. 6.8. Comparison of the euphausiid egg abundance (eggs m3) collected with a vertical net (30
cm diameter, 200 im mesh net) but not identified to species (data provided by Julie Keister,
HMSC-OSU) and the average brood size per station (egg brood' station') of (A) Thysanoessa
spinfera and (B) Euphausia pacflca measured under shipboard laboratory conditions during
themes scale II (July-August 2000) oceanographic cruise along the Oregon coast. The location
where measurements of the brood size were obtained not always coincided with the main
spawning centers, particularly in neritic region south of Cape Blanco (43°N). The small black
dots indicate stations where live zooplankton was collected but no colored females were present.
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Geographical variability of female weight as eggs

During the three mesoscale cruises station averages of percentage of female body weight as eggs

of T. spinfera were mostly less than 10% (Fig. 6.9 A, B, C). Higher values were recorded over

Heceta Bank during August 2002, when very high chl-a concentration prevailed in this region.

Euphausia pacfica had small percentages of female weight as eggs in July-August 2000 (<20%).

During June-July and August 2002, stations with average percentages between 30- 50% were

consistently recorded close to Cape Blanco (43°N) (Fig. 6.9 D, E, F).

Relationship of the chlorophyll-a and SST with the average brood size per cruise

The relationships of chlorophyll-a and SST with the average brood size are shown in Fig. 6.10 A-

D. The average E. pacfica brood size per station had a significant positive and logarithmic

association with the average chl-a per cruise (r2=0. 1444, p-value=0.0216) (Fig. 6.10 A) and a

significant negative association with SST (r2=0.0687, p-value= 0.0349) (Fig. 6.10 B). Average

brood size per station of T. spinfera also had significant positive association with chlorophyll-a

concentration (r2=0. 1029, p-value=0.0357) and negative association with SST (r2=0.0986, p-

value=0.0416) (Fig. 6.10 C). Although the average brood size of both species showed significant

association with sea surface temperature and chl-a, both SST and ChI-a explained only a small

percentage of the BS variability (<14%) (Fig. 6.10 A-D). Euphausia pacfica seems to spawn

more successfully at temperatures above 12°C than does T. spinifera.

Discussion

The ovarian development of the euphausiids includes several phases. Oogenesis, oocyte

production, is observed in subadults and spent females after spawning. Oogenesis usually occurs

before mating, with the mitotic multiplication of the oogonia and young oocytes. After mating,

during the previtellogenesis, oocytes begin to accumulate glycoprotein as yolk. Next, the ovary

enters the vitellogenesis phase when most of the accumulation of the lipid yolk occurs. A final

maturation phase starts with meiosis followed by release of eggs at spawning (Ross and Quetin,

2000). The oocyte maturation usually occurs in less than 8 days (chapter 7). Yolk accumulation

is the most-energy demanding process in the cycle, linked to high feeding rates and metabolism.

Yolk accumulation will not proceed until sufficient resources are available to complete the

process.
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Thus, increased food in the field can cause greater production of eggs. During most of the period

of study (1999-2002), a steady increase of phytoplankton biomass was recorded along the Oregon

coast, particularly during summer 2002, suggesting that euphausiid reproduction would increase

in response to those changes.

Temporal and geographical variability of temperature and chlorophyll-a concentration

Monthly mean chlorophyll concentrations, derived from SeaWiFS ocean color data, were up to

3.0 mg m3 greater in 2001-2002 than in 1998-2000 on the southern Oregon shelf and> 1.0mg m

over the entire shelf from British Columbia to northern California in the same periods (Thomas

et al., 2003). The chlorophyll fluorescence observed on cruises was much stronger in 2002 than

in preceding La Nina years (1999-2001), over the shelf off central Oregon (Wheeler et al., 2003).

The positive chlorophyll anomalies observed in 2002, their spatial patterns and displacement

were consistent with an enhanced advection of subarctic, nutrient-enriched water into the

California Current that increased the phytoplankton biomass, rather than an intensification of the

winds favorable for upwelling (Freeland et al., 2003). It is well established that increases in

equatorward transport correlate with large-scale decreases in temperature and salinity and

increases in zooplankton biomass in the California Current System (Chelton et al., 1982).

Equatorward surface velocities in the core of the upwelling jet of the northern California Current

were 0.05-0.06 m s faster in spring and summer 2002 than on average over 1998-200 1 (Barth,

2003). At this speed, anomalous cold water displacements of over a degree of latitude can occur

in 20-25 days. Surface velocities derived from cross-track satellite altimeters also showed

anomalous southward and onshore flow during 2002 compared to preceding years (Strub and

James, 2003). It is recognized that the possible causal mechanism for the increases in subarctic

flow into the California Current System are linked to large-scale wind-stress and surface

temperature anomalies in the North Pacific (Murphee et al., 2003; Freeland et al., 2003). The

brood sizes during 2002 were significantly higher than in the rest of the time series, particularly

for T. spinfera. This was positively related with the anomalous high chlorophyll-a standing

stock and anomalous low SST (Wheeler et al., 2003).
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Temporal variability of brood size, embryo and chorion diameters

Euphausia pacjfica and T. spinfera had different reproductive responses to the enhanced

chlorophyll standing stock recorded during summer 2002. Euphausia pacifica had positive

anomalies of brood sizes and percentage of female weight as eggs between 2001 and 2003.

Thysanoessa spinfera had significantly higher brood sizes, embryo diameters, female sizes, and

percentage of female weight as eggs during 2002.

Feinberg and Peterson (2003) reported the egg abundance of both species in two neritic

stations off Newport between 1996 and 2001. They recorded at least double spring and summer

integrated euphausiid egg densities during La Nina 1999-200 1 comparable to the 1996 to 1998

period, which included the strong 1997-1998 El Niflo event. This 1999-2001 La Nina also

corresponded to the time when the Pacific Decadal Oscillation switched from warm phase (pre-

1999) to cool phase (1999 to present) (Peterson and Mackas, 2001; Peterson and Schwing, 2003).

So, it is important to highlight that the oceanographic conditions recorded in summer 2002 were

colder and fresher than any observed in three preceding La Nina years (1999-2001) (Huyer,

2003), when supposedly favorable conditions for E. pacfica and T. spinfera reproduction

prevailed. During the strong 1997-1998 El Niflo there was a dramatic decrease of juvenile and

adults of both species in Monterey Bay (Marinovic et al., 2002) and off southern California

(Brinton and Townsend, 2003).

Feinberg and Peterson (2003) identified the species-specific spawning patterns by estimating

egg and nauplius abundances, and reported two seasonal spawning patterns. During 1996-1998 a

single peak in eggs occurred during late summer. In 1999-2001 there were large peaks in egg

abundances in spring (mostly attributed to T spinfera) and multiple peaks sustained through the

summer months (mostly E. pacfica). Mayor spawning events occurred from July through

September. The occurrence of years with egg single peaks and years with multiple peaks was also

reported by Brinton (1976) for southern California. From experimental incubations we also noted

that T. spinifera spawn mainly spring-summer (virtually absent in September) and E. pacfica

extended its reproduction commonly until September (autumn).
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Feinberg and Peterson (2003) and Gómez-Gutiérrez et al. (Chapter 2) reported that eggs of

both species were rarely present between November and February, but even between March and

October, eggs were not always present. We confirm this observation with the fact that we never

collected gravid females during nearly 40 RIV Elakha cruises along the NH-line (sampled

biweekly) conducted between November and February (1999 to 2003) and one extensive cruise

along the Oregon coast in January 19-February 9, 2003.

Geographical variability of the brood size

In this study we observed that T. spin jfera significantly extended it spawning areas much farther

offshore during 2002 than in previous years, while E. pacfica had a relatively stable inshore and

offshore brood size patterns between 2001 and 2003. The centers of both species spawning were

usually recorded close to the shelf break and over the continental shelf, mainly at Heceta Bank

(44°N) and south of Cape Blanco (42°50'N). The circulation pattern differs north and south of

Cape Blanco (Huyer, 1983; Brink and Cowles, 1991; Strub et al., 2002). Spring and summer

upwelling-favorable winds are weaker and more intermittent north of Cape Blanco, compared to

the strong, sustained winds near to and south of Cape Blanco (Batchelder et al., 2002a). North of

the Cape, the summer flow is approximately two-dimensional, with an alongshore upwelling jet

that moves offshore and onshore in response to the wind. Over Heceta Bank the upwelling

circulation is complicated, with weaker direct coupling to the wind forcing over the shelf as a

whole. Upwelled water over the mid-shelf off Newport rises to the north and is advected to the

south (Oke et al., 2002). At Cape Blanco, a southward flowing jet separates from the coast and

meanders as a free filament over the deep ocean offshore of the shelf (Barth et al., 2000). The

strong current velocities of a separating coastal upwelling filament south of Cape Blanco

transport cold, usually rich-nutrient, water farther offshore (several hundreds of kilometers) than

occurs along the Oregon coast farther north. On three oceanographic cruises, particularly in

August 2002, the most intense reproductive activity for both euphausiid species was recorded

south of Cape Blanco with an extended offshore distribution (particularly T. spinfera during

2002) associated with the cold coastal upwelling filament described by Barth et al. (2000).
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Relationship of the chlorophyll-a with the average brood size

Two possible fates of the summer 2002 increased phytoplankton standing stock are an increase in

zooplankton or other higher trophic level standing stocks or sinking and increasing benthic

respiration. Wheeler et al. (2003) reported relatively decreased oxygen concentrations (<1 milL)

in the deeper layer over the inner continental shelf off Oregon during 2002 and proposed that

most the increased primary production recorded during 2002 sank to the bottom and was respired

near the benthos, rather than passed on to higher trophic levels. Thus zooplankton grazers may

not have consumed most of this enhanced primary productivity. This does not mean that

zooplankton were unaffected by the enhanced food stocks. We demonstrated that T. spinifera did

show a significant increase in its brood sizes during 2002 compared to 1999-2001. Its remains

uncertain why E. pacifica did not respond in the same degree to this anomalously high food

availability in most of the area studied. Nor is it clear why this species had similar brood sizes in

2001 as 2002. Possibly food stocks in 2001 were already saturating in their effect of brood size.

More food in 2002 produced no further increase. This indicates that enhanced phytoplankton

production along the Oregon coast will elicit species-specific responses rather than generalized

increase in euphausiid production rates.

Thysanoessa spinfera had a significant but weak association between BS and chl-a, because

highest average BS were recorded during April and early June 2002 when average chl-a per

cruise was relatively low (0.6-2.7 jzl F3), rather than during late summer when higher chl-a were

recorded (5.4 to 14.1 tl F3). Enhanced productivity ofT. spinfera may be related to increases in

zooplankton prey rather than increases in chl-a concentration. Our experience is that keeping

gravid females of E. pacfica under laboratory conditions with plenty of phytoplankton produces

multiple spawns for several weeks, while females of T. spinfera maintained in the same food

conditions never spawn twice (Feinberg et al., 2003). We believe that T. spinifera must eat

zooplankton to complement its diet to produce eggs, a condition not met with our laboratory diet.

We found maximum average BS also at intermediate chl-a concentrations 2 il F3. Feinberg and

Peterson (2003) observed that spawning events with egg densities >200 eggs m3 occur

sporadically and not necessarily associated with high chl-a concentration. Thus they conclude

that peaks in egg production in spring and summer coincided with blooms only at seasonal time

scales.
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Because interbrood periods are on average 6.5 days (see Chapter 7), food intake integrated

over longer periods of time might have stronger influence on spawning than feeding in a single

day. Higher food availability apparently also affected positively the size of embryos but not of

chorions for T. spinfera but no pattern was observed for E. pacfica. A larger embryo possibly

means a larger yolk supply that can extend the period before the larva must begin to feed,

increasing their survival rates. Ross and Quetin (1989) were probably the first to measure this

critical period, which ends at a point-of-no-return (PNR), for the Antarctic hill Euphausia

superba Dana. They defined the PNR as the amount of time a post-hatching larva has from when

it first develops the ability to feed as calyptopis 1 (Cl) to the stage that it must find food or die.

The distinction between the PNR and the time taken to starve is important. Larvae do not die at

the PNR, but once the PNR is passed without food; they can no longer recover and will ultimately

die. We have observed, under laboratory conditions, that the Cl is a bottle-neck stage in which

most mortality occurs under laboratory conditions (Feinberg et al., 2003). Starvation in

crustaceans affects the ultrastructure of lipid-storing cells in the hepatopancreas, which are

irreversibly damaged after the PNR such that lipid can no longer be either absorbed or stored
(Storch and Anger, 1983). Larger embryos may indicate that the larvae have a larger amount of
yolk to delay the PNR. Larger embryos were observed precisely when abundant food was present
in the field. Apparently, abundant food (phyto or zooplankton) allows the females to produce
more eggs and to equip them better for possible food shortage just ahead. Calyptopes of E.

pacfica and T. spinfera feed mostly on phytoplankton and microzooplankton (Suh et al., 1991;

Nakasawa et aL, 2002, 2003; Feinberg et al., 2003).Thus, high primary productivity throughout

all the reproductive season, as in 2002, should have a positive effect for euphausiid populations

by ensuring higher probability to develop past the first feeding stage (C 1).

Relationship of the SST with the average brood size and egg diameter

For inner mid-shelf waters Sea surface temperature is typically warmer in winter than in summer,

with colder periods in summer associated with periods of coastal upwelling. Feinberg and

Peterson (2003) noted along the Oregon continental shelf that egg concentrations tended to be

higher at lower SST (j0°C), and only a few egg peaks were associated with warmer

temperatures (14°C). Buphausiid eggs were extraordinarily high during 2000, a year with high

upwelling and the coldest recorded SST before 2002.
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The eggs were virtually absent between November and February. We also observed higher

BS for both species at average SST <11°C (Fig. 6.10). During 2002, when anomalously cold

conditions prevailed, the average T. spinfera embryo increased in size but the chorion did not,

implying that the perivitelline space (PVS) was larger during 1999-2001 and 2003 than during

2002. Timofeev and Sklyar (2002) suggested that the PVS of Thysanoessa raschi M. Sars in the

Barents Sea changes inversely with both temperature and salinity possibly connected with a

protective function. They reported that in harsher conditions the embryo is farther from the

medium, separated by a thicker layer of perivitelline fluid. During summer 2002, cooler and

fresher subarctic water dominated most of the Oregon coast (Huyer, 2003) and both euphausiid

species produced eggs with smaller PVS, indicating favorable conditions. In Chapter 5 it was

shown that eggs with large PVS are characteristic of dead, deformed and/or swollen eggs,

suggesting that a larger proportion of unhealthy eggs were produced during 1999-200 1 and 2003

than during 2002. Thus, the large PVS commonly observed at relatively high SST, may not

represent a protective effect for the embryo but larger proportion of unviable eggs (larger

mortalities). Iguchi and Ikeda (1994) reported the eggs of E. pafica in Toyama Bay have lower

survival rates at temperatures above 20°C, but SST along the Oregon coast never was greater than

16°C during our period of study. Perhaps the upper thermal limit is lower along the Oregon coast

than was observed in the Sea of Japan. However, during El Niño 1997-1998 temperatures >18°C

were recorded nearshore suggesting very low survival of eggs. The spawning season in the NH-

line started in July 29 (1997) or even September 10 (1998) during and El Niño event, rather than

in mid-April as occurred after 1999 (Feinberg and Peterson, 2003).

The following chapter will be directed to estimation of fecundity (eggs fem' time') of

pafica, as opposed to simply brood size. Special emphasis will be given to female-to-female

variability. Higher fecundity can be attained by rapid multiple spawning, as well as by increased

brood size. The anomalous primary productivity recorded in summer 2002 certainly increased

recruitment of T. spinifera larvae along the Oregon coast, but had surprisingly little effect for E.

pacifica, which was sustaining relatively high reproductive rates at least one year before the

enhanced southward transport of subarctic water along the Oregon coast in 2002.
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Comparison of BS and female sizes among three E. pacifica populations in the North
Pacific

Harrington and Ikeda (1986) reported that E. superba BS of females of equivalent size did not

vary geographically. However, their sampling area was relatively small probably comparing

animals from the same population at different stations in Prydz Bay Antarctica. Several studies

have indicated the duration of the spawning season for E. pacfica in the North Pacific varies

greatly on regional scales and through time (Feinberg and Peterson, 2003; Ross and Quetin,

2000). These geographical differences motivated a comparison of the brood size for three

populations of E. pacfica [Puget Sound, Washington (Ross et al., 1982), Toyama Bay, Japan,

(Iguchi and Ikeda, 1994, 1999) and along the Oregon coast] using inferential multiple linear

regression models (appendix 1) to test whether there are differences among the populations in the

North Pacific. This is the first quantitative trans-oceanic comparison of the BS of any euphausiid

species in the North Pacific. The median BS of the females from the Oregon coast were

significantly higher than the BS measured inside two bays (Toyama Bay, Japan and Puget Sound,

Washington) after accounting the female TL. This means that BS of E. pacfica of equivalent
size, indeed vary geographically. However, their slopes were not significant different among

population suggesting similar increase of rates of egg production as a function of female total

length. This is not surprising because in inland basins have earlier and shorter spawning seasons

associated with the largest phytoplankton bloom in the late spring having relatively little time to

feed and invest energy in reproduction (Cooney, 1971; Ross et al., 1982; Bollens et al.; 1982;

Iguchi and Ikeda, 1999) than in open-ocean where occur longer spawnings seasons (Brinton,

1976; Feinberg and Peterson, 2003). In the Oregon coast the spawning occurred from March to

September in temperatures from 8 to 16°C. The TL of the Oregon females that actually produced

eggs ranged from 12 to 29 mm. The age of first maturity is usually attained in about 9 months

(Feinberg et al., 2003; Ross and Quetin, 2000) and the maximum brood sizes (up to 600 eggs

spawn1 were produced by females >19 mm during their second spawning year. Longevity of

some specimens can be up to 2.8 years.

In Toyama Bay the egg production is limited from February to May with SST < 12°C (Iguchi

and Ikeda, 1999). The SST increases significantly between July and October (12 to 26°C)

developing a strong thermocline. Thus, E. pacjfica has only one generation per year with mature

animals between 11 and 23 mm with a life span of approximately 21 months (Iguchi et al., 1993).

The magnitude of the night ascent was reduced after May because the temperature barrier
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(>20°C) having reduced feeding in the euphotic zone and causing growth stagnation. In Puget

Sound spawning occur earlier than in the Oregon coast having most intense spawning during

April and May but continued at a low level throughout most of June (Ross et al., 1982). These

open ocean and inland basins differences also have been observed in other euphausiid species.

Timofeev and Sklyar (2002) reported that spawning of T. raschi in bays and ice covered areas the
Barents Sea had smaller fecundity than the populations that shed their eggs in the open sea
apparently caused, in this case, by an increases in embryo diameter. We suggest that populations

in the open oceans may have comparatively higher fecundities than in inland basins because there

is larger and longer opportunities to feed in eutrophic conditions andJor perhaps because it is a

population response to compensate higher mortality rates due to higher euphausiid predator
abundances.
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CHAPTER 7

FECUNDITY OF Euphausia pacifica ALONG THE OREGON COAST:
A COMPARISON OF LABORATORY AND FIELD ESTIMATES

Jaime Gómez-Gutidrrez, Leah Feinberg, Tracy Shaw, and William T. Peterson
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Abstract

Interbrood period (IBP) of Euphausia pacfica was measured under laboratory conditions and from

field zooplankton samples collected along the Oregon coast (USA). Results were combined with

brood size (BS) estimates (Chapter 6) to estimate the daily (DF) and annual (AF) fecundity. The

laboratory experiments were conducted during 2002 to observe the BS and 1BP of females reared

in the laboratory from eggs to adulthood, and of females collected from the field. These

experiments indicate that the female total length explains 23% of the variability of the BS and

that the IBP and BS are weakly correlated (BS explains 13% of the variability of the IBP). The

DF for females (16-18 mm TL) reared in the laboratory ranged between 3.7 and 11.6 eggs fern'

d', and for females (16-23 mm TL) collected in the field and maintained in the laboratory DF

ranged between 0.8 and 30.2 eggs fem' d'. Assuming that females from those experiments

would be reproductively active for the entire spawning season (Mar-Sept, 203 days), fecundity

would range between 682 and 2,347 eggs fem' yr'S A second method to estimate the population

average daily fecundity (DF) was to divide the average (BS) (643 females incubated between

1999 and 2003, 48 h incubations at 10°C) by the average IBP = 3 days, estimated from the inverse

proportion of gravid females from preserved samples (1971, 1972, and 2001 spawning season

combined). Adjusted and unadjusted values were calculated, not including and including non-

reproductive females, respectively. The adjusted DF was estimated as 47.5 eggs fern' d' and

unadjusted at 35.2 eggs fern' d'. At these rates females would produce, on average(AF

adjusted) 9,642.5 and (AF not adjusted) 7,138.8 eggs fern' yf'. The DF (adjusted) represents

on average 2.9% of the female body carbon weight produced as eggs per day. Maximum daily

percentages were up to 14.8%. The size-frequency distributions of the IBP of laboratory

experiments and field estimations were similar, indicating that the estimation of the average

population IBP was robust. Both fecundity methods indicate that E. pacfica has multiple

spawnings and large variability in BS and IBP both female-to-female and for individual females.

Maximum fecundity was observed in older females (>19 mm TL), those likely to be more than

one year old and in their second spawning season.
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Introduction

Egg production of plankton is significant from both population dynamical and energetic

perspectives. Fecundity is a measure of the potential recruitment rate of new individuals, which
must be balanced on average by a comparable rate of mortality. For individual energetics, egg
production is a measure of the growth rate of adult females in natural conditions. To estimate
fecundity, it is required to estimate the number of eggs produced per spawning event (brood size,
BS), the duration of the spawning season, and the total number of spawning episodes per season
(Ross et al., 1982). These last two are perhaps the most difficult variables to estimate reliably.

Fecundity (mostly brood size) has been studied in less than one fourth of the 86 known
euphausiid species, focused mostly on broadcast-spawning species and on species commercially
harvested (Ross and Quetin, 2000). There is general agreement that counting spawned eggs is a
superior method to counting ovarian eggs for estimating brood size, since some oocytes may not
be released (Harrington and Ikeda, 1986). However, BS estimates from laboratory work also have
several pitfalls, as the females may release part of the eggs before collection, stress during
sampling and confinement may depress fecundity, or short incubation periods (<24 h) may lead to
underestimated BS.

In the Northeastern Pacific Ocean the euphausiid community structure is dominated by two
euphausiid species Euphausia pacfica Hansen and Thysanoessa spinfera Holmes (Chapter 2).
Euphausia pacjfica is by far the best studied euphausiid species in the North Pacific in

distribution patterns, die! vertical migration, larvae ecology, growth, feeding, and reproduction

rates (Chapter 1). Brinton (1976) estimated the brood sizes of E. pacca indirectly by counting

the number of oocytes in the gonad from the southern California population. The brood size also
has been directly estimated by holding females under laboratory conditions for Southern
California (Lasker, 1966), Puget Sound, Washington (Ross et al., 1982) and in Toyama Bay,
Japan (Iguchi and Ikeda, 1994, 1999). Thus, the present study is the fifth, but perhaps the most
extensive, study of the fecundity of this species under laboratory conditions.

Harrington and Ikeda (1986) and Stuart (1992) demonstrated that broadcast-spawning

euphausiids, Euphausia superba Dana and Euphausia lucens Hansen respectively, produce

multiple broods during a reproductive season. Only the eggs of the first spawning were fertile,
because the spermatophore is lost during molting (every 4-8 days) (Stuart, 1992; Feinberg et al.,
2003). Currently it is generally accepted that euphausiids have the capacity to mature several
successive broods in one season (Cuzin-Roudy and Amsler, 1991; Cuzin-Roudy and Buchholz,
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1999). The spawning of E. pacjfica is generally thought to be seasonally limited, with an annual
cycle of ovarian maturation and regression (Ross and Quetin, 2000); the active ovary generates
several broods of eggs during the reproductive season (Ross et al., 1982).

Brood size of E. pacfica has been found to be positively related to female body size (Brinton,

1976). Euphausia pacfica females < 17 mm total length produce about 1000 eggs mo', and
females> 17 mm about 1850 egg mo' (Ross et al. 1982). They reported that the IBP was

between 3 and 10 days with large female-to-female variability. It should be noted that E. paqfica
can survive periods of abnormally high temperatures, even if food is plentiful, by shrinkage

between molts (Lasker, 1966; Marinovic and Mangel, 1999). Thus, the relationship between

brood size and female total length is not precisely associated with age.

In this study we estimated fecundity of E. pacifica, with emphasis on female-to-female

and seasonal variability, using two methods 1) multiplying the average BS (1999-2003, 48 h

incubations at 10°C) through the IBP frequency distribution (1971, 1972, 2001), 2) direct

observations of females reared in the laboratory from eggs to adulthood, and of females collected

from the field during 2002. The spawning season (SS) was deduced from biweekly sampling

during 1971, 1972 and 2001 based on egg, nauplius and gravid female abundances.

A similar amount of research time was invested for T. spinfera, but I found it particularly

difficult to study, and we were frequently unsuccessful at estimating IBP (eggs fem' time').

Some of the reasons are the production of sticky eggs (Chapter 5) that initially affected the

measurement of BS, failure to observe multiple spawning events under laboratory conditions,

perhaps related to the laboratory diet (Feinberg, pers. comm.) and difficulties in staging ovaries

correctly (Gómez-Gutiérrez, unpubl. data). The fecundity of this species requires further

investigation before comparison with the results obtained for E. pacfica. However, in Chapter 6,
we reported the brood sizes of both species, measured under similar laboratory conditions, which

allowed us to evaluate the relative egg production of these two species during 1999-2003. The

goal of this study is to estimate the fecundity of E. pacfica along the Oregon coast between 1999
and 2003 and compare the fecundity rates to those reported from Puget Sound, Washington (Ross

et al. 1982).
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Materials and methods

Field collection and incubation of E. pacifica females for brood size estimation

Females of E. pacijica were collected at night during 23 oceanographic cruises along the Oregon

coast between July 1999 and September 2003 to measure their total length, brood size (BS), and

embryo and egg diameters. Detailed description of the cruise dates and the experimental design to

estimate BS appears in Chapter 6. During 2002 two groups of E. pacifica females were incubated

under laboratory conditions to measure the total length (TL, mm), the number of eggs produced

per spawning (brood size, BS), and the interbrood period (IBP). The IBP is the time between

consecutive spawnings (Feinberg et al., 2003). The first group included six E. pacifica females

that were reared in the laboratory (RF), from eggs to adulthood (requiring 9 months) and

incubated during 57 days, and the second group included four 'wild' mature females (WF)

collected in the field along the NH-line and incubated about 70 days under laboratory conditions.

In both experiments females were fed with an excess of phytoplankton food (a mix of

Chaetoceros calcitrans, Rhodomones and Tetraselmis) and maintained at 10°C with 24 hours

darkness. Excepting the first brood for the WF, all the eggs spawned in the laboratory during both

experiments were unfertilized due to lack of mating.

Dry and carbon weight of the E. pacifica female body and the eggs

I estimated the carbon content in eggs and females to calculate the reproductive effort expressed as

the proportion of carbon that each female invested to produce eggs per day (weight-specific carbon

produced per female per day). During several L-TOP and mesoscale cruises, the total length of

freshly collected larvae, juvenile and adult stages of E. pacca was measured from the posterior

part of the eye to the tip of the telson (Keister, unpubi. data). Specimens were rinsed with distilled

water, and dried at 60°C for 24 hours. The specimens were weighed with an electro-microbalance.

I obtained an expression for dry weight (mg) as function of total length (TL) in mm:

DW = 0.0031 x (TL mm)273 (r2=0.9392, n= 198, TL = 2.3 to 22.6 mm).
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The percentage of the dry weight that is carbon in juveniles and adults of E. pacfica ranges
from 38.1 to 45.1 % with an average of 40.5% (Lasker, 1966; Mauchline and Fisher, 1969; Omori,

1969; Childress and Nygaard, 1974; Ross, 1982a, b; Iguchi and Ikeda, 1998). I assumed that the

carbon content was 40% of the dry weight.

On two 1-day cruises, September 7 and 18, 2003, I measured the dry weight, carbon and

nitrogen content of 45 groups of eggs (>20 eggs per group) from 13 different E. pacfica females. I

used at least three replicate groups per female to measure female-to-female and within-female

variability. Only nine females produced healthy eggs, and the deformed or swollen eggs of the other

four females were statistically analyzed separately. The embryo and chorion diameters were

measured, and the developmental stages were identified according to criteria described in Chapter

5. The eggs were briefly washed with distilled water (<15 seconds, longer exposure frequently

caused the rupture of the chorion and the embryo) and dried at 60°C for 24 hours. The eggs were

weighed with an electro-microbalance (±1 jg resolution, with an approximate accuracy ±0.1 jLg

egg5. The carbon and nitrogen contents were measured using a CN analyzer (Carlo Erba NA 1500

Elemental Analyzer) calibrated with several cystine samples (29.99% C, 11.66% N). I compared

our dry weight and carbon measurements to (1) predicted carbon content of the eggs using the

embryo volume and carbon density for copepod eggs reported by Robertson (1968) and Kiørboe

and Sabatini (1995) and (2) the measurements of DW and CW previously reported for E. pacca

eggs by Lasker (1966), Ross et al. (1982), Iguchi and Ikeda (1994, 1998, 1999).

In Chapter 6, I estimated the percentage of the female carbon weight produced as eggs per

spawning event (%FCW) from the brood carbon weight/female carbon weight ratio. This estimates

the amount of carbon that a female actually spent to produce her brood, however, this does not

estimate the proportion of carbon that was invested as a function of time. Here I included the

average interbrood period (IBP = 3 days estimated for the entire data set 1999-2003) to estimate

the proportion of carbon that a female allocates to reproduction per day (%FCWD) rather than to

growth and maintenance. This was calculated as follow:

%FCWD
FCW

]x100
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Where %FCWD is the percentage of female carbon weight produced as eggs per day, FCW is

the female carbon weight (rng C fern'), ECW is the egg carbon weight (mg C egg'), BS is the

brood size (eggs brood'), and IBP is the interbrood period.

Fecundity estimation

In the present study fecundity was defined for three different time scales: the total fecundity (TF) is

the number of eggs produced by a female during her whole life span; the annual fecundity (AF) is

the number of eggs produced during a reproductive season, and the daily fecundity (DF) is the

number of eggs produced per female per day. In other words, DF is the brood size divided by the

average interbrood period (IBP) of the females from a specific sampling date. The estimation of TF

is complicated because it is requires knowing how long the female is reproductively active and

her longevity. However, there must be a large female-to-female reproductive life-span variability,

because the size at first maturity depends on individual genetic and nutritional conditions, and

because the longevity of mature females depends on factors like death by predation, parasitism,

and hunger. For these reasons, it is impractical to estimate TF. The AF and DF are more
accessible and allow estimates of the annual and daily secondary production generated as egg
production. They were calculated as follows:

AF=BSxI---
IBP

DF=I---
IBP

Where AF = eggs per female per reproductive season; DF = eggs per female per day, and SS
= length of time during spawning season when the IBP was valid.

The BS, IBP and DF were directly observed under laboratory conditions. However, the

average 'field' fecundity rate was estimated using the BS from females incubated during the

period studied and the IBP estimated from preserved samples collected in the field. Thus, the

overall average daily fecundity (DF) was estimated from the average brood size (BS) obtained



166

from the frequency distribution of the BS measured between July 1999 and September 2003 (23

cruises; n=643 gravid females incubated) and the average interbrood period (IBP) estimated

from the frequency distribution of the IBP obtained from the inverse proportion of females ready

to spawn from preserved samples (see below) collected during 1971, 1972, and 2001, using the

following equation:

BSx (NlBP/1Bi)

DF

NIBP
IBP=1

Where DF = is the overall average of the eggs per female per day for the entire period of

study; BS = is the overall average of the number of eggs per female per spawning event; N18 is

the number of measurements of IBP in one day bins and IBP = interbrood period, interval in days

between broods.

Estimation of the interbrood period (IBP)

The frequency distribution of the JBP observed from females incubated under laboratory

conditions was compared with the frequency distribution of the JBP estimated from the

proportion of gravid females (purple-band females) from preserved samples. The IBP in days

should be equal to the inverse of the proportion, 7t, of females in the population ready to spawn

within one day (IBP=lht) (Ross et al., 1982; Ross and Quetin, 1983). There are several

assumptions in estimating IBP from the proportion of females ready to spawn. According to Ross

et al. (1982), there must be no synchrony in spawning, and all females must be fertile. Estimates,

p=GIN, of it where G=gravid females and N=total number of females, should have a binomial

distribution with average equal to it, and the standard deviation.

=
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Using p to approximate it, this estimate of the standard deviation, I calculated the 95%

confidence interval for it given GIN. From a total of 1361 females analyzed, I estimated the

proportion of females ready to spawn (stage IV) in samples collected during 1971 and 1972 using

the ovarian stages classification described by Ross etal. (1982). This classification was used

because it is simple to apply routinely to numerous females in preserved samples. These gonad

maturity stages are defined in Table 7.1.

Table 7.1. Ovarian development stage classification of Euphausia pafica defined by Ross et al.
(1982) used to stage gonads females during the 1971, 1972 and 2001 spawning seasons along the
NH-line 44°40'N. Characteristics of female ovarian development stages (stages Ito IV) in
specimens preserved with 4% formalin buffered with sodium borate and dissected ovarian lobes
with corresponding phases of the life cycle.

Stage Observations from dissected gonads

I Ovary small and flat, behind the hepatopancreas, with small, yellow, transparent
rounded eggs.

II Ovary large, closely packed with polygonal eggs of uniform size.

III Ovary extends into the abdomen; eggs tightly packed and no longer transparent.

IV Ovary completely fills the thoracic cavity, pushing aside the other organs, several sizes
of eggs present, and spermatophores often attached to the thelycum.

However, the Ross et al. (1982) classification is not detailed enough to distinguish females

that have already released some eggs. Thus, I used the improved ovarian development stages

(ODS) 1 to 6 of oocyte growth described for Meganycriphanes norvegica M. Sars (Cuzin-Roudy

and Buchholz, 1999) for preserved E. pacfica females collected at night mostly along the NH-

line (16 Bongo or MOCNESS net samples; Mar-Sept, 2001 and Mar, 2002). This classification

allowed me to detect the proportion of females ready to spawn in less than 24 h (ODS4 Stage

IV Ross et al., 1982), the proportion of females preparing to spawn again (0DS51 and 0DS52)

and the proportion of spent females with ovary absorption (ODS6). Females in stage ODS3 have

a large number of oc3 oocytes with clear cytoplasm and a well defined nucleus. According to

Cuzin-Roudy (pers. comm.), meiosis in M. norvegica occurs in ODS3 and takes about 12 hours.

Thus, I assumed that the period elapsing between the ODS3 and ODS4 stages is < 1 day. This

gonad classification was adapted for E. pacfica and is summarized in Table 7.2.



In this classification, the oocytes are separated in five categories (yoc, oci, oc2, oc3, and

oc4). The yoc are spherical and small ranging between 20 and 60 jim, the oc 1 oocyte is also

spherical and transparent but between 80 to 200 jim, the nucleus can not be observed at 50x

magnification; the oc2 is very similar but larger in size (200-280jim); in the oc3 the oocyte is no

longer spherical, the cytoplasm is transparent and the nucleus is easily observed with 50x

magnification, the oöcyte size ranges between 240 and 380 jim; and the oc4 is the mature oocyte,

the cytoplasm is not transparent anymore having a granular appearance, the nucleus cannot be

observed because meiosis is complete, and the oöcyte size ranges between 390 and 480 jim.

There is an overlap in sizes between oocyte types, but the ranges given above are the most

frequent sizes for each. About one hundred female euphausiids were randomly selected from

each sample for ODS determination and to measure the female total length, ovary size, and

presence or absence of a spermatophore. I removed the carapace to observe the ovarian structure

and to measure the young primary oocytes (yoc) and the oocytes oc 1 to oc4 from at least 30

females.

Length of the spawning season

The spawning season (SS) of E. pacfica changes from year-to-year (Feinberg and Peterson,

2003). I estimated the duration of the SS for several years using two different methods:

1) From egg abundance sampled biweekly during 1971-1972 along the Newport Hydrographic

line (NH-line 44°40'N) at twelve stations (NH1-NH6O) (Chapter 5). I also used SS estimated

from egg abundance along the NH-line during 1996-200 1, again sampled biweekly but only at

NH5 and N}T15 (Feinberg and Peterson, 2003). The eggs of E. pacfica from preserved samples
were identified using the criteria defined in Chapter 5, or the presence of nauplii at the same

stations (Feinberg and Peterson, 2003; Gómez-Gutiérrez, 2003).

2) From the presence of gravid females in samples collected during 1971 and 1972 along the NH-

line.

I arbitrarily delimited the spawning seasons starting and ending when the first and the last

stage IV females appeared in the biweekly zooplankton samples, and/or when density of eggs was

larger than 10 eggs m3 (Feinberg and Peterson, 2003).
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Results

Dry weight, carbon and nitrogen content of Euphausia pacifica eggs

The eggs of E. pacfica had an average dry weight of 7.01 pg egg' (±SE=0.38 gig), carbon weight

of 3.2 ig C egg' (±SE=0.06 jig) and nitrogen content of 0.61 ig N egg' (±SE=0.01 g) (n= 24

groups of eggs with a total of 480 eggs from broods of nine females). The average percentage of

the dry weight as carbon was 47.9 % (±SE=2. 18 %). This analysis included healthy single-cell

(SC), multiple-cell (MC), Gastrula (G), and early limb-bud (eLB) eggs.

The average carbon content decreased somewhat in successive development stages (SC=3.33,

MC=3.09, Gastrula=3.07 and eLB=2.92 ag). The variability of the egg carbon weight from the

broods of the same female was smaller (±SE=0.05 jsg egg') than the female-to-female variability

(±SE=0.11 ig egg5.
The overall average SC carbon weight and ED were 3.3 ig egg' and 355 /.tm, respectively.

Averages of SC egg carbon weight (jLg) and of ED (ranging from 350 to 359 m in this small

sample) for broods from single females were highly correlated (r2=0.86, p<O.O2l9). On a volume

basis, this is 1.37x117 jtg C il3 (euphausiid egg carbon density, p). I used p to estimate the

carbon content from the BS experiments (1999-2003), where I calculated the average ED females

by female. The p overestimated the values for unfertilized or swollen E. pacfica eggs because

they usually had lower carbon content (-20% less) than healthy embryos even though they were

comparatively larger in size. The euphausiid chorion diameter cannot be used for these

calculations, because it significantly overestimates the carbon content measured in this study, and

because the CD was poorly associated with carbon, nitrogen or dry weight due to considerable

perivitelline space (PVS) variability in different developmental stages (r2czO.22, p>O.O56).

Deformed or swollen eggs had a smaller average carbon (2.59 g egg') and nitrogen (0.50 ig
egg') content and larger average ED (343 to 457 urn) than healthy eggs (n=460 eggs, 4 female

broods).
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Table 7.2. Euphausia pacfica. Characteristics of female ovarian development stages (ODS) in
specimens preserved with 4% formalin buffered with sodium borate. Ovary size relative to
cephalothorax height (ovary/thorax ratio) was measured through dissection of the female gonad.
Abbreviations: GZ=peripheral germinal zones, PGZ=principal germinal zones, oci, oc2, oc3,
and oc4 are type 1, 2, 3, and 4 oocytes, yoc = young primary oöcytes. Ovarian stage classification
was adapted from Cuzin-Roudy and Buchholz (1999) for Meganyctiphanes norvegica.

ODS Ovary/thorax Observations from dissected gonads Life cycle phase
1 1:4 Ovary thin and transparent, saddle shaped Subadult female, adult in

ovarian lobes uniform shaped. PGZ with sexual rest.
oOgonia 1 and 2. Lobes filled with small
yoc.

1:4-1:2 Ovary thicker and longer, transparent, lobes Previtellogenesis females: first
uniform. PGZ with oci and oc2. GZ Lobes mating of reproductive period
filled with numerous oc 1.

3 1:2-3:4 Ovary thick, semitransparent, lobes regular Vitellogenic females,
with nucleated oOcytes visible though conimonly with
carapace (oc3). PGZ and GZ same as spermatophore attached. The
ODS2, oc 1, oc2 present but numerous oc3. gonad barely reaches the first

abdominal segment

4 3:4-4:4 Ovary large and purple, lobes uniform and Female turned purple with
very thick, carapace slightly swollen and the slight swollen carapace.
gonad extends into the first abdominal Usually with spermatophore
segment. Numerous late oc3 and oc4 in the attached to the thelycum.
centre of the lobes. The oc4 are not Gonad extends into the first
nucleated anymore because cell has entered abdominal segment
meiosis, the cytoplasm has granular and
opaque appearance.

51 3:4-1:2 The ovary decreased slightly in size, lobes Female is preparing to spawn
still thick but with irregular protruding again, the thelycum is full.
lateral GZ. Abundant oc I and oc2, centre of
lobes empty or with very few oc4.

52 1:2-1:4 Ovary small, transparent, with flocculent Post-spawned females,
'lumps' at random, lobes irregular and previtellogenesis and early
contracted vitellogenesis for subsequent

batch. Female is ready to
spawn again. After the stage
0DS52, the gonads return to
the ODS3 stage or change to
ODS6.

6 1:2-1:4 Ovary small, saddle shaped, lobes irregular Spent females, but this stage
and contracted. PGZ same, reabsorbing oc 1, was rarely observed in these
oc2 and residual oc4. species during reproductive

season.
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Brood size, interbrood period and fecundity of Euphausia pacijica directly observed
under laboratory conditions (2002)

We measured the BS of six RF (15.7-18.1 mm TL) that produced 2 to 12 broods over 18 to 57

days (May 3 and June 28, 2002) with a maximum BS of 128 eggs brood'. The DF over the entire

spawning period ranged between 3.7 and 11.6 eggs fem' d', equivalent to 0.4 to 1.2 % of the

female carbon weight per day. The females invested between 7.7 and 105% of their weight in

reproduction during the incubation period. Four WF (16.1-23.6 mm TL) produced ito 19 broods

over 33 to 70 days (May 10 and July 18, 2002), with a maximum BS of 357 eggs brood'. The DF

during the experiment ranged between 0.8 to 30.2 eggs fem' d', equivalent to 0.1 to 2.1 % of the

female carbon weight per day. The females invested between 1.47 and 146% of their weight in

egg production during the incubation period (Table 7.3). In Chapter 6, 1 showed that the percent

of female weight produced as eggs in a brood, and the duration of the spawning season (SS) for E.

pacfica were similar for 2001 and 2002. Assuming that the females in 2002 would be

reproductively active at the individual mean BS for the entire spawning season of 203 days

(February 28-September 18), as delimited during 2001 (Feinberg and Peterson, 2003), the

individual AF would vary between 682 and 2,347 eggs fem' yf' for RF and between 172 and

6,134 eggs fem' yr' for WF (Table 7.3). Our analysis of ODS4 indicates that the duration of the

SS during 2001 was at least 178 days (March 24-September 18, 2001). The standard error (SE)

and the 95% confidence interval of the average estimate of the DF and the AF showed that the

reared females had smaller variability in the estimation of the mean than the wild females (Table

7.3).

Combining the data from both experiments (RF and WF), we observed that the female total

length explains 23% of the BS variability [BS = 14.175 (TL mm) 174.42, r2=0.2332, p<O.0003}

(Fig. 7.1 A). The association between female total length and IBP was not significantly different

from zero (r2=0.0527, p>0. 1050). The IBP measured under laboratory conditions is related to the

BS that occurs at the beginning and the end of the period. Brood size is significantly, but weakly

correlated with total female length (Fig. 7. lA) Therefore, length will not be a good predictor of

any aspect of fecundity. Interbrood period is significantly but weakly correlated with brood size

at the beginning of the interbrood interval (Fig. 7.IB). Prior to making the observations, we

assumed that the IBP would be proportional to the BS, but this was only weakly borne out; BS

explains only 13% of JBP variability [IBP = 0.0191 (BS) + 2.7994, r2=0.1307, p<O.009l].
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A female does not necessarily spend more time between broods when she produces a large brood

than when producing a smaller one. A multiple linear regression of the IBP as a function of the

BS and female TL did not significantly (p>.O.6529) increase the percentage of IBP variability over

that explained by the BS alone.
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Fig. 7.1. Euphausiapacfica. (A) Linear regression of the brood size (BS) and the female total
length and (B) Interbrood period (days) and brood size for females reared (FR) from eggs to
adulthood in the laboratory (open circles) and for females collected in the field and incubated
under laboratory conditions (filled circles).



Table 7.3. Individual average and 95% confidence int&val of the daily (DF) and annual (AF) fecundityof Eiq,haasia pacifica measured under laboratory conditions (10'C ± 0.5 for females reared fromeggs to adulthood (I1F) and females collected ii the field and licubated under laboratory conditions (WF). The duration of the reproductive season to estimate the annual fecundity was assuming thc females
would be reproductively active between Februasy 28 and September 18. 2001. equivalent to 203 days as observed from field egg abundance in 2001 (Fehsbcrg and Peterson, 2003). The carbon weight(CW)
each brood was estimated assumasg an average carbon weight per egg of 3.2 sg C eggt. FWAE = percentage of the female weight produced as eggs. SE = standard earor.

Total Female Number Days Average SE Total fecundity Average 95% CI Average 95% CI Brood Total Dailylength CW spawns alive IBP IEP incubation penod DF DF AF AF CW FWAE FWAE
mm mg a days days days eggs fern' period eggsfesu' d' eggs fern4 d1 eggs fesn4 yr' eggs fern' yf' mg C brood' % %

Females reared from egg to adulthood

18.1 3.04 12 57 4.8 0.6 659 11.6 10.2 to 12.9 2347.0 2076.7to26l7.2 2.1 69.3 1.216.3 2.21 4 18 4.5 0.0 53 2.9 2.9to2.9 597.7 597.7to597.7 0.2 7.7 0.415.7 1.97 8 57 7.1 1.5 652 11.4 7.9tol5.0 2322.0 1600.2to3043.9 2.1 105.9 1.917.6 2.79 5 50 10.0 1.3 393 7.9 7.9toll.3 1595.6 894.8to2296.3 1.3 45.1 0.916.7 2.38 8 24 3.0 1.2 216 9.0 6.3toll.7 1827.0 1269.8to2384.2 0.7 29.1 1.217.3 2.62 4 39 9.8 3.5 131 3.4 l.Otol3.1 681.9 1.0to2654.2 0.4 16.0 0.4

Females collected in the field and incubated under laboratory conditions

20.9 4.65 19 70 3.7 0.9 2115 30.2 28.3to32.1 6133.5 5750.7to6516.3 6.8 145.6 2.123.6 6.74 9 70 7.8 2.1 1532 21.9 17.1 to26.7 4442.8 3474.8 to5410.8 4.9 72.8 1.016.1 2.11 4 46 11.5 6.3 530 11.5 1.0to29.l 2338.9 1.0to5913.2 1.7 80.2 1.723.4 6.55 1 33 33.0 - 28 0.8 - 172.2 - 0.1 1.4 0.0

N-
-1
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Comparison of the estimation of the IBP from laboratory experiments and from
proportion of gravid females in preserved samples

The frequency distribution of the E. pacfica IBP estimated from females incubated under

laboratory conditions during 2002 (Fig. 7.2 A) and from the proportion of gravid females in

preserved samples (1971, 1972, 2001, pooled data) (Fig. 7.2 B) were very similar, showing that

about 85% and 77% of the females, respectively, spawn in less than 8 days, both with averages (0

to 8 days) of 3 days (IBP). The median IBP for the complete laboratory data set was 3 days and

the median IBP estimated from the inverse proportion of preserved gravid females collected in

the field was 2.1 days. The rest of the females produced eggs with IBP ranging between 10-40

days. There were no differences in IBP between females reared in the laboratory and females

collected in the field for values <5 days (Fig. 7.2 A). The IBP estimated in the field during

summer were, with the exception of one date in 2001 (14 days) was smaller than 5 days (Fig. 7.2

B).

The proportion of each ovarian development stage (ODS) from females collected along the

NH-line during 2001 is shown in Table 7.4. The proportion of ODS4 females indicates that the

IBP ranged from 1.5 to 15 days. Females in resting stage ODS6 were observed mostly at the

beginning and the end of the reproductive season. The IBP for females in stages 51, 52 and 6

ranged between 5 and 33 days, with significantly longer periods than the ODS4. It is intriguing

that IBP estimated from proportion of ODS3, supposedly females that should produce eggs within

48 hours, had a shorter average 1BP (3.6 days) than the ODS4 (5.3 days). This supports our

assumption, stated in the methods, that the transition from ODS3 to ODS4 would be < 1 day;

suggesting the females in stage OSD3 collected on a given day would spawn on the second night

after collection when their ovaries develop into ODS4.
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Fig. 7.2. Size frequency distribution of the interbrood period (IBP) in days estimated from (A)
females incubated under laboratory conditions including females collected in the field (Wild =
filled bars) and females reared from eggs to adulthood (Reared = empty bars) (n=61), and (B)
preserved gravid females (stage IV or OSD4) along the NH-line during spring (empty bars) and
spring-fall (filled bars) during 1971, 1972 and 2002 (pooled data, n=53).



Table 7.4. Frequency of the ovarian development stages (ODS) and interbrood period (IBP = inverse proportion of gravid females) of
Euphausia pacifica females collected along the NH- line (44°40'N) during night samples (2001).

Sampling Latitude, longitude No. Fern Frequency of the Ovarian Development Stage lnterbrood period in days (lip)
date staged SDSI SDS2 SDS3 SDS4 SDS51 SDS52 SDS6 SDS3 SDS4 SDS51 SDS52 SDS6

24-Mar-01 41.90, -124.60 30 1 2 6 19 0 2 0 5.0 1.6 15.0
11-Apr-01 44.65,-124.53 2 1 1 0 0 0 0 0

18-May-01 44.65, -124.65 30 1 9 15 2 0 2 1 2.0 15.0 15.0 30.0
4-Jun-01 44.65, -124.65 30 22 4 4 0 0 0 0 7.5

27-Jun-01 44.65, -124.65 5 2 1 0 1 0 1 0 5.0 5.0
18-Jul-01 44.65, -124.65 33 1 0 6 21 4 0 1 5.5 1.6 8.3 33.0
18-Jul-01 44.65, -124.53 3 1 0 0 2 0 0 0 1.5
31-Jul-01 44.65, -124.53 28 3 5 17 2 1 0 0 1.6 14.0 28.0
31-Jul-01 44.65, -124.65 8 1 1 2 4 0 0 0 4.0 2.0
5-Aug-01 44.65, -124.65 28 4 4 7 12 1 0 0 4.0 2.3 28.0
10-Sep-01 44.00, -124.80 15 3 2 6 4 0 0 0 2.5 3.8
10-Sep-01 44.00, -124.60 22 3 3 5 11 0 0 0 4.4 2.0
18-Sep-01 44.65, -124.53 30 2 7 11 7 2 0 1 2.7 4.3 15.0 30.0
18-Sep-01 44.65, -124.65 31 9 4 12 3 0 1 2 2.6 10.3 31.0 15.5
3-Mar-02 44.65, -124.53 1 0 0 1 0 0 0 0 1.0
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Estimate of the overall average daily fecundity (DF) and annual fecundity (AF)
during 1999-2003

Because the frequency distribution of the IBP observed in the laboratory was similar to that

estimated from 'field' preserved samples (obtained from the proportion of gravid females during

1971, 1972 and 2001), we calculated the average population daily fecundity rate (DF) from the

equation on page 146. To estimate the overall average daily fecundity DF of E. pacfica from

the Oregon coast, I used the average IBP (= 3 days; Fig. 7.1 B) and average BS using the brood

size frequency distribution of the females that produced eggs under laboratory conditions (Jul,

1999-Sept, 2003) (Fig. 7.3). The DF was calculated as adjusted (with the omission of

nonproducing females) and not adjusted (including nonproducing females). From a total of 643

incubated gravid females, 476 produced eggs in 48 hours. The overall adjusted average BS and

DF were 142.5 eggs brood' and 47.5 eggs fem' d', respectively. The overall unadjusted

average BS and DF, considered as the population egg production rate, were 105.5 eggs brood4

and 35.2 eggs fem' d', respectively. Assuming a spawning duration of 203 days, as was

delimited during 2001 (Feinberg and Peterson, 2003), the overall adjusted average AF is 9,642.5

eggs fem' yr' and the overall not-adjusted average AF is 7,138.8 eggs fem' yf'.
The daily reproductive effort, expressed as the percentage of the female body weight

produced as eggs per day was estimated from the BS per female (1999-2003 combined), the

female carbon weight, the egg carbon density (assuming an egg carbon density of 1.37x107 ig C

ILl') and assuming an overall average IBP of 3 days. The daily reproductive effort had an

average of 2.8% for inshore (< 300 m) and 2.9% for offshore (> 300 m) stations, with maximum

values of 12.5% and 14.8%, respectively (Fig. 7.4 A, B). Thus, E. pacifica invests similar

percentages of the body weight in reproduction in inshore (median 2.2%) and offshore (median

1.83% regions (Mann-Whitney w-test, p=O.8633), despite the large inshore-offshore gradients in

the phytoplankton standing stock along the Oregon coast. The egg production starts earlier

offshore than inshore, and the daily reproductive effort was higher during summer than the rest of

the year (Fig. 7.4 A, B).
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Seasonal variability of the IBP, egg, and female abundance along the NH-line during
1971 and 1972

The seasonal variability of the IBP and the abundances of eggs, non-gravid females (ovarian

stages 1-111), and gravid females (ovarian stage IV) are shown from a biweekly sampling time

series (244 sampling stations) collected along the NH-line (averaging up to 12 stations per date

along the sampling transect; NH-i to NH-60) during 197 1-1972; both years combined (Figs. 7.5

A-D). Euphausia pacifica eggs were first recorded at low abundance on February 3 (Julian day

34) and the last eggs were seen on November 7 (Julian day 341). Eggs abundances >10 eggs m3

were recorded on May 3 (Julian day 124), June 12 (Julian day 164), and August 2 (Julian day

214), then decreased during fall (SS188 days) (Fig. 7.5 A). Female abundance and the

proportion of gravid females observed during summer were larger than during the rest of the year.

During summer (between Julian days 134 and 214) the IBP were shorter than during spring and

fall. Early and late season IBP was highly variable, with average values up to 20 days (Fig. 7.5

B). Thus, the average IBP had an inverse relationship to the average abundance of gravid females

along the NH-line, and a weak (albeit not significant) association with the average abundance of

eggs (Fig. 7.5 A-C). The first gravid females appeared on March 3 and the last ones on

November 6 (SS=248 days). Non-gravid females (stages 1-111) were recorded throughout the

year, and were particularly abundant during spring (Fig. 7.5 D).

A summary of the average seasonal (spring, summer and fall) and annual (all season

combined) of the IBP, BS and AF for each year studied (1971, 1972 and 2001) is shown in Table

7.5. During the three years, IBP estimates were significantly shorter in summer (median 2.5 days,

n=32) than in spring or fall (median 5 days, n=21) (Mann-Whitney w-test, p=O.0025).



Table 7.5. Esiphausia pacjfica. Sunsmaiy ctpropation of gravid females (SDS4 stage IV) to estimate the average intexbrood period (IB?). and duration of the

spawning season (SS) off the Oregon coast dusing 1971, 1972 and 2001. The msmber of stations where gravid females were collected is shown between psrenthcses.

RF = Females incubated from eggs to adulthood and WF= Female collected in the field and incubated under labatocy conditions. Data fer 1977spawning

season is front Puget Sound, Washington, USA (females> 12 mm) obtained from the figure 1 reponed by Ross et aL (1982).

Period studied No. stations No. females No. fentalea p P standard IBP Cl 95% SS Predicted issnsba of
analyzed Total SDS4 (SDS4IN) deviation 1/p (days) 1/p (days) (days) swns fern4 season4

Spring:MarchlltoMay29, 1971 53(9) 411 56 0.1363 0.017 7.3 5.90-9.70 73 10
Sumu: June 1 to Aisgus 20, 1971 52(13) 221 64 0.2896 0.031 3.5 2.86-4.35 82 24
Fall: Sep23 to Nov 6, 1971 36(2) 200 11 0.0550 0.016 18.2 11.58-42.30 44 2
1971 spawning season 129 (23) 832 131 0.1575 0.013 6.4 5.49-7.54 234 37

Spring: Mards3toMay 22. 1972 47(11) 480 43 0.0896 0.013 11.2 8.69-15.62 80 7
Summer:Junell toJuly22, 1972 30(3) 81 29 0.3580 0.053 2.8 2.16-3.94 41 15
1972 spawning season 347 (61) 561 72 0.1283 0.014 7.8 6.41-9.93 172 22

Spring: March24 toMay 18, 2001 3(2) 62 21 0.3387 0060 3.0 2.19-4.52 55 19
Summer June27 to August 5, 2001 8(6) 135 42 0.3111 0.040 3.2 2.57-4.30 66 21
Fill: Seplcsther 10-18, 2001 4(4) 98 25 0.2551 0.044 3.9 2.93-5.92 8 2
2001 spawning season 15(12) 296 88 0.2973 0.027 3.4 2.86-4.08 178 53

Spring: 1971, 1972,2001 103 (22) 953 120 0.1259 0.011 7.9 6.80-9.54 - -

Summer. 1971, 1972,2001 90(22) 437 135 0.3089 0.022 3.2 2.84-3.77 - -

Fall: 1971, 2001 40(27) 298 36 0.1208 0.019 8.3 6.34-11.93 - -

'I'hree sea (1971, 1972,2001) 491 (96) 1689 291 0.1723 0.009 5.8 5.09-6.18 - -

May 3 to June 28,2002 (RF) 1 6 - - 0.147 6.5 0-23.1 57 14 (small females)
May 10 to July 18, 2002 (WF) 1 4 - - 0.182 6.4 0-21.7 70 19 (large females)

March 16 to June 6, 1977 5 166 72 0.434 0.038 2.30 1.97-2.78 30 11 to 12 (small females)

60 25 to 31 (1are females)
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Fig. 7.5. Euphausia pacfica. Comparison of the seasonal changes of the average per sampling
date (transect) of (A) egg abundance (eggs m3) identified as E. pacifica (Chapter 5), (B) the
interbrood period (IBP) estimated from the proportion of gravid females (stage IV) defined by
Ross et al. (1982), (C) non-gravid female abundance (stages I-Ill), and (D) gravid female
abundance (stage IV) along the Newport Hydrographic line (44°40' N, NH 1 -NH6O) during 1971
and 1972 (both years combined).
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Discussion

Egg carbon content

The average dry weight (DW) and carbon weight (CW) of E. pacifica eggs from the Oregon

coast were 20% greater (DW=7.1 ig egg' CW=3.2 g C egg") than those reported by Lasker
(1966) for Southern California (DW=5 pg egg' CW=2.5 g C egg"); by Ross et al. (1982) for

Puget Sound (CW=2.58 g C egg"); and by Iguchi and Ikeda (1998, 1999) for Toyama Bay

(CW=2.4 g C egg"). They are almost twice the values reported by Iguchi and Ikeda (1994) also

for Toyama Bay (DW=3.8 4ag egg"; CW=1.79 ag C egg"). The lower egg CW in Toyama Bay

could be explained if the eggs in the western Pacific were smaller than in the Eastern Pacific.

However, the actual differences were in the chorion diameter (CD) and perivitelline space (PVS)

rather than in the embryo diameter (ED). The eggs of E. pacfica in the Japan Sea have very

large PVS -128 urn (ED 300-380 /Lm; CD 500-680 pm; Suh et al., 1993) or 49 urn (ED of 361

urn; CD of 459 urn; Iguchi and Ikeda, 1994) compared with the Oregon coast (PVS= 14 /2m;

chapter 5). Thus, the CW differences between Western and Eastern Pacific should account for

differences in p.

My estimate of the E. pacca p (1 .37x 10 g C ui") was virtually the same as that reported

for epipelagic copepods, 1.4x10" jig C jii3 (Robertson, 1968; Kiørboe and Sabatini, 1995). This

indicates that both hoioplanktonic crustacean groups have a relatively constant allocation of carbon

to egg content. Small differences in ED may be useful to estimate the weight-specific female

growth rates and the reproductive effort.

Fecundity of Euphausia pacifica

Ponornareva (1959, 1963) deduced, from oocytes counted in the gonad, that E. pacca spawns

only once in the life span, producing about 1400 eggs in the Japan Sea, the Bering Sea, and the

northwest Pacific Ocean. Studies from the late 60's and 70's calculated that egg maturation in

other euphausiids ranged between 60 and 120 days (Mauchline, 1968; Kulka and Corey, 1978),

suggesting two or three broods per reproductive season. Currently, it is recognized that oogenesis

in euphausiids is relatively short, on the order of days or at most weeks (Ross et al., 1982; Ross

and Quetin, 2000), not months as previously supposed (Mauchline, 1980). Young oocytes can

ripen and more small oocytes are generated at the same time (Ross and Quetin, 1983, 2000).

Multiple spawnings have been experimentally observed for several broadcast-spawning species:



E. pacfica (Ross et al., 1982); Euphausia superba (Ross and Quetin, 1983), Euphausia

crystallorophias (Han-ington and Ikeda, 1986), Euphausia lucens, (Stuart, 1992), and

Meganyctiphanes norvegica (Cuzin-Roudy, 2000). They have been suggested, but not

experimentally observed, for sac-spawning euphausiid species Nyctiphanes australis (Hosie and

Ritz, 1983), N. simplex (Lavaniegos, 1995; Gómez-Gutiérrez, 1995) and Pseudeuphausia

latifrons (Wilson et al., 2002); indicating that euphausiids actually produce many broods per

month.

Life-history theory concerns the optimal spread of reproduction over an organism's life span.

In variable environments, there may be environmental differences between breeding periods

within an organism's life that affect both offspring and parent and give rise to intergenerational

trade-offs. Such trade-offs are often discussed in terms of reproductive value for parent and

offspring. The reproductive value is the expected relative contribution of an individual to the

population of its descendants, by reproduction, now and in the future (Fisher, 1958). Off the

Oregon coast, the age of first maturation for E. pacfica females occurs at nine months (-12 mm)

(Ross and Quetin, 2000; Feinberg et al., 2003) with increasing BS until females grow to -19 mm

in their first reproductive season. They reach maximum fecundity (up to 383 eggs fem' d') when

they are probably more than one year old (19-23 mm), during their second spawning season and

for females larger than 23 mm the brood sizes are smaller than those observed for 19-23 mm

(Chapter 6). Females < 19 mm may produce smaller BS, physiological limits constrain the

biomass available for reproduction. Directing growth to tissue and body size will provide

enhanced reproductive value if a female survives to reproduce in the second year of life. Ross et

al. (1982) also reported that the BS, IBP and SS of E. pacfica varied with female size. Small

females (<19 mm) in this study had an average DF (adjusted) 33 eggs fern' d', while large

females (>19 mm) released 61.6 eggs fem' d'. These estimates were similar to my overall

average adjusted DF (47.5 eggs fern' d1) and unadjusted average DF (35.2 eggs fem' d') for

the Oregon population.

Two important conclusions of the present study are (1) that the frequency distribution of the

IBP observed under laboratory conditions and that estimated from preserved samples were very

similar, providing good confidence in the estimate of the average IBP used to estimate DF and

AF. We have good evidence that IBP is mostly (-80%) less than 8 days. The IBP is a critical

but difficult variable to estimate, because euphausiids, unlike calanoid copepods that produce a
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new brood every day (Hirst and Bunker, 2003), spawn irregularly. They have large female-to-

female and within female variability (Feinberg et al., 2003). The correct IBP is decisive to

estimate the DF and AF . For example, Hosie and Ritz (1983) in estimating the egg production

rates of a subtropical, sac-spawning species N. australis calculated an average IBP of 30 days

based in the growth curve for oocyte development of M. norvegica (from Mauchline, 1968).

However, now it is recognized that this is an unlikely IBP for M. norvegica (Cuzin-Roudy and

Buchholz, 1999; Cuzin-Roudy, 2000). Thus, Hosie and Ritz certainly underestimated the N.

australis egg production. The IBP apparently is inversely correlated with temperature, but

ranges for euphausiid species that inhabit different temperature regimes may strongly overlap.

For example, the IBP for E. crystallorophias and E. superba ranged between 6 and 10 days at -

1.6 to 0°C (Harrington and Thomas, 1987; Ross and Quetin, 1983), while in E. pacfica the IBP

usually ranged between 1 and 8 days at 8 to 16°C. However, longer IBP have been observed, up

to 26 days for E. superba (Harrington and Ikeda, 1986) and up to 68 days for E. pacfica
(Feinberg et al., 2003).

Ross et al. (1982) distinguished two E. pacfica female categories: stage IV and ripe, ready to

spawn (the distinction between them is not clear, but apparently ripe females are those that

spawned in <24 hours). They proposed that the inverse of the proportion of female stage IV

gives a rough estimate of twice the IBP. Their data come from only six sampling dates (March

16, 1977 with no stage IV females and the rest of the dates with proportions of females stage 1V

ranging between 0.088 to 0.577, equivalent to IBP of 11.33 and 1.73 days, respectively). Our

incubations of purple-band females during 1999-2003 indicate that 65% of the purple females

(stage IVODS4) spawned within < 24 hours, another 11% spawned between 36 and 48 hours,

21% spawned in >48 hours and 3% never produced eggs when incubated up to 168 h (7 days)

(n=643). Thus, most of the purple females (76%) spawned within 48 hours. I consider that the

distinction of females stage IV and ripe females is not as simple as Ross et al. (1982) proposed,

because the proportion of purple females that actually spawned in <24 hours had strong seasonal

and geographical variation.

The laboratory experiments with E. pac(fica indicated that reared females produced as eggs

an average of 0.4-1.2% of their body carbon per day (8-106 % during the incubation period),

while wild females spawned between 0.4 and 2.1% of their body carbon per day (72-145% during

the incubation period). Euphausia lucens produces on average of 3-4% of their body carbon per



day (134-192% during incubation period) (Stuart, 1992). Apparently females of E. pacjfica (16-
23 mm) invest less biomass in eggs than E. lucens (14.5-15.6 mm). In Chapter 5, I showed that

smaller broadcast-spawning species produce proportionally larger eggs compared to larger

euphausiid species. Therefore, although E. lucens produced smaller broods per spawning (<86
eggs broodt), E. pacfica (<357 eggs brood1), its proportionally large female maximum total

length/embryo diameter ratio (46.2) in comparison with 43.1 ratio for E. pacfica (Chapter 5)
increased significantly its reproductive effort.

Seasonal changes in the fecundity and the IBP

Euphausia pacfica IBP had a strong seasonal variation, shorter during summer than at the

beginning and end of the reproductive season. IBP also has an inverse relationship with the

abundance of eggs in the field and a large year-to-year variability although the association was

not significantly different (r=0.2968, p-value=0.1034). During 1971 and 1972 the seasonal

changes of JBP were more marked than during 2001 (Table 7.5). The sustained short IBP

throughout summer 2001 explains the larger egg abundances recorded in comparison with the

previous years 1996-2000 (Feinberg and Peterson, 2003). Measurement and estimation of the BS,

IBP, DF and AF are time consuming. Thus, it would be interesting to produce a predictive

model, using multiple linear regression, using the temperature, chl-a and female body weight as

explanatory variables, as estimated for calanoid copepods (Hirst and Bunker, 2003). However,

such a model will be challenging, because E. pacfica as a rule spawns irregularly. It has no clear

pattern in BS at consecutive spawning events of the same female and BS has relatively low

correlation to female total length (23% of the variability), to SST and to Chl-a at shorter time
scales (Feinberg and Peterson 2003; Chapter 6).
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Introduction

Euphausiids, commonly known as krill, often dominate pelagic crustacean productivity of the

world's oceans. The ecology of these crustaceans has been extensively studied, but sources of

mortality remain poorly understood. Predation and starvation are traditionally assumed to be the

most important causes of death; however, little attention has been given to the identification of

other sources of natural mortality (Siegel and Nicol, 2000). Here we report on a ciliate parasite

with significant infection rates in euphausiid populations that causes death of the euphausiids,

thus reducing productivity.

During six summer oceanographic cruises off the coast of Oregon, in the United States, we

collected 71 euphausiids belonging to three species, Euphausia pacifica, Thysanoessa spinfera,

and Thysanoessa gregaria, which were infected by an apostomatid ciliate of the genus Collinia.

Endoparasitized adult euphausiids were collected at 7% of 313 stations sampled, mostly near the

continental shelf-break where euphausiids are usually most abundant (Fig. 8.1 A). Shipboard

incubations indicate that the infection, recognized by an orange and swollen cephalothorax (Fig.

8.1 B), develops rapidly (<24 hours) and that the parasite undergoes obligatory polymorphic

stages of infection, growth, proliferation, and encystment that correspond to specific life-history

stages (Bradbury, 1994). The feeding stage (trophont) consumes all the organs including the

lipid-rich gonads (Fig. 8.2 A). The reproductive stage (tomont) divides rapidly by palintomy to

form transmission cells (tomites), which rupture the cephalothorax, usually killing the host within

40 hours of infection. This ciliate species is a parasitoid because it must kill the host to achieve

transmission and complete the life cycle.

For euphausiids, swarming confers benefits such as improving capture of motile prey,

increasing the probability of mating and decreasing predation risk. However, it may also increase

susceptibility to parasitism and disease. Dense euphausiid aggregations may increase parasitoid

transmission after an infected animal bursts and sinks through the aggregation distributing

infective stages. This phenomenon may lead to large-scale euphausiid mortality. We observed

such a mass mortality event (June 2001) at the base of Astoria Canyon, Oregon USA (Fig. 8.2 B).

Using a remotely operated vehicle (ROy), we discovered high densities of dead E. pacfica on

the seafloor between 550 and 220 m depth along almost 1.5 km of ROV transect (Fig. 8.2 C).



I .: hington

46OH
AstoaCanyon-4'

I

> Columbia
3, River

45

H
440 Oregon

+ Jul 00
t Jun, 01

.Q . Sep.01
Jun02
Jul02

42 °- A JI
0 Aug. 02') Sta. without

infected knIl
-- -I I I

126° 125° 124° 1

I]

Fig. 8.1. (A) Oceanographic stations along the Oregon coast, USA where euphausiids infected with
Collinia sp. were collected (July-August 2000 to August 2002). The map includes the location of
Astoria Canyon, USA where a massive mortality of Euphausia pacfica was discovered in June 28,
2001. (B) Euphausia pacfica (above) and Thysanoessa spin jfera (below) infected with the
endoparasitic ciliate Collinia sp. exhibiting the swollen orange carapace characteristic of late stages
of infection.
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Fig. 8.2 (A) Ciliates packed inside Euphausia pacfica carcass (scale = 50 jsm). (B) Mass mortality
of euphausiids observed in Astoria Canyon, USA. Arrows point to euphausiid carcasses. (C)
Density (mean ±SE) of carcasses on the seafloor (bars) and depth of the ROV (solid line) along the
ROV transect. Shading indicates the presence of euphausiids in dispersed (light gray) and dense
(dark gray) swarms.
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Euphausiid swarms and weak or dead adult euphausiids were observed close to the seafloor.

Carcasses collected by the ROV contained the same parasitic ciliates and exhibited similar

infection signs (partially empty and broken cephalothorax) as infected euphausiids from

shipboard incubations. Infection of euphausiids by a similar endoparasitic apostome ciliate

Collinia beringensis has been observed in the Bering Sea with prevalences of 68 to 98%

(Capriulo and Small, 1986; Capriulo et al., 1991). These reports were based on preserved

specimens, and the appearance of infected live euphausiids and the effects of the ciliate were

unknown. The Collinia species responsible for euphausiid mortality off Oregon is currently

undescribed. It is morphologically distinct from Collinia beringensis having 15 to 20 rows of

cilia compared with 24 to 80 in the corresponding stages of C. beringensis. In the Northern

California Current, E. pacifica and T. spinifera are the dominant euphausiids (-90% of

euphausiid biomass) (Chapter 2). Our surveys suggest that Collinia sp. endoparasitism is

widespread within the euphausiid population, which indicates that the large-scale mortality event

we observed is unlikely to be an isolated case. Parasites and pathogens are known to control

animal populations in marine and terrestrial environments (Anderson and May, 1978), and

members of the genus Collinia are certainly among the most virulent euphausiid parasites known

(Bradbury, 1994). The epizootic character of the euphausiid mortality observed in Astoria

Canyon challenges the widely held notion that mortality in pelagic organisms can be primarily

attributed to predation and starvation.
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CHAPTER 9

DISCOVERY OF A CILIATE PARASITOID OF EUPHAUSIIDS OFF OREGON, USA:
Collinia oregonensis sp. nov. (APOSTOMATIDA: COLLINIIDAE)

Jaime Gómez-Gutiérrez
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Abstract

An apostome ciliate, Collinia oregonensis sp. nov., is reported inhabiting the haemocoel and

abdomen of three euphausiid species from the Oregon-Washington coast: Euphausia pacifica,

Thysanoessa spinifera, and Thysanoessa gregaria. This is the seventh species described for the

genus Collinia and the second species known to infect euphausiids. Disease progression and

ciliate morphology are described using (1) modified protargol stain, (2) hematoxylin

counterstained with Fast Green, and (3) Scanning Electron Microscopy (SEM). All

developmental stages (trophont, tomont, tomitogenesis, protomite, and tomite) of C. oregonensis

are astomatous and possess between 14 and 22 kineties. Collinia oregonensis is smaller than

Collinia beringensis that infects the euphausiid Thysanoessa inermis in the Bering Sea and which

possesses between 24 and 80 kineties. The ciliate is a parasitoid because it must kill the host to

complete its life cycle. Multi-species infection may enhance its high virulence pattern. Adult

euphausiids infected with this parasitoid possess a swollen and bright orange cephalothorax.

Collinia oregonensis feeds, grows, and reproduces inside euphausiids, producing fulminating

infections that rupture the body cavity releasing a large number of tomites into the surrounding

water. Infection rates range between 3 and 20% within individual euphausiid aggregations, but

infected aggregations were randomly and sparingly distributed. In total, 6.7% of 316 stations

sampled during three summer cruises possessed infected euphausiids. No infected euphausiids

were collected in winter during one cruise with 41 zooplankton samples. Because E. pacifica and

T. spinifera account for about 90% of the euphausiid standing stock in the northern California

Current System; this parasitoid ciliate may have a significant impact on euphausiid population

abundance, distribution and secondary productivity, particularly in euphausiid swarms.

Introduction

Euphausiids, commonly known as krill, are one of the zooplanktonic and micronektonic groups

dominating crustacean productivity of the world's oceans, especially in wind-driven coastal

upwelling regions and the Antarctic Ocean. Several euphausiid species are fished commercially,

and they are an important link between primary productivity and higher trophic levels in pelagic

ecosystems (Nicol and Endo, 1997, 1999). The ecology and life cycles of the euphausiids have

been extensively studied, but sources of mortality remain poorly understood.
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Gómez-Gutiérrez et al. (2003) and Chapter 8 reported on an undescribed parasitoid ciliate of the

genus Collinia responsible for a mass mortality of the euphausiid Euphausia pacfica Hansen in

Astoria Canyon, Oregon, USA. A parasitoid is an organism that must kill the host to complete its

life history, sensu Lafferty and Kuris (2002). This ciliate infects two other euphausiid species

along the Oregon-Washington coast: Thysanoessa spinfera Holmes and Thysanoessa gregaria

G.O. Sars indicating this parasitoid may infect other euphausiid species from the region.

Euphausia pacfica and T. spinfera are widespread and are the most abundant euphausiids along

the northern California Current System; they account for 90% of euphausiid abundance (Chapter

2). The character of the euphausiid mortality observed in Astoria Canyon challenges the widely

held notion that mortality in pelagic organisms is primarily from predation and starvation

(Gómez-Gutidrrez et at., 2003). The significance of this discovery is that parasitoids may drive

significant changes in the dynamics and secondary productivity of euphausiid populations. The

impact of parasites in the population dynamics of zooplankton has been generally ignored or at

least overlooked by modern marine pelagic research, as once happened with the relevance of

microbes in the marine ecosystem (Pomeroy, 1974).

The genus Collinia belongs to the Order Apostomatida. All apostome ciliates live in a

symbiotic relationship with marine invertebrates and those with known life cycles have major

features in common (see Fig. 1 from Bradbury, 1966). Crustaceans are the most common and

probably ancestral hosts to apostomes, and apostome life histories are closely tied to the molting

cycle of their crustacean hosts. These life histories are complex, involving an obligatory,

polymorphic series of stages (Chatton and Lwoff, 1935; Trager, 1957; Grimes and Bradbury,

1992). Apostome ciliate infections have been discovered on or in decapods, amphipods,

copepods, isopods, ctenophores, anemones, cephalopods (Bradbury, 1994; Morado and Small,

1995) and more recently in euphausiids (Capriulo and Small, 1986; Capriulo et at., 1991; Gómez-

Gutidrrez et al., 2003). Many protist parasites have adapted to specific hosts, often a single host

species. In such specific interactions, coevolution generally results in a relatively stable parasite-

host relationship that does not kill the host, an excess that would eliminate the parasite as well.

Endoparasitic ciliates of the genus Collinia are well recognized to be among the most virulent of

all apostome ciliates, having a fulminating lethal effect on the host (Morado and Small, 1995).

Thus, it is predicted that the species of this genus should be able to infect more than one host

species to be stable in a parasitoid-host relationship. Indeed, the single ciliate species described

here infects at least three common epipelagic euphausiids along the Oregon-Washington coast.
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Infection of Thysanoessa inermis Krøyer by a similar endoparasitic apostome ciliate Collinia

beringensis Capriulo and Small was previously discovered in the Bering Sea (Capriulo and Small,

1986; Capriulo et al., 1991). Because these two reports were based on preserved specimens, the

appearance of infected euphausiids and the lethal effects of the ciliate could not be determined.

The new ciliate species described here was discovered in the haemocoel of three euphausiid

species off the Oregon coast while conducting a large number of experiments (-1,094 females

incubated between 1999 and 2002) on live euphausiids to estimate female egg production and

molting rates (Gómez-Gutiérrez, unpublished data). Live infected euphausiids were collected and

observed during shipboard incubations to describe the signs and progression of this parasitoidism.

This study is an extension of Gómez-Gutiérrez et al. (2003) and describes the morphology and

life-stages of Collinia oregonensis sp. nov. It also provides biological information on the possible

impact of this parasitoid on euphausiid population abundance and distribution patterns in the

California Current System.

The reader should be cautioned at this point about the limitations of this preliminary

description. It remains incomplete and may have relevant changes in the near future. All the

ciliates infecting one E. pacfica specimen had quite different morphology. They possess curved

kineties, a very narrow posterior end and long but relatively few, widely spaced cilia along the

kineties. All of this suggests the presence of another apostome parasite ciliate species. Other

uncommon cells of the ciliate referred to here as Collinia oregonensis sp. nov. have been

sporadically observed in other infected specimens. The description presented here deals only with

the most frequently observed ciliate form in infected euphausiid specimens. Certainly this subject

deserves more research in the future.

Materials and methods

Sampling

During the night of July 9, 2000 an E. pacifica surface swarm was noted with individuals having

an unusual orange and swollen cephalothorax. After collection of several euphausiids with a 20 L

bucket it was discovered they were infected with an unknown ciliate species. More infected

euphausiids were collected at night during ten spring and summer oceanographic cruises between

2000 and 2002 along the Oregon coast as part of the NE Pacific U.S. GLOBEC sampling
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program. These cruises were carried out on board the RIV Wecoma (Oregon State University)

and the R/V New Horizon (Scripps Institution Oceanography). I collected infected euphausiids

alive and observed them during shipboard incubations at constant temperature and in darkness to

study the progression of the ciliate infection. Several additional infected specimens were

obtained along the Newport hydrographic line (Oregon, 44°38.99'N) collected from the R/V

Elakha (OSU) during a study of female gonad maturity stages (Gómez-Gutidrrez, unpublished

data). Live samples were collected with four different gears during nighttime: 1) a 4-rn long

conical net with 0.202 mm mesh net and a 1-rn diameter mouth hauled from 20-rn depth to

surface to collect live euphausiid specimens, 2) Multiple Opening-Closing Net and

Environmental Sensing System (MOCNESS) 1 rn2 mouth area and 0.335 mm mesh net, sampling

typically in ten strata from 250-rn depth to the surface 3) a Bongo net with 0.300 mm mesh net

towed obliquely, and 4) a 20 L bucket. Some infected specimens were preserved immediately

upon collection with Bouin's fixative, 4% formalin buffered with sodium borate or 2% Lugol.

Most of them were kept alive to be observed on shipboard, then preserved after death with

Bouin's fixative.

Incubation and description of the ciliate

Live, infected euphausiids, recognized by an orange and swollen cephalothorax, were transferred

into l-L bottles of surface seawater and incubated on-board ship inside a cold room at 10°C ±

0.5°C for several days until they died. This was the average temperature of the upper 30 m of the

water column over the inner and middle shelf off Oregon. The euphausiids were typically

monitored every 2-4 h during night and every 6 h during the day to observe their behavior, the

progression of infection and to detect when and how they died. Euphausiids were sexed and

measured for total length (mm) from behind the base of the eye peduncle to the tip of the telson,

not including the spines. Sequential photographs of the external appearance of the host were

taken using a digital camera (3.3x 106 pixels resolution). After the euphausiid died, the ciliates

inside the carcass and/or those swimming into the seawater were sampled every 2 to 4 hours and

preserved with Bouin fixative to obtain ciliates in different developmental stages.



I used (1) a modified silver-proteinate Protargol staining technique (Tuffrau, 1967), (2)

hematoxylin counterstained with Fast Green, and (3) Scanning Electron Microscopy (SEM) of

sagittal and transverse cuts of the euphausiids using the dry fracturing technique to describe the

different life-stages of the apostome ciliates inside the hosts. SEM micrographs were taken with

an Amray 3300FE field emission scanning electron microscope.

Experimental infection

To determine the infection mechanism under laboratory conditions, groups of 10 to 15 healthy

adult euphausiids in square, 2.5-L containers were exposed to a) an infected but live euphausiid,

b) a recently killed euphausiid after it burst releasing all tomites into the bottle, c) a dead

euphausiid that did not burst with ciliates remaining inside the body, and d) control incubations

without infected euphausiids to test if animals from those particular sample stations were not

previously infected with the ciliates. The euphausiids were monitored at least every six hours to

detect orange euphausiids during approximately 7-10 days. Animals were dissected in the

laboratory to search for ciliates in the haemocoel.

Results

Morphology of the life stages of Collinia oregonensis sp. nov.

Shipboard incubations indicate that the infection develops rapidly and that the parasite undergoes

polymorphic stages of infection, growth, proliferation and encystment that correspond to specific

life-history stages. The external morphological characteristics of the different endoparasitoid life-

stages of Collinia oregonensis sp. nov. are described from ciliates obtained from the

cephalothorax of E. pacfica and T. spinfera using SEM (Figs. 9.1, 9.2 and Table 9.1). These are

the first SEM micrographs taken of any species of the genus Collinia. The morphological

characteristics of the parasitoid ciliates obtained from both euphausiid species indicate that these

are the same ciliate species.
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Trophont: Young trophonts measure about 35 p.m length in early infection. As each trophont

grows (to 58 to 82 p.m length and 13 to 51 p.m width, 0.55 length/width ratio) 18, 20 or 22 long,

spiraling kineties develop (Figs. 9.1 B and 9.2 B, Table 9.1). These kineties extend the length of

the cell. The cilia are so long that cilia from different kineties usually appear to overlap each

other. The mature trophont stage is astomatous (no mouth), with oval anterior and very gently

pointed posterior end. The kineties taper off posteriorly. As food accumulates, the trophonts

become more rounded. The trophont can expand to two times its original length while feeding,

growing until the cilia of the kineties do not overlap each other.

Tomont: SEM (Figs. 9.1 D and 9.2 D), hematoxylin stain and silver impregnations (Figs. 9.3 A,

B) of the tomont stage reveal that they are vacuolate, often with a single central vacuole, that the

macronucleus has distinctly clumped and swirling chromatin and that there are two micronucleii

(Figs. 9.3 A, B). The tomont has a variable number of spiraling kineties, usually 20, but less

frequently they have fewer (16, or 18). The tomont is astomatous, and cell size ranges from 12 to

58 p.m length and 12 to 33 p.m width with an length/width ratio of 0.54 (Table 9.1). In live

euphausiids with an advanced infection, it is common to observe trophont and tomont ciliates

swimming in the abdomen and appendages that are relatively more transparent than the orange

colored carapace. The flexible ciliates can squeeze through small passageways in core the tissue,

moving anterior end first. The tomont divides repeatedly until tomites are formed.

Protomite: Variable, even numbers of kineties (16, 18, and 20) extend from pole-to-pole without

spiraling. The length of the cells ranged from 21 to 36 jm and the width from 11 to 28 m (Table
9.1). The cells have a less elliptical shape (0.67 length/width).

Tomitogenesis: The tomont undergoes normal apostome multiple binary fissions (palintomy).

Palintomy is a rapid sequence of binary fissions into small daughter cells without growth. With

each successive division during palintomy the kineties shorten and straighten. The daughter cells

may or may not be equal in size (Table 9.1). It is not known how many tomites are produced from

each tomont (Figs. 9.1 F and 9.2 F). A series of micrographs of ciliates stained with hematoxylin

and counterstained with fast green reveal the division of the macronucleus, one portion retained

in each daughter cell (Fig. 9.4 A-C).
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Fig. 9.1. Ciliate morphology and chronological sequence of the infection of Euphausia pacflca

with Collinia oregonensis sp. nov. (A) Adult euphausiid in early infection stage (12-24 h after the
animal had healthy appearance), (B) young feeding stage (trophont) in early infection, (C)
intermediate infection with pale yellow or orange cephalothorax (10-15 h after carapace had pale
coloration) (D) mature trophont stage, (E) same specimen in an advanced infection phase. (F)
reproductive ciliate (tomont stage) ready to start palintomy, the ciliate starts cell division to
produce transmission cells (tomites), (G) euphausiid bursts after the ciliates digest the internal
organs of the euphausiid (35-55 h after pale coloration), and (H) the dispersion stage (tomite) at
first division. Scale bars = 10 m.
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Fig. 9.2 Ciliate morphology and chronological sequence of the infection of Thysanoessa spinifera
with Collinia oregonensis sp. nov. (A) Adult euphausiid in early infection stage, (B) young
feeding stage (trophont) in earlier infection, (C) intermediate infection with pale yellow or orange
cephalothorax (D) mature trophont stage, (E) same specimen in an advanced infection phase, (F)
reproductive ciliate (tomont stage) ready to start palintomy, the ciliate starts the cell division to
produce transmission cells (tomites), (G) euphausiid bursts after the ciliates digest the internal
organs of the euphausiid, and (H) the dispersion stage (tomite) at first division. Scale bars = 10
1um.
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Fig. 9.3. Morphological comparison of the reproductive ciliate stage (tomont) of (A and B)
Collinia oregonensis sp. nov. (this study) and (C) Collinia beringensis (Capriulo and Small,
1986). Preparations were hematoxylin counterstained with Fast Green (A) and a modified
Protargol staining technique (B and C). Colli,zia oregonensis has a smaller nucleus and fewer
kineties (20) than C. beringensis (34 kineties). Photograph (A) is courtesy of Stephen C. Landers
(Troy State University, AL).
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Tomite: The living tomites are almost spherical (0.81 length/width ratio), 19-37 m long and 15-

30 m wide. They invariably possess reduced numbers of kineties, 16 or in few cases 14. The

kineties go from pole-to-pole without spiraling, bearing short cilia or small rounded buds (Figs.

9.1 H and 9.2 H, Table 9.1). Tomites break free from the euphausiid body and swim off.

Diagnosis: Collinia oregonensis is distinguished from Collinia beringensis, which also infects

euphausiids, by the smaller number of kineties (14 to 20). This species is distinguished from the

remaining Collinia species because it infects euphausiids rather that decapods. Collinia gammari

is the only species in which the number of kineties overlaps with the count in C. ore gonensis in

the trophont stage.

Type host: Euphausia pacfica Hansen

Type location: North East Pacific, along the Oregon coast, USA, 43° 13.20', 124°59.40'

Location on host: endoparasitoid ciliate living in the haemocoel and circulatory system of the

euphausiids.

Type material: SEM and slide material will be deposited in the International Protozoan Type

Slide Collection of the National Museum of Natural History, Smithsonian Institution.

Etymology: The specific name refers to the location where the parasitoid was discovered.
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Table 9.1. Morphometry of the parasitoid life-stages of the Apostome ciliate of Collinia
oregonensis sp. nov. (Apostomatida) that infect the euphausiids Euphausia pacfica, Thysanoessa
spinfera and Thysanoessa gregaria along the Oregon coast. Measurements from micrographs
obtained with the Scanning Electron Microscope (SEM). Trophont = feeding stage, tomont =
reproductive stage, Tomitogenesis = cells in division, tomite = free living transmission stage.
Ciliate sizes also are compared between infected euphausiids that died with and without bursting.

Ciliate stage Number Length j.m (L) Width m (W) 11W
of kineties n Average Range S. Average Range S. ratio

Trophont 18,20,22 14 35.2 26.9-82.0 3.8 19.3 13.2-51.0 2.5 0.55

Tomont 16, 18, 20 88 27.4 12.2-58.3 1.2 14.9 12.0-33.3 0.7 0.54

Protomite 18, 20 3 28.5 21.1-36.0 3.7 19.1 11.2-28.1 2.9 0.67

Tomitogenesis 14 to 20 37 23.0 15.9-36.7 0.9 19.0 10.0-28.3 0.8 0.82

Tomite 14, 16 4 31.8 19.0-37.5 4.3 25.8 15.5-30.0 3.5 0.81

Bursted 78 30.4 16.0-58.3 1.1 20.2 11.5-33.3 0.6 0.67

Not bursted 70 24.3 12.2-82.0 1.4 12.9 12.0-51.0 0.8 0.53
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Fig. 9.4. Tomitogenesis of Collinia ore gonensis sp. nov. Cells stained with hematoxylin in
different stages of palintomy. The macronucleus is divided and each daughter cell possesses a
micronucleus. All the photographs are courtesy of Stephen C. Landers (Troy State University).



Fig. 9.5. Euphausia pacifica. (A) Sagittal cut of an euphausiid showing the infected region in the
cephalothorax. Most of the Collinia oregonensis pack in high densities in the gonad and
hepatopancreas region. (B) Transverse cut of the infected euphausiid showing how the ciliates
cluster in the core haemocoel of the cephalothorax. (C) Sagittal cut of a healthy female showing
the gonad and muscles in a semi-empty haemocoel. (D) Transverse cut of a healthy female
euphausiid showing how the gonad occupies most of the cephalothorax volume, this picture
shows the spermatophore attached to the female's thelycum. (E) Light microscopy picture of the
intestine after the euphausiid burst due to infection by C. oregonensis. The ciliates are clustered
along some sections of the intestine.
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Life cycle of Collinia oregonensis and signs of infection in euphausiids

In the initial active infection stage, the euphausiids have a pale cream-orange spot below the

gonad and posterior to the stomach (Figs. 9.1. A and 9.2 A). Under laboratory conditions,

presumably infected euphausiids turned cream-orange and developed a swollen carapace between

12 and 24 h after initial incubation (n=2). At this time, there are large numbers of young,

excysted, feeding-stage (trophont) ciliates tightly packed inside the cephalothorax, sometimes

taking a rectangular solid shape (Figs. 9.1 B and 9.2 B). As they increase in size the euphausiid

cephalothorax swells and its color changes from a pale to a bright orange coloration (Figs. 9.1 C

and 9.2 C). In advanced phases of the infection, the ciliates migrate to the posterior dorsal area of

the cephalothorax, and they consume all the organs including the lipid-rich gonads. The

euphausiid's carapace swells and develops an orange coloration (Figs. 9.1 E and 9.2 E). As in

other endoparasitic apostome trophont stages (Chatton and Lwoff, 1935), the mature trophont

feeds on tissue and increases in cell volume, then begins to differentiate into a reproductive stage

(tomont) (Figs. 9.1 F and 9.2 F). At this stage, the ciliates are densely packed in the haemocoel

filling most of the cephalothorax. Conventional knowledge of the apostome life cycle is that the

trophont is the only stage in which the ciliate feeds and that the trophont by definition does not

divide; thus the high density of ciliates should indicate that a large number of ciliates infect the

euphausiid during a short period by an unknown infection method. This is certainly a problem to

solve in future studies to understand the life cycle of the Collinia species. The reproductive stage

(tomont) divides by palintomy (Figs. 9.1 F and 9.2 F), to form a non-feeding spherical dispersal

stage (tomite) (Figs. 9.1 H and 9.2 H). When a high proportion of the ciliates are in cell division

(>60 % of the cells are in tomitogenesis), the parasites dramatically rupture the cephalothorax,

killing the host animal. Released tomites then swim actively inside and outside the euphausiid

carcass (Figs. 9.1 G and 9.2 G). About 15% of the euphausiid hosts did not rupture, but the

trophonts consumed the remaining body tissues. If Collinia oregonensis has a life cycle similar

to other apostome ciliates, the free-swimming tomite stage should encounter a new host to encyst

as a phoront and repeat its life cycle. However, this part of the C. oregonensis life cycle has not

been directly observed. After the host burst, the carcass content was completely consumed by the

ciliates, leaving an empty exoskeleton in less than 12 hours.



SEM micrographs of an endoparasitically infected euphausiid in a sagittal (Fig. 9.5 A) and

transversal (Fig. 9.5 B) cuts of the cephalothorax indicate the ciliates use primarily the gonad

space surrounding the intestine, avoiding infection of vital organs like the heart and

hepatopancreas. This explains how the euphausiids can remain alive several days even when

completely full of ciliates. After the euphausiid bursts the rest of the organism is consumed.

Sagittal (Fig. 9.5 C) and transversal (Fig. 9.5 D) cuts of a healthy female show the normal

appearance of the female mature gonad filling most of the cephalothorax space and abundant

muscles. There is no observational evidence that the ciliate can infect the euphausiid when it eats

the transmission stage (tomites), but certainly this mechanism could explain the high density of

trophont stages in the early and intermediate stages of infection. An SEM of the intestine of an

infected euphausiid shows two sections with highly aggregated ciliates around it, while other

sections are still intact (Fig. 9.5 E). It is suggestive but uncertain that those are points where the

ciliate originally infected the host.

The total length of euphausiids infected with the endoparasitoid (trophont to tomite stages)

ranged from 16 to 25.5 forE. pacfica (Fig. 9.6 A) and 15 to 27 mm for T. spinfera (Fig. 9.6 B).

The frequency of infection increased with size of the host for E. pacca but this trend is not clear
for T. spinfera. Only one adult of T. gregaria, infected by C. oregonensis, was collected

measuring 12.8 mm total length. Endoparasitic stages of C. oregonensis were collected mostly

from adult female euphausiids (91%, n=51). No infected larvae or juveniles were found during 68

shipboard molting rate experiments (n=1873 euphausiids incubated by Tracy Shaw et al., Hatfield

Marine Science Center, Newport Oregon, personal comm.), indicating those stages are not

usually infected by C. oregonensis. Ciliates of the genus Collinia severely affect host behavior

prior to death. In shipboard experiments, euphausiids in late stages of infection halted or greatly

decreased their swimming activity. The average time between early ciliate infection and the

death of the euphausiid by bursting was 41 hours (SE ± 9.3 h, n = 9), and those that did not burst

died within 77 h after infection (SE ± 7.7 h, n = 9). The time of the host's death after infection

(TAD, hours) was significantly positively associated with the host biomass expressed as body

carbon weight (BCW, C mg, r2=O.317, p=O.056; n=12) (Fig. 9.6 C). Thus, as host biomass

increases, the time spent inside the host also increases. Several infected euphausiids molted, but

without the increase in body length (measured from the difference of the uropod length from the

molt and the uropod of the dead animal) observed in uninfected animals (n=5). Mature infected

females never spawned, because the ciliates had eaten the ovary (n=46).
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Fig. 9.6. Size frequency distribution of the total length (from the posterior part of the eye to the
tip of the telson) of (A) Euphausia pacfica (n = 42) and (B) Thysanoessa spinfera (n = 16) sub-
adult and adult euphausiids infected by Collinia oregonensis sp. nov. collected during two
summer oceanographic cruises in 2002 along the Oregon coast. (C) Linear regression between the
time of death after infection (TAD, hours) and the euphausiid carbon body weight (BCW, mg C
ind1) for Euphausia pacfica and Thysanoessa spinfera combined.
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Table 9.2 shows the prevalence and geographic location of 28 sampling stations where

infected euphausiids were collected (73 euphausiids). Infected animals were collected at 6.7% of

the stations (MOCNESS and 1-rn mouth nets, n=3 13) during three cruises conducted in 2002,

distributed mostly near the shelf-break (150-300 m depth). No infected euphausiids were

recorded during a winter cruise (January-February, 2003, n=4 1 zooplankton samples). Infection

prevalence ranged between 3 and 20% within individual samples, but in three locations all the

specimens collected were infected (Table 9.2). However, because the ciliate endoparasitism is

easily identified only during the late stages of infection (orange and swollen carapace); the

prevalence of infected animals will be conservatively estimated in the field.

Healthy euphausiids exposed to tomites never became infected under laboratory conditions.

Most of the healthy euphausiids molted on regular schedules and none of the experimental

euphausiids became infected even after 7 days of observation, indicating these euphausiids may

have an effective defense mechanism to prevent infection. However, an initially healthy host

with experimentally induced wounds incubated with a ruptured infected host with free-swimming

C. oregonensis, showed that the ciliates clustered around wounds but the euphausiid died without

showing the characteristic signs of infection. Dissection of individuals originally healthy but

exposed to infected euphausiids did not show evidence of ciliate infection.



211

Table 9.2. Geographical distribution and prevalence of the endoparasitoid Collinia oregonensis
sp. nov. that infects the euphausiids Euphausia pacfica (Ep), Thysanoessa spinifera (Ts), and
Thysanoessa gregaria (Tg) along the Oregon coast (September 2000 to August 2002). The
collection method is shown between parentheses and abbreviated as follows: D = Dip net, 1-rn =
1-rn net rnouth diameter with 0.202 mm mesh net; B = Bongo net with 0.300 mm mesh net and M
= MOCNESS 1-rn2 mouth with 0.500 mm mesh net. ROPOS = vacuum tube collection with a
remotely operated vehicle during an E. pacfica mass mortality event reported by Gómez-
Gutiérrez et al. (2003). Infected euphausiid discovered during EPR = euphausiid egg production
rate experiments, MR = molting rate experiments and G= female gonad dissection for maturity
stage. QS Qualitative sample. All the samples were collected during nighttime.

Prevalence %
Sample depth (rn) and (number

Date Latitude N and and collection Host Euphausiid of hosts
dd/mm/yy longitude W method species abundance infected)

9-07-00 43°13.20', 124°59.40' surface (D) Ep QS 100.0%

13-07-00 44°00.00', 125°00.00' 20 (1-rn) Ep QS 100.0% (n=2)
28-06-01 46°21.24', 124°5 1.42' 600 (ROPOS) Ep <347 md. rn2 100.0% (n=7)
30-07-01 44038.99, 124°39.11' 20(B) Ep (n=14),G 7.1%(n=l)
05-08-03 44°38.99', 124°39.00 20 (B) Ep (n=28), G 3.6% (n=l)
19-09-01 44038.99, 124°39.11' 20 (1-rn) Ts (n=5) EPR 20.0% (n=l)
04-03-02 44038.988,031.690 20(B) Ts (n=14.G 7.1%(n=1)
3-06-02 42°12', 124°34' 20 (1-rn) Ts (n=12) EPR 16.7% (n=2)
3-06-02 42°12, 124°34' 20 (1-rn) Ts-Ep (n=30) MR 6.7% (n=2)
11-06-02 43°45, 124°14' 20 (1-rn) Ts (n=12) EPR 8.3% (n=1)
12-06-02 43°13', 124°45' 20 (1-rn) Ts (n=7) EPR 14.3% (n=1)
12-07-02 41°55', 124°37' 0-20 (M) Ts QS (n=1)
12-07-02 41°56', l24°31' 0-10 (M) Ts n=30 3.33% (n=1)

1-08-02 44°15.07', 124°54.00' 0-20, 200-250 (M) Ts- Ep (n=4)
2-08-02 44°15.03', 124°41.10' 20 (1-rn) Ts QS 3.33% (n=1)
6-08-02 41°53.99', 124°24.02' 20 (1-rn) Ts QS (n=4)
8-08-02 42°44.17', 125°24.60' 50-70 (M) Tg QS (n=l)
8-08-02 44038 98' 124°39.11' 150-200(M) Ep QS (n=1)
9-08-02 44039 09' 124°24.76' 20 (1-rn) Ts QS (n=1)
12-08-02 43°5 1.89', 124°29.96' 20(1-rn) Ep QS (n=1)
13-08-02 42°57.02', 124°49.13' 20(1-rn) Ts QS (n=2)
13-08-02 42°57.02', 124°49.13' 20(1-rn) Ts QS (n=2)
13-08-02 42°57.15', 124°39.93' 20 (1-rn) Ts QS (n=6)
15-08-02 42°57.04', l24°49.10' 20(1-rn) Ts QS (n=2)
17-08-02 44°59.93', l25°00.03' 20 (1-rn) Ep QS (n=2)
18-08-02 44°00.36', 125°00.61' 20(1-rn) Ep QS (n=1)
19-08-02 44°00.37', 125°00.78' 10-20(M) Ep QS (n1)
19-08-02 44°38.99', 124°39.11' 100-150(M) Ep QS (n=2)
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Discussion

Taxonomy of the apostome Collinia species

The taxonomy of the genus Collinia is almost completely based on the morphology of

endoparasitic stages, mainly the trophont and tomont stages, partially because the other life cycle

stages appear to be very similar among all apostome ciliates. It is likely that parasitoid ciliates

like Collinia spp. infect other euphausiid species of the world ocean. However, they may be

easily overlooked because euphausiids are recognized as infected only when they are alive. In

addition, zooplankton samples usually are preserved immediately in formalin after sampling,

causing infected euphausiids to lose color rapidly. Dissection of the euphausiid carapace is time

consuming and the observations of the present study indicate that the distribution of infected

euphausiids is highly patchy, making this task challenging for studies using only preserved

samples. Capriulo et al. (1991) claimed that euphausiids densely packed with ciliates and fixed

with formalin or Bouin's fixatives have a 'cloudy' or opaque white appearance. Observations

during dissection of females to stage gonad development (Gómez-Gutiérrez, unpublished, data,

n=625 females) indicate that even healthy adult euphausiids after preservation, particularly T.

spinfera, can have a swollen carapace with whitish coloration not associated with Collinia

parasitism.

The Order Apostomatida Chatton and Lwoff, includes three families: Foettingeriidae Chatton

1911, Colliniidae Cépède 1910, and Cyrtocaryidae Corliss 1979. The family Foettingeriidae, with

seventeen genera includes the best studied apostome species, and they are considered to be the

most primitive of the apostomes (Corliss, 1979; Bradbury, 1994; Lynn and Small, 2002). The

Colliniidae family has two genera Collinia and Metacollinia. The least representative of the

apostomes are the members of the Cyrtocaryidae family, because they do not possess a rosette

and they occur in polychaetes (Annelida) rather than crustaceans (Lynn, 2002; Lynn and Small,

2002). Hochberg (1971, 1982) proposed placement of Chromidina in the Order Apostomatida,

and created for it the family Chrominidae. However, this family was not included in the Order by

Lynn (2002) or Lynn and Small (2002), perhaps because its elongate, venniform shape, terminal

(anterior) holdfast organ, and terminal (posterior) budding are characteristics absent in other

apostome ciliates. Other unusual characteristic of the Chrominidae are that they infect the

excretory organs of cephalopods, are extremely large(up to 5 mm), are polarized along
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the anterior-posterior axis, lack a rosette and functional cytostome, and have unencysted

divisional stages. However, all this highly modified morphology may result from specialization

required to infect the excretory organs of oceanic cephalopods. Individual apostome genera are

characterized both by their life cycles and the fine structure of their cilia (Bradbury and Clamp,

1973). For example, some genera have the same number of kineties, but their diet, hosts or life

cycles are different, while genera with the same life cycle or diet may have different numbers of

kineties. Several genera include only a single species, and frequently a new species within a

genus has been discovered only in one host species, perhaps reflecting little research effort,

infrequent parasitism on their alternate hosts or specialization to infect only one host species. The

genus Collinia currently has seven described species including Collinia oregonensis, each of

them infecting different crustacean hosts (Capriulo and Small, 1986; see their Table 9.1). In

addition, Capriulo and Small (1986) reported the kinety number, morphology and biometry of an

undescribed Collinia species that infects a freshwater subterranean crustacean, Bactrurus

mucronatus, but they did not assign it a name. Each species of Collinia has different numbers of

kineties (Table 9.3). Collinia oregonensis sp. nov. is the second Collinia species known to infect

euphausiids, and the second to be confirmed infecting multiple-host species (C. gammari was

reported in Pallasea cancelloides and Echinogammarus maaki). The first report of an

endoparasitic apostome ciliate of euphausiids was Collinia beringensis from Thysanoessa inermis

in the Bering Sea (Capriulo and Small, 1986). However, because this description was based on

preserved specimens, the deadly effect of the parasite on the euphausiid host and the signs of

infection in live hosts are unknown. They suggested that the ciliate parasites could impair

physiological functioning and potentially cause the death of the host.

The incubation of live infected euphausiids allowed us to test the parasitoid nature of C.

ore gonensis. The present study shows evidence that the ciliates infecting the three euphausiid

species along the Oregon coast belong to a different species than C. beringensis. Most saliently,

they have fewer kineties than C. beringensis in all the stages observed. Other relevant differences

are that all stages of C. oregonensis lack a falciform field and a rosette structure, while the

protomite 2 stage of C. beringensis has both, as well as a y (but not the full x, y, z) kinetid

arrangement. However, all the described stages of C. oregonensis and C. beringensis are

astomatous. Collinia beringensis appears to reduce the number of kineties through its

endoparasitic stages starting with 80 (trophont), followed by 34 (tomont), 30 (during

tomitogenesis), 28 (protomite 1), and 24 (protomite 2).
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Collinia oregonensis shows a smaller variability in number of kineties maintaining 20 or 22

kineties in the trophont, 16, 18 or 20 in the tomont and protomite stages, and reducing to 14 or 16

kineties in the tomite stage. However, in relatively few cells a progressive reduction of number of

kineties occurred as early as the trophont or tomont stages (Table 9.1). The reduction of number

of kineties throughout the life stages, also known as reabsorption of kineties, has been observed

in other species of the genus Collinia (Table 9.3). This phenomenon also occurs in other

apostome species; for example, the cilia of Hyalophysa chattoni are absorbed by the cell in situ

followed by the absorption of the kinetosomes without the withdrawal of the structures into the

cytoplasm (Landers, 1997). Both, C. oregonensis and C. beringensis presumably have a similar

life-cycle, having euphausiids as the definitive host. Also, as with C. beringensis, the structure of

the trophont, tomont, and protomite stages are known and the tomite and the phoront stages of C.

beringensis and the phoronts of C. oregonensis are still unknown.

When Cépède (1910) proposed the genus Collinia, he included Collinia circulans Balbiani,

Collinia branchiarum Stein (synonyms Opalina branchiarum or Anoplophrya branchiarum), and

C. neophargi Cépède (synonyms: Anoplophrya branchiarum). His identification key was based

on the size of the ciliate and the host that the apostome ciliate infected. Currently, practically all

known species of the genus Collinia were in the past considered or originally described as

members of the genus Anoplophrya, with exception of C. beringensis and C. oregonensis.

Cheissin (1930) described Anoplophiya gammari, but it was transferred later to Collinia gammari

by Puytorac (1953). Cdpède (1910) in his monograph of Astomata included in the family

Colliniidae all the parasites that infect the vascular system or the haemocoel of the host. Cheissin

(1930) believed this was an over simplification and decided to include a new species as a member
of the genus Anoplophrya, but the morphological characteristics described for Anoplophrya

gammari do not justify exclusion from the family Collinidae; therefore by convention the first

name is valid and Anoplophrya is a synonym (Puytorac, 1953).

The genus Collinia has no type species (Aescht, 2001; Lynn, 2002), but Jankowski (1980)

designated Collinia branchiarum as a type species of the genus Paracollinia. This genus is still

unassigned to higher taxa and probably is not closely related with Collinia. New data are required

to characterize Paracollinia branchiarum and decide if a genus Paracollinia is justified. In the

present study I propose Collinia orchestiae as the type species of the genus Collinia.
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Detailed studies on morphology, life cycle, and microstructure of C. orchestiae (Puytorac and

Lom, 1962; Puytorac and Grain, 1975) indicate this species exemplifies well most species within

the genus with the following general characteristics: trophonts small, ovoid, pointed at rear, with

no ogival field or lateral canal. The dorsal surface of C. orchestiae and several other Collinia

species is largely unciliated and their tomites bear nine kineties, characteristics not shared by C.

oregonensis. Coilinia orchestiae was originally described as Anopiophrya orchestii (Summers

and Kidder, 1936) and later moved to the genus Coilinia and the species name changed to

orchestiae by Puytorac (1953, and see also Puytorac and Lom 1962, and Puytorac and Grain

1975). Bradbury (1966, 1994) proposed that the smaller number of kineties (nine) in the tomite

stage of apostome ciliates is a primitive (plesiomorphic) characteristic. Thus, the C. oregonensis

tomite stage with 14 or 16 kineties is perhaps a derived (apomorphic) condition within the Order

Apostomatida.

Biology and life cycle of Collinia oregonensis

Two of the remaining problems to be solved about the life cycle of Coilinia oregonensis are to

discover the phoront stage and the infection mechanism that this parasitoid uses to enter into the

euphausiid haemocoel. In the present study, apostome phoronts and encysted tomites commonly

were observed attached to the appendage setae of at least six euphausiid species (E. pacifica, T.

spinzj'era, T. gregaria, Thysanoessa ion gipes Brandt, Thysanoessa inspinata Nemoto, and

Nematosceiis dfficilis Hansen) along the Oregon coast, with prevalence of about 80% in the

juvenile and adult populations, but silver staining revealed a ciliary pattern inconsistent with the

genus Collinia (Landers and Gómez-Gutiérrez, unpublished data). Additionally, several

euphausiids with phoronts attached to the setae were intentionally wounded, but the phoronts did

not excyst or enter the wound like other apostome ciliates (e.g., Vampyrophrya pelagica),

suggesting that these euphausiids are interacting with at least two different apostome ciliates (one

exuviotrophic and one endoparasitoid). The abundant phoronts probably belong to apostome

ciliate groups that feed on the exuvial fluids trapped in the cast-off exoskeleton. These epibionts

are currently being investigated.
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The resting cysts (phoront stage) of epibiontic apostome ciliates were frequently recorded

attached to appendages (3-20% prevalence) of nine euphausiids in the North Atlantic (Euphausia

hemigibba Hansen, Euphausia krohni Brandt, Meganyctiphanes norvegica M. Sars, Nyctiphanes

couchi Bell, Nematoscelis megalops G.O. Sars, T. gregaria, T. inermis, Thysanoessa

longicaudata Krøyer, and Thysanoessa raschi M. Sars) by Lindley (1978). Distributions of the

last five euphausiid species extend to the North Pacific Ocean. So, perhaps they have the same

kind of epibionts.

Regarding the infection mechanism of C. ore gonensis, it is well known that the two greatest

challenges any parasite faces are moving itself or its progeny from one host to another

(transmission) and overcoming the host's defenses. Since only adult euphausiids are infected,

transmission must be among hosts within a population via the external environment, rather than

from parents to offspring. The parasitic ciliates of the order Apostomatida are known to infect

their crustacean hosts by breaching the cuticle or by entering through wounds (Morado and Small,

1995). In the first mode, secretion from the ciliate dissolves a passage through the cuticle

(Bradbury, 1994). Apostome ciliates, like Synophrya or Terebrospira, break through the host

cuticle of the gill lamellae, causing extensive tissue damage (Bradbury and Goyal, 1976; Johnson

and Bradbury, 1976). However, not all apostome ciliates are invasive or capable of perforating

epithelia. In the second mode, infection can occur more easily when the skin is soft after molting

or when the host suffers a predatory attack. This is the infection mechanism of the ciliate

Vampyrophrya pelagica (Grimes and Bradbury, 1992). Experiments to infect healthy or

deliberately wounded euphausiids (> 10 euphausiids per experiment with controls) were conducted,

but in no experiment were infections induced that produced orange, swollen euphausiids. Infected

euphausiids did not exhibit signs of ciliate perforation or mechanical damage. Conventional

knowledge about the life cycle of the apostome ciliates indicates that reproduction occurs only in

the tomont stage and that the trophont stage is exclusively a feeding stage. However, the SEM

images of infected euphausiid showed densely packed trophonts in the haemocoel, if the trophont

does not divides this may indicate a massive infection of the host, otherwise it is not possible to

explain the large number of this stage in the host carapace. Collinia oregonensis may use a

different, hitherto unknown infection mechanism. Two hypothetical infection mechanisms could

be used by Collinia oregonensis:
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1) The dispersal stages (tomite) may be eaten by the euphausiid and then penetrate the stomach or

intestine to enter into the haemocoel. Recently infection was discovered on the euphausiid

Euphausia superba by gregarines (Apicomplexa: Engregarinida) in the gamont stage. They

infect the mid-gut gland and intestinal epithelium of the euphausiid, having a significant

impact on the nutritional status of the host (Kawaguchi and Toda, 1997; Kawaguchi et al.,

1999; Takahashi et al., 2003). In this study just-burst euphausiids showed portions of the

intestine intact, while other parts were densely packed with ciliates, perhaps these represent

points where the ciliates originally infected the euphausiids (Fig. 9.5 E) but it remains

speculative.

2) The ciliates could enter through the gonopores of adult euphausiids during mating. This could

explain why most infected animals were adult stages and biased to females because they

receive the spermatophore from the first male abdominal pleopod commonly infested with

apostome phoronts.

In the present study I found a biased sex proportion (more females) of infected euphausiids

(E. pacfica and T. spinfera) by endoparasitic stages of Collinia oregonensis. The fact that the

ciliate more frequently infects females might have an important effect on the population sex-ratio,

decreasing the spawning stock and population egg production. Infected females never produced

eggs. However, the effect of infection on sex-ratio is ambiguous. While infections during the

shipboard experiments were clearly mostly in females, in the mass mortality event reported by

Gómez-Gutiérrez et al. (2003) the infected sex-ratio of the euphausiids was close to 1:1. Sex-

biased mortality in euphausiids has been reported, but not associated with parasitism. For

example, mortality of Euphausia superba Dana is higher for reproductive males (with low lipid

levels) than for females (high lipid levels) (Virtue et al., 1996). Collinia oregonensis may impose

a strong energy constraint because infected euphausiids that molted did not increase in total

length (measured from the uropod length of the molt and the just molted animal). Collinia

beringensis infection of the euphausiid T. inennis includes primarily adult stages (>3.8 mm

carapace length equivalent to> 11.4 mm total length) also with a relatively higher proportion of

females (Capriulo et al., 1991). The Collinia infection mechanism and why apparently the ciliate

prefer to infect females are two open questions to be solved in future studies.
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The size of first maturity for E. pacfica is 12 mm (Ross and Quetin, 2000) and for T.

spinifera is about 16 mm (Gómez-Gutiérrez, unpublished data), thus all endoparasitically infected

euphausiids were most likely adults (see Figs. 9.6 A, B). Yolk accumulation is the most-energy

demanding process for euphausiids, linked with high grazing rates and metabolism. From an

evolutionary perspective, the ciliates may primarily infect adults because this helps to maximize

the food available to support high production of ciliates to infest other euphausiids in the ocean.

The infection of males may impose a lipid content limitation (see Virtue et al., 1996) and larvae

and juveniles usually are not infected perhaps, because of their low body biomass (usually < 2 mg

C ind'). Biologically, the carrying capacity may be proportional to the host biomass and/or the

host's energy intake. A positive relationship between the host biomass and the time until death

after infection was observed for both euphausiid species, indicating that the parasites in larger

hosts will have more time to produce more biomass than parasites in smaller or poorly fed hosts

(Fig. 9.6 C). To maximize the parasite fitness, they tend to infect preferentially larger hosts.

These observational data support mathematical models proposed by Anderson and May (1978)

and Ebert and Weisser (1997) in which the parasite should kill its host later when carrying

capacity is higher.

The prevalence of C. oregonensis on live infected euphausiids during 2002 cruises ranged

between 3 and 20% in individual swarms. However, mass mortality events like in Astoria Canyon

(Gómez-Gutiérrez et al., 2003) indicate that under certain conditions infection can reach very

high prevalence. The analysis of video recorded from an ROV in Astoria Canyon showed dense

euphausiid aggregation near the sea floor during day time. It is well know that euphausiids are

abundant near topographic features like canyons, and can achieve densities two to three orders of

magnitude greater than background abundances (Greene et al., 1988; Allen et al., 2001). The

circulation pattern in Barkley Canyon (Vancouver Island) is similar to Astoria Canyon

(Washington-Oregon), and in the rim of this canyon, the stretching of vorticity generated over the

canyon is strong enough to produce a closed cyclonic eddy sufficient in strength to concentrate

dense aggregations of E. pacifica and T. spin jfera (Allen et al., 2001). A field study of time-

variable stratified flow over the steep topography of Astoria Canyon indicates that the vertical

velocity is highly correlated and in phase with the along shelf winds (Hickey, 1997). She

estimated vertical velocities within the canyon are as great as 50 m d' (upward) during upwelling

and 90 m d' (downward) during downwelling and that a cyclonic circulation pattern occurs 40-

100 m above the canyon during weak onshore flow.
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The mass mortality recorded in Astoria canyon occurred during weak upwelling conditions

(June 28, 2001; UI20) with slightly negative downwelling indices before and after that date

indicating weak or even downward vertical transport favoring the sinking of weak or dead

infected euphausiids. Apparently, the endoparasitism can affect individual swarms with relatively

high prevalence, as infected specimens were caught only in relatively few of the stations sampled.

The highest prevalence was observed on the shelf-break, where according to Swartzman (2001)

and (Chapter 2) high densities of euphausiid aggregations are commonly recorded.

Coevolution of the ciliate among multiple-host euphausiid species (T. inermis, E. pacfica, T.

spinifera, and T. gregaria) should arrive at equilibrium, thus the more host species a parasite

relies on, the more virulence it can attain without risk to their own survival. Thus, it is predicted

that other Collinia species infect multiple host species. The parasite kills the euphausiid in less

than 72 h, considered very fast in comparison with the life span of the host (ito 2 years). This

disagrees with the general trend that the lower the host background mortality, the longer the

parasite should wait to kill the host (Ebert and Weisser, 1997). The infected euphausiids under

ship-board conditions swam in continuous circles for several hours before they died. They then

began to decrease their swimming activity until the animal rested in the bottom of the bottle.

Thus, infested animals in the ocean should display impaired swimming and would tend to sink to

the bottom before the ciliates kill the host. Schooling behavior studies on Euphausia superba

Dana indicate that sick or parasitized individuals (opaque or whitish body color) are more

abundant near the back of the schools and some of them fall behind, unable to maintain the pace

(Hamner et al., 1983; Hamner, 1984).

The effects of parasitism and diseases on the population dynamics of euphausiids are poorly

known. The same is true of the possible impact of this parasitoid on predators of euphausiids

(blue whales, salmon, Pacific hake, and sea birds). It is unlikely that the ciliate infects those

predators. Ebert and Weisser (1997) and Lafferty and Kuris (2002) reported that parasitoids, like

Collinia oregonensis, infect relatively small hosts with relatively short life span and infect less

often hosts weighting more than a few grams. The longer life spans of larger hosts might make

the parasitoid strategy a relatively inefficient life history. For this reason, large hosts, such as

whales, salmon or pacific hake, common euphausiid predators, are unsuitable hosts for parasitoid

ciliates. Parasitoidism on euphausiids could be an important, previously underestimated source of

mortality that affects the trophodynamics of these crustaceans within the California Current

upwelling ecosystem.
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Further interpretation of the results must await specific identification of the phoront stages

and better observations and experiments on living, infected euphausiids to discover the infection

mechanism and the complete life cycle. The evaluation of the role of this parasitoid in the pelagic

food web should be investigated in future studies.
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Table 9.3. Comparative taxonomic characteristics for the identification of the apostome endoparasitic ciliate species of the genus Collinia (Cepede) (Apostomatida) around the world.

Specks CaIeX. stage Cell sIne Macronselesac Nanber of Taaomnmk slnrlstics Source
Ienelhawtdthpne kngthzwidlhgm kineden

Colliniabranchiarwn Tropltont l00a80(nsax l2OCepcde. 1910) 60 Automatons Capnulo.ndSmall(1986)
Tomont 34-31 Astomatotas

Totntto$enesi*

Psotomite I 34 Apostomatosts
Procosnire 2 9 Apootomatoun
Tonoiten (uodescribcd) 7

Phosont (tsdcncribcd) 7

Collinia circuians Tropboot 33 -65 a Non nseatared Fusifocut and large 20-45 10-lI Contractile vacuole, bat small ttophonts have l'uytorac Dr and Grain (1975)

a single contractile vacaolc, spiral kinetien
Tomoot $ - 20 a Non tneacured a-to po1eto-pole kinettcs, preconjugnt
Totnitogcnesg 9-19 8-10 Single vacuole contractile. preconjstg.at
Toonren 20-30 a 20 9-16 2 nes-tes or large contractile vacuolea

ColOnist n.vunipltargl 60

Cailirtus orchesliar Toronto lOs. 45 I cylindtwal winch nacleoles 65.70 spiral l)ors.al view: band without ciliates 12am width Scrotums and Kinder (1936)
Tortures 60 s 35 large Its-nt divisions 40 16 vacuolat pcslsaille, naked ventral zone with trace

or abSent kinetics, naled dorsal band

lost diviaiona 12 allimate bipartition with two proromites
Plototnite 23-26 a 12-14 9(4 right. 5 left) Dos-sal view: band without ciliates between 4th and 5th

kineticS. 3 kinetics will fonts the n.y. z ks-cal kinetics
Ptutotnima-Tomiten 19-23 a 12 (rounded) the kinetics y node dcsipear totally

Coil loin gncs'nan Ttvphoat 25-100 a lS-40clliptical ellipsoidal ordendnultrrn. fine grnit.cd 16-18 elliptical with ends rounded, short cilia 2 nor long
Colloaabenngerrsis Trophont 90s30 75s25 80 Astomatons CapauloandStnall(1986)

Tomotat 58 c 25 42 n21 34 Antotnatous
Tomitogenesin 30 As-tomntous

Ps-ocornite I 47 n 26 42 a 1$ 28 Aslotnalocri
Procontite 2 ISa 28 36 x20 24 Apontomatous (rosette ntnacturc present with ybut

acts and brtcal hines-len)

Torniten (undcacribed) 7

Naocvcst (srndenciibed) 7

Collinia Trophool 58-82 a 51.55 18-20 Automatons Capntslo and Small (1936)
Tomoat 16 a 25 16 Automatons
Tornitogenesin

Prtxocnite I 35 a24 II Apostomatosrs
Plotcasite 2 20o15 12 Aposlotnatous. Divisron nod conjugation
Tonuite I 18 n 10 II Aposlomatous, Division nod conjugatron
Tocnitc2 10a6 10 Antotoalous
Phocont (undcncribed)
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COMPARISON OF BROOD SIZES AND FEMALE TOTAL LENGTH AMONG
THREE Euphausiapacifica POPULATIONS IN THE NORTH PACIFIC

We suspect there are latitudinal and perhaps East-West differences among E. pacifica

populations in the North Pacific in brood size as a function of the female total length. We

made an analysis of covariance using linear regression models to compare the slopes and

intercepts of the brood size and female-body-length relation among three E. pacfica

populations: a) Puget sound, Washington, USA evaluated in bi-weekly samples in 1976-1977

spawning seasons (Ross et al., 1982) calculated directly from their figure 2 transforming the

female dry weight (mg) to female total length (mm); b) Toyama Bay, Japan in March and

April 1992 (Iguchi and Ikeda, 1994) data kindly provided by Naoki Iguchi (personal

communication) transforming female body length (mm, not including telson) to total length

(mm), and c) Oregon coast between 1999-2002 (this study). In the Ross et al. (1982) study the

incubated females were provided with a suspension of cultured diatoms, and in the other two

studies the females were not feed, thus BS was an indicator of the field conditions for

production of eggs. The comparison of the average brood size (BS) of E. pacfica in Puget

Sound, Toyama Bay, and the Oregon coast showed that the two inland populations had a

smaller average BS (92 in Puget Sound eggs fern' and 113 eggs fern'in Toyama Bay) than in

the Oregon coast (147 eggs fern') in the three total length ranges (Table 6.1). The average

total length (TL) of the females was slightly smaller at inland basins (Toyama bay= 15.8 mm,

Puget Sound= 19.7 mm) than at the Oregon coast (20.1 mm). The BS produced by females TL

<17 mm and 17-19 mm were not significantly different among any of the three locations (t-

test, p>O.O63). However, there were significant differences in BS between Japan vs. Puget

Sound (t-test, p=O.008) and Puget Sound and Oregon populations for female TL> 19 mm (t-

test, p= 0.00 19) (Table 6.1 and Fig. 6.11). Measurements of the age and TL of first maturity of

E. pacfica specimens, reared from eggs to adulthood in the laboratory, indicate that the

females mature at 9 months and about 17 mm TL (Feinberg et al. 2003). Thus, the BS of the

first reproductive spawning season is the same for the three populations but they were

significantly different when the females were probably two years old> 19 mm TL during their

second spawning season. The longevity of some specimens in the laboratory was near to 2.8

years (Feinberg and Shaw unpubl. data).
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Table 6.1. Comparison of the average female total length (mm) and brood size (eggs fem') of
Euphausia pacfica among three populations in the North Pacific: Puget Sound, Washington,
USA, (Ross et al., 1982), Toyama Bay, Japan (Iguchi and Ikeda 1994) and along the Oregon
coast, USA (1999-2002). The standard error S is shown between parentheses.

Toyama Bay,
Japan Puget Sound, WA, USA Oregon coast USA

Female total length (mm)
Number of females 77 84 436
Average 18.5 19.7 20.1
STD and (5,3 2.0(0.2) 2.7 (0.3) 2.3 (0.1)
Range 13.6-22.1 15.7-31.5 12.2-29.8

Brood size (egg fem')
Average 112.8 92.1 146.7
STD and 5,, 69.0 (7.9) 60.0 (6.5) 110.7 (5.3)
Range 12-296 2-258 10-599

The median BS and the increase of the BS as a function of female TL among the three E.

pacifica populations were tested using multiple linear regression models (Table 6.2). We

tested a parallel line full model logBS = logTL + Toyama + Oregon and a reduced model

logBS = logTL to test differences in the intercepts for the association of the BS and female TL

where: Log BS = Brood size (eggs fern'), log TL is female total length and two indicators

variables: Toyama and Oregon populations. Puget Sound population was considered as the

reference level; therefore does not appear in the full regression model. There is evidence that

the median female's brood size is significantly different from Toyama Bay, Oregon, and Puget

Sound after accounting for female total length (p-value=0.0009; extra-sums-squares F-test =

7.13). In other words, there is significant evidence that the intercepts are different among the

three populations. The median BS for the population from Oregon was estimated to be 1.46

times as large as the median BS for Puget Sound, after accounting for female TL (two-side

p=0.0005, 95% confidence interval 1.17 to 1.82). The median BS for the Toyama Bay

population was estimated to be 1.59 times as large as the median BS for Puget Sound, after

accounting for female total length (two-side p=O.00l2, 95% confidence interval 1.18 to 2.13).
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To test that the regression lines are, indeed, parallel after testing that the intercepts were

different, we fitted a non-parallel full model that incorporates different intercepts and slopes

(interaction terms). The separate line model is: logBS = logTL + Toyama + Oregon + (logTL

* Toyama) + (logTL * Oregon). The reduced model is logBS = logTL + Toyama + Oregon.

There is not evidence that the association between BS and female TL differs among the three

populations (p-value=O.8852). In other words, there is not evidence of a difference in the

slopes for the BS among the three regional populations of E. pacifica. This means that the

parallel line model is appropriate to compare the BS magnitude among populations (Table

6.2).
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Fig. 6.11. Comparison of the brood size (eggs fem') as a function of the female total length
(mm) among three populations of Euphausia pacfica in the North Pacific: Puget Sound, WA,
USA during 1976 and 1977 (Ross et al., 1982), Toyama Bay, Japan during March and April
1992 (Iguchi and Ikeda, 1994), and the Oregon coast, population during 1999-2002 (This
study).
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Table 6.2. Analysis of covariance using inferential-multiple linear regression model to
compare the slope and intercepts of the association between brood size (eggs fern') and
female total length (mm) of Euphausia paqfica among three populations in the North Pacific:
Puget Sound, Washington, USA, (Ross et al., l982Toyarna Bay), Japan (Iguchi and Ikeda
1994) and along the Oregon coast, USA (1999-2002).

Coefficients Value Std. Error t-value Pr(>ItI) r2 d.f.

Model to test differences between intercepts (parallel model)

Full model
Intercept
logTL
Toyama

Oregon

Reduced model
Intercept
logTL

-3.2903 0.9342 -3.5220 0.0005 0.8981 562

2.5223 0.3 127 8.0649 0.0000
0.4641 0.1430 3.2463 0.0012
0.3795 0.1079 3.5181 0.0005

-2.8739 0.9187 -3.1283 0.0018 0.9079 564

2.4948 0.3083 8.0909 0.0000

Model to test differences between intercepts and slopes (non-parallel model)

Full model
Intercept -3.0577 2.2382 -1.3661 0.1724 0.8996 560
logTL 2.4440 0.7527 3.2469 0.0012
Toyama -0.9944 3.4702 -0.2866 0.7745
Oregon 0.3001 2.5001 0. 1200 0.9045

logTLxToyarna 0.4995 1.1814 0.4228 0.6726

logTLxOregon 0.027 1 0.8397 0.0322 0.9743

Reduced model
Intercept -3.2903 0.9342 -3.5220 0.0005 0.898 1 562

logTL 2.5223 0.3 127 8.0649 0.0000
Toyama 0.4641 0.1430 3.2463 0.0012

Oregon 0.3795 0.1079 3.5181 0.0005




