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Abstract. The pelagic crustacean Euphausia pacifica 
Hansen was sampled with a multiple-sample 1.0 m 2 
Tucker trawl and a multiple-sample 1.0 m 2 vertical net in 
Dabob Bay, Washington on 17 dates between May 1985 
and October 1987. Size (stage) structure and abundance 
of the population were determined for each date, while 
vertical distribution and diel migration were determined 
for 13 dates. Although interannual variability in both 
timing and magnitude of events occurred, consistent pat- 
terns were discernable. The population produced a large 
pulse of larvae (2 to 5 ram) in late spring of each year, 
apparently in response to the vernal phytoplankton 
bloom. Much lower abundances of larvae occurred dur- 
ing summer and autumn of each year, and larvae were 
completely absent during winter. Recruitment to the ju- 
venile (6 to 9ram) and adult (>10ram) stages was 
strongest during the summer, with abundances of these 
individuals peaking in summer and autumn. Individual 
growth rates, determined by modal progression analysis, 
were calculated for E. pacifica. Rates ranged from zero 
for some adult cohorts during the winter to 0.12 mm d-  1 
for larvae during spring. The latter are among the highest 
ever reported for this species in the field. The vertical 
distributions and diel vertical migrations (DVM) of E. 
pacifica varied seasonally and between size (stage) class- 
es. At night, all size classes were distributed in the surface 
layer (upper 25 m) irrespective of season or year. During 
the day, the larger/older stages were always distributed at 
middepths (50 to 125 m). In contrast, the daytime distri- 
bution of the larvae was more variable, being concentrat- 
ed at the surface during spring and early summer of 1985, 
and at increasing depths later in the summer and autumn 
of 1985 and again in spring of 1986. This resulted in 
invariant DVM in the juveniles and adults, but variable 
DVM in the larvae, the latter of which is hypothesized to 
be a response to variable abundances of zooplanktivo- 
rous fish. 

* Current address: Biology Department, Woods Hole Oc~no- 
graphic Institution, Woods Hole, Massachusetts 02543, USA 

Introduction 

Euphausiids are often an abundant and conspicuous 
component of marine macroplankton, where they can 
play a significant role in the flow of energy and matter in 
pelagic food webs (Mauchline 1980). In the subarctic 
North Pacific, Euphausia pacifica is often the dominant 
species of euphausiid and in some areas reaches concen- 
trations high enough to enable commercial exploitation 
(Odate 1979, Fulton and LeBrasseur 1984). The life his- 
tory and ecology of E. pacifica in open ocean and open 
coastal waters have been well documented (e.g. 
Panomareva 1963, Smiles and Pearcy 1971, Brinton 1976, 
Fulton and LeBrasseur 1984), but E. pacifica can also be 
quite abundant in deep inland basins (Cooney 1971, 
Heath 1977), where studies of its population biology are 
generally less extensive. Ross et al. (1982) reported on the 
fecundity ofE. pacifica in Puget Sound and several inves- 
tigators have reported on daytime surface swarming of 
this species in Japanese coastal waters (Komaki 1967 and 
references therein, Terazaki 1980, Endo 1984, Hanamura 
et al. 1984), but other aspects of this species' life history 
and population biology in inland waters, such as growth 
and diel vertical migration (DVM), have gone largely 
unreported or are confined to unpublished reports (e.g. 
Cooney 1971, Hulsizer 1971, Heath 1977). 

As part of a broader program investigating the vertical 
distributions and diel migrations of zooplankton in a 
temperate fjord (Dabob Bay, Washington, USA), we un- 
dertook a field study of the population biology of Eu- 
phausia pacifica. We report here our findings on recruit- 
ment, seasonal cycles of abundance, growth, and diel 
vertical migration behavior. 

Materials and methods 

Samples were collected at a central, deep station (193 m max. depth) 
in Dabob Bay, Washington, USA (Fig. 1) on 17 cruises between 
May 1985 and October 1987 using a multiple-sample 1.0 m 2 Tucker 
trawl (Frost and McCrone 1974) with 500 gm mesh nets, and less 
frequently with a multiple-sample 1.0 m 2 vertical net (Frost 1988) 
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with 333 Ixm mesh nets. Dabob Bay exhibits very weak circulation 
as a result of a sill at the basin's mouth and very low freshwater 
input, which in turn favors repeated sampling of the same popula- 
tion of zooplankton over the course of at least several days (Frost 
1988 and references therein). 

At least two nighttime hauls from near bottom to the surface 
were collected with the Tucker trawl on each cruise (1 May, 18 June, 
22 August, 15 October 1985; 13 February, 14 April, 5 June, 13 
August, 22 October, 16 December 1986; 21 January, 23 February, 
15 April, 5 May, 16 June, 18 August, 12 October 1987). On most 
cruises we assessed vertical distribution and possible DVM of eu- 
phausiids by towing the Tucker trawl and/or vertical net through 
multiple depth strata (usually 175 to 125, 125 to 75, 75 to 50, 50 to 
25, 25 to 10, 10 to 0 m) near midnight and noon. Assessment of 
horizontal distributions within the bay was beyond the scope of the 
present study. Vertically stratified series of tows with the Tucker 
trawl were summed to give water column totals. The Tucker trawl 
was towed obliquely from 150 m (May 1985 to October 1985) or 
175 m (April 1986 to October 1987) to the surface. Tow speeds 
averaged 100 cm s-1. Volumes filtered, calculated from electroni- 
cally telemetered data on flow meter counts and tilt angle of net, 
averaged ca. 350 m 3 and ranged from 80 m 3 (surface sample) to 
2700 m 3 (total water column sample). Catches were rinsed from the 
nets and immediately preserved in 10% formalin-seawater solution. 
Collection of samples with the vertical net is described in Frost 
(1988). 

Samples were split in the laboratory with a Folsom splitter to 
obtain a subsample of at least 50 individual euphausiids of > 6 mm 
length (measured from the anterior tip of rostrum to the posterior 
tip of telson). Additional splits of the subsample were sometimes 
made (i.e., May 1985, June 1985, April 1986, May 1987) to reduce 
the number of 2 to 5 mm individuals to ca. 50. All euphausiids in the 
subsamples were identified to species (using Boden 1950a, Boden et 
al. 1955, and Endo and Komaki 1979), enumerated and measured 
for length to the nearest mm. Abundances were calculated from 
volumes filtered (assuming 100% efficiency) as euphausiids m -3. 

Since developmental stage of individuals was not distinguished, 
we report some of our results as pooled data for the following 
different size classes, the choice of which was based on length-devel- 
opment stage relationships given for Euphausia paciflca in Boden 
(1950a) and Brinton (1976): late calyptopis and furcilia larvae as 2 
to 5 mm~ post-larval juveniles as 6 to 9 mrn, adolescent and young 
adults as 10 to 14 ram, older adults as ~ 15 ram. These groupings 
should be considered only as a rough guide, however, as size at 
development would be expected to vary seasonally and perhaps 
even interannually as a function of both temperature and food 
availability (Mauchline and Fisher 1969, Ross 1979, Mauchline 
1980). 

Two other species of euphausiids were present in our samples. 
Thysanoessa longtpes Brandt comprised an average of 3.7% (maxi- 
mum 11.8%), and Tessarabraehion oeulatus Hansen an average of 
< 1% (maximum 6%) of the euphausiids in our Tucker trawl sam- 
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pies. These very much less abundant species will not be discussed 
further. 

Both avoidance and escapement of euphausiids are potential 
biases of our sampling gear. Net avoidance by euphansiids is a very 
contentions issue within the literature (Mauchline and Fisher 1969, 
Mauchline 1980). For example, Allen (1972) found no avoidance of 
towed 1.0 m nets by euphausiids, whereas Jerde (1967) found that 
euphansiids greater than 21 mm were able to avoid a towed 1.0 m 
net. Hovekamp (1989) chimed that abundance estimates of eu- 
phansiids were greater with plummet nets vs a 1.0 m z Tucker trawl, 
but examination of the data in his appendix shows this to be the case 
on only one of two dates; furthermore, he did not examine this effect 
as a function of euphansiid size. Brinton (1967) determined that his 
data were inconclusive regarding the avoidance capabilities of juve- 
nile and adult Euphausiapacifica, but he suggested they could avoid 
the net in deep layers. Thus, while the degree to which E. pacifica 
can avoid a towed 1.0 m 2 Tucker trawl is unclear, this gear is likely 
underestimating the abundance of larger individuals, and thus our 
data on adults should be viewed cautiously. As for the vertical net, 
avoidance of this type of gear by E. pacifica is more pronounced 
than for the Tucker trawl (Hovekamp 1989, our data), and thus we 
present only data on larvae (2 to 5 ram) from the vertical net sam- 
pies. Regarding the documentation of DVM, it is only important 
that daytime and nighttime water column totals are equal, i.e., that 
daytime and nighttime avoidance of the net, if present, are equal. 

Regarding escapement of euphausiids, specimens smaller than 
3 mm have been reported to pass through a 550 pan mesh net (Brin- 
ton 1976) and thus our Tucker trawl data on 2 mm euphansiids 
should be considered underestimn tes of abundance; we have chosen 
to present these data, however, to illustrate certain aspects of the 
early life history of Euphausia pacifica (e.g. seasonality of recruit- 
ment). The vertical net (333 pan mesh size) data should have no bias 
in the abundance of 2 mm individuals due to escapement. 

Growth was determined by modal progression analysis. For 
each date a length-frequency distribution was determined and mean 
length of each modal group was calculated in the following way. 
Length-frequency distributions that were discontiguons (five cases) 
were considered to represent different modal groups and the mean 
of each group was calculated directly. In the 12 cases where the 
length-frequency distributions were contiguous, the means and 
standard deviations were calculated using probability paper meth- 
ods described by Harding (1949) and Cassie (1950, 1954). Using the 
criterion advocated by Grant (1989), we considered any adjacent 
modal size groups as statistically sio-nificantly different if their mean 
lengths were separated by at least three standard deviations. In the 
5 of 12 cases that failed to meet this criterion of statistical siguifi- 
once, we applied the Kolmogorov-Smirnov test (Sokal and Rohlf 
1981) for deviation from normality, and all distributions were statis- 
tically distinguishable from a single normal curve. Therefore, all 
distributions were determined to consist of two or more modal 
groups, and the mean of each group was calculated using probabil- 
ity paper methods. For any given modal group, the change in mean 
length between sampling dates was calculated as mm d-1. 

Results 

Recrui tment  and seasonal abundance  pat terns 

Al though  interannual  variability in recrui tment  and sea- 
sonal abundance  pat terns occurred,  the same general pat-  
terns were evident dur ing our  30-mo field s tudy (Figs. 2 
and 3). A large pulse o f  larvae (2 to 5 m m  size class) was 
present in the spring o f  each year. Peak springtime abun-  
dances o f  larvae were considerably greater in 1985 and 
1986 (21 and 2 4 m  -3,  respectively) than in 1987 
(6.0 m-3 ) .  M u c h  reduced numbers  o f  larvae were present 
t h roughou t  the summer  and au tumn  o f  each year 
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Fig. 2. Euphausia pacifica. Seasonal abundances of different size 
classes sampled with the Tucker trawl in Dabob Bay between May 
1985 and October 1987. Filled squares are means of duplieate night- 
time hauls from near bottom to surface. Open diamonds represent 
zero values. Hatch marks on the abscissa separate years 

( < 1.0 m -  3). N o  individuals o f  this size class were present 
dur ing the winter. 

The springtime pulses o f  larvae were in turn followed 
by peak abundances  o f  juveniles and adults ( >  6 m m  size 
classes combined)  in the summer  and early au tumn  o f  
each year (Fig. 2), a l though the t iming of  these peaks 
varied somewhat  (i.e., October  in 1985, June in 1986, and 
Augus t  in 1987). In  contras t  to the larvae, juveniles and 
adults were more  abundan t  in 1985 (28 m - s )  than 1986 
(9.7 m -s )  or  1987 (9.9 m -3)  (Fig. 2). 

G r o w t h  

Individual  g rowth  rates varied between seasons, years, 
and size classes o f  euphausiids (Fig. 3). Larvae  (2 to 
5 ram) p roduced  in spring and early summer  tended to 
have high g rowth  rates (0.08 to 0.12 mm d-Z) ,  where~s 
larvae p roduced  later in the summer  tended to grow more  
slowly (0.04 to 0.08 m m  d-1) .  G r o w t h  rates o f  larvae 
p roduced  in October  and December  could no t  be deter- 
mined due to uncer ta inty  in t racking the progression o f  
modes.  

Juveniles (6 to 9 ram) resulting f rom the springtime 
pulses o f  larvae tended to grow at rates o f  0.04 to 
0.08 m m  d - 1  dur ing summer,  and typically at the lower 
end o f  this range dur ing autumn.  Adolescents  and adults 
( > 1 0 m m )  showed considerable variability in their 
g rowth  rates: modera te ly  high rates (0.036 to 0.083 m m  
d - 1 )  occurred virtually year- round,  with lower rates oc- 
casionally interspersed a m o n g  these (e.g. 0.003 mm d -  ~ 
during June to Augus t  1986, 0.016 mm d -  1 dur ing Au- 
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midnight. Proportions are means of duplicate samples collected 
with the multiple-sample Tucker trawl. Numbers  in italics under 
each histogram is mean no. of ind. m- 2. Z: depth. In no case was 
there any significant difference between daytime and nighttime 
abundances (t-test, 2N- 2 df, p > 0.05) 

gust to October 1986). Zero or negative growth in this 
size class occurred briefly between October 1985 and 
February 1986 and again between December 1986 and 
January 1987. 

Vertical distributions and diel migrations 

Discussion 

In order to relate our results to previous findings, we 
review the existing literature on field studies of Euphausia 
pacifica, giving special emphasis to the large body of 
unpublished reports on this species in deep, inland basins 
of the northeast Pacific. 

Whereas all size classes of Euphausia pacifica were invari- 
ably concentrated in surface waters (0 to 25 m) at night, 
the daytime depth distributions and DVM behavior of E. 
pacifica varied between seasons, years and size classes of 
individuals. Adults and juveniles always exhibited DVM, 
residing at depth during the day (maximum concentra- 
tions ranging from 50 to 125 m) and ascending to the 
surface at night (e.g. Fig. 4). The subsurface daytime 
maxima and strong, seasonally invariant DVM behavior 
of these size classes were on all dates evident in hydro- 
acoustic (105 kHz) observations made concurrently with 
the net sampling. 

In contrast to the juveniles and adults, larval Euphau- 
siapacifica exhibited highly variable DVM behavior (e.g. 
Fig. 5) as evidenced by large variations in daytime 
depths, with maximum concentrations ranging from the 
surface to 125 m. Thus, larvae appeared to be nonmigra- 
tory (residing in the surface both day and night) in May 
and June of 1985, but moderately or strongly migratory 
in August and October 1985, and in April 1986. In addi- 
tion to DVM, E. pacifica exhibited an ontogenetic migra- 
tion, as evidenced by the trend toward greater daytime 
depth with increasing size [i.e., larvae usually between 0 
and 75 m (Fig. 5) and juveniles and adults between 50 
and 125 m (Fig. 4)]. 

Recruitment and seasonal abundance patterns 

Cooney (1971) sampled Euphausiapacifica at three loca- 
tions in Puget Sound (Carr Inlet, Main Basin, and Port 
Susan; Fig. 1) and found a very similar recruitment pat- 
tern: 3 mm individuals (late furcilia) began to appear in 
April and were present in reduced numbers throughout 
August and into September. Hulsizer (1971) found larval 
E. pacifica present from April through August (peak 
abundance in June) in Port Susan, and from April to 
October (peak abundance in August) in Cart Inlet. These 
seasonal patterns of larval recruitment were attributed to 
overwintering adults spawning (probably iteroparitively) 
throughout spring and summer, with perhaps a small 
contribution of larvae coming from the maturation and 
reproduction of 0-yr (spring-hatched) adults by late sum- 
mer. 

Ross et al. (1982) found spawning of Euphausiapac~- 
ca in Port Susan to be most intense in April and May 
coincident with maximum phytoplankton abundance, 
and spawning continued at low levels well into summer. 
The absence of reproduction in the fall by 0-yr adults was 
attributed to food limitation preventing full maturation 
within the first year. 
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Fig. 5. Euphausia pacifica. Vertical distributions of larvae (2 to 
5 mm size class) in Dabob  Bay on different dates. Open histograms 
are proportion of population in each stratum near noon; t'flied 
histograms are proport ion of population in each stratum near mid- 
night. Proportions are means of duplicate samples collected with the 
multiple-sample vertical net. Number  in italics under each his- 
togram is mean no. of ind. m -z. Z: depth. In no case was there any 
significant difference between daytime and nighttime abundances 
(t-test, 2 N - 2  df, p>0 .05)  
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Heath (1977) studied the population biology of Eu- 
phausia pacifica in several different locations in the Strait 
of Georgia, British Columbia, Canada (Fig. 1) and found 
that spawning occurred from May to September (peak in 
May-June); spawning was closely related to phytoplank- 
ton availability. Recruitment of larvae usually peaked in 
summer, occurring ca. 1 mo after spawning, but consid- 
erable geographical variation existed in the timing of 
events. A distinct but less abundant fall cohort, appear- 
ing as 3 to 5 mm larvae in October, was usually present 
in low numbers, which the author attributed to spawning 
by 1-yr old rather than 0-aged adults. 

Turning to offshore waters, Brinton (1976) showed 
that abundance of larval Euphausia pacifica off southern 
California peaked during May to August, apparently in 
response to upwelling and increased phytoplankton 
availability; however, some larvae were present all year 
round. Similarly, Smiles and Pearcy (1971) found peak 
abundances of furcilia larvae of E. pacifica off the Ore- 
gon coast to occur between August and December, pre- 
sumably in response to summer upwelling and phyto- 
plankton availability. But as was the case off southern 
California, Smiles and Pearcy (1971) found larvae pres- 
ent throughout the year. The common occurrence of 
abundant larvae off Oregon as late as December suggests 
that spawning may be occurring well after peaks in phy- 
toplankton availability. Perhaps protozoan and/or meta- 
zoan microplankton, which might be expected to occur 
later in the upwelling season, are providing significant 
nourishment for pre-spawning adult E. pacifica. 

The large springtime pulses of larval euphausiids in 
our samples suggest spawning of adults must have oc- 
curred a few to several weeks earlier, i.e., predominantly 
during early spring. Why is the period of (inferred) 
spawning of Euphausia paeifica in Dabob Bay com- 
pressed largely within a single season? Several alternative 
explanations can be offered. As mentioned above, the 
correlation between spawning of E. pacifica and phyto- 
plankton blooms has been well documented for oceanic 
populations (Smiles and Pearcy 1971, Brinton 1976) and 
for populations in inland waters (Heath 1977, Ross et al. 
1982). Given that Dabob Bay exhibits a regular and size- 
able spring phytoplankton bloom (Fig. 6), the annual 
peak in (inferred) spawning of E. pacifica in the bay at 
this time may be a response to phytoplankton availabili- 
ty. However, Dabob Bay also exhibits a regular and con- 
spicuous autumn bloom (Fig. 6). Do adult E. pacifica 
respond to the autumn bloom by reproducing, and why 
are there relatively few larvae present in later autumn and 
early winter (Fig. 3: October 1985, December 1986, and 
October 1987)? Food quality as well as quantity should 
be considered, as feeding in E. pacifica has been shown to 
be sensitive to the type of phytoplankton available (Par- 
sons et al. 1967), and thus chorophyll a may not be an 
adequate measure of food availability (Hulsizer 1971). 

The reduced level of (inferred) spawning in the sum- 
mer (Fig. 3: August 1985, August 1986, and August 1987) 
relative to spring is perhaps less perplexing given that 
phytoplankton abundance is much reduced in Dabob 
Bay at this time (Fig. 6). A question arises as to the nutri- 
tive source of this reproduction. Euphausia pacifica has 
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been shown to be omnivorous in the laboratory (Ohman 
1984), and thus the potential for protozoan and meta- 
zoan microzooplankton, which might be expected to be 
particularly abundant during summer in coastal waters 
(e.g. Chester 1978), to significantly contribute to the diet 
and thus reproductive capabilities of E. pacifica in the 
field warrants further attention. If phytoplankton is the 
nutritive source of spawning, why is there apparently no 
spawning in winter (Fig. 3: February 1986, January, 
February and March 1987) when phytoplankton abun- 
dance is typically at levels only slightly lower than those 
in summer (Fig. 6)? Winter reproduction in Dabob Bay 
may simply be precluded by temperatures (8 ~ that are 
outside the spawning range for E. pacifica (Brinton 1976, 
Heath 1977), but the occurrence of reproductively active 
adults at even lower temperatures in the northwest 
Pacific (e.g. Terazaki et al. 1986) would argue against the 
interpretation. 

As an alternative explanation for the reduced level of 
(inferred) spawning in Dabob Bay in summer and au- 
tumn relative to spring, the stage/age structure of the 
population, as dictated by predation, may be limiting 
spawning. As suggested by Ross et al. (1982) for Port 
Susan, as overwintered adults are removed from the pop- 
ulation by predation throughout spring and summer, 
there remain few sexually mature 1-yr adults to spawn in 
late summer, and only a very small number of 0-aged 
adults (born in spring of that year) are able to mature fast 
enough, perhaps due to food-limitation in late summer/ 
autumn, to spawn in their first year. However, in the case 
of Dabob Bay, 0-aged adults large enough to reproduce 
(12 to 18 ram) are relatively abundant by August of each 
year (Fig. 3). If these euphausiids spawn at this time, 
seasonal differences in intensity of predation on eggs and 
larvae might explain the low numbers of larvae present 
during summer and autumn. Indeed, both the carnivo- 
rous copepod Euchaeta elongata (Yen 1982) and the 
chaetognath Sagitta elegans (Ohman 1983) reach their 
annual peaks in abundance at this time, and cannibalism 
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is another potentially important source of mortality for 
eggs and larvae. The relative importance of food-limita- 
tion and predation as causes of the restricted period of 
larval production and recruitment in Euphausia pacifica 
in Dabob Bay need to be more fully investigated. 

Turning briefly from seasonal patterns to estimates of 
absolute abundance, our peak abundances (water col- 
umn totals) of larvae of 21 m -3 in 1985, 25 m -3 in 1986, 
and 6 m -3 in 1987 are generally very high compared to 
those previously reported in the literature for offshore 
environments but are comparable to those reported by 
Heath (1977) for nearby Saanich Inlet, British Columbia, 
Canada (Fig. 1). For example, Smiles and Pearcy (1971) 
obtained average abundances of furciliae of 0.22 m-3 off 
Oregon, and as many as 2.7m -3 at one station in 
November. Brinton (1976) found between 5 and 10 larvae 
m-3, and as many as 18 larvae m-3, during periods of 
maximum recruitment off southern California. Young- 
bluth (1976) reported occasional abundances of larvae in 
the central California Current of as many as 10 m-3, but 
these were almost always in specific depth strata rather 
than average values for the water column. In contrast, 
Heath (1977) found a maximum density of 25 m-a  for 
larvae in Saanich Inlet in late June for the water column 
as a whole, and an order of magnitude higher densities in 
near-surface waters (0 to 12 m). The greater abundances 
of larvae in t]ords such as Saanich Inlet and Dabob Bay 
could be due to physical maintenance of patches [i.e., 
reduced mixing and eddy diffusion; see, for example, 
Frost (1988) and references therein] and to generally high 
levels of primary production in these areas [Harrison et 
al. (1983) and references therein, Downs (1989)]. 

Growth 

Several previous studies have estimated individual 
growth rates of Euphausia pacifica using modal progres- 
sion analysis. In offshore environments, Smiles and 
Pearcy(1971) obtained growth rates of 0.065 mm d-1 for 
the entire life span of E. pacifica (and reaching as high as 
0.095 mm d-  1 for juveniles), which is ca. twice that re- 
ported by Nemoto (1957) and Ponomareva (1963). Brin- 
ton (1976) found growth rates similar to those of Smiles 
and Pearcy (1971). Fulton and LeBrasseur (1984) report- 
ed growth rates of E. pac~ca from British Columbia 
coastal waters of 0.05 and 0.08 mm d-  1 between January 
and April. 

Considering deep, inland basins of the northeast 
Pacific, Heath (1977) found growth of Euphausia pac~ca 
in the Strait of Georgia to be maximal during summer of 
the first year of life at 0.094 mm d-1, subsequently slow- 
ing during autumn and halting altogether in winter; aver- 
age growth for the entire life span was 0.038 mm d-1. 
Similarly, Cooney (1971) found that growth ofE. pacifica 
in the > 10 mm size class from different regions of Puget 
Sound was not apparent between October and February, 
but reached 0.05 to 0.08 mm d-1 between March and 
June; growth of the newly recruited size class (<  10 ram) 
was slightly higher, being 0.08 to 0.09 mm d-  1 between 
April and August. 
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Hulsizer (1971) found growth rates of Euphausia 
pacifica in Cart Inlet of 0.075 mm d-  1 between February 
and June for 1-yr (7 to 24 ram) individuals and 0.095 mm 
d-  1 between April and August for 0-aged (3 to 19 ram) 
individuals, whereas E. pacifica in Port Susan grew more 
slowly at rates of 0.042 mm d-  1 from February to Au- 
gust for 1-yr old (8 to 22 ram) individuals and 0.066 mm 
d-  1 from April to August for 0-aged (3 to 17 mrn) indi- 
viduals. Winter (October to February) growth was negli- 
gible (0.001 to 0.004 mm d-  1) at both locations. 

These rates are within the range we report for Euphau- 
sia pacifica in Dabob Bay, although our estimates of 
summertime growth of larval cohorts and wintertime 
growth in some adult cohorts are among the highest re- 
ported for this species in the field. The extended period of 
growth including summer and autumn for all stage (age) 
classes contrasts sharply with the restricted period of 
spawning and larval recruitment in Dabob Bay. This 
again raises a question as to the nutritive source for 
growth later in the year, and we suggest that the impor- 
tance of omnivory to diet and growth of E. pacifica would 
be a fertile area for future investigation. 

Finally, we offer a warning. As has been pointed out 
elsewhere (e.g. Ricker 1969, Brinton 1976), results of 
modal progression analyses of field data can be biased by 
selectivity of sampling gear and by size-specific differ- 
ences in growth and mortality. For example, the "piling- 
up" of modes (Brinton 1976, Heath 1977) of juveniles 
and adolescents later in the growing season (e.g. June to 
August 1985 and August to October 1987 in our data) 
can make interpretation difficult. This could reflect real 
differences in size-specific growth rates (e.g. higher rates 
for smaller individuals), or this could be due to increased 
mortality (such as from size-selective predation from 
planktivorous fish) or greater avoidance of the sampling 
gear by larger euphausiids, which would in turn lead to 
underestimation of growth rates of these larger individu- 
als. In a similar manner selective mortality on smaller size 
classes of euphausiids could lead to overestimates of indi- 
vidual growth rates. Additionally, iteroparous spawning 
within a single season, such as is known to occur in Eu- 
phausia pacifica (e.g.. Ross et al. 1982), can potentially 
generate broad peaks in apparent spawning which can in 
turn reduce the resolution with which individual spawn- 
ing events and cohorts can be identified and tracked. 
Sampling variability is yet another potentially confound- 
ing effect. These limitations should be kept in mind when 
comparing growth rates determined by modal progres- 
sion analyses. Finally, while all of the above authors used 
modal progression analysis to estimate growth rates, 
none explicitly discussed assumptions and tests for 
modality of length-frequency distributions, further com- 
plicating the comparison of estimated rates. 

Vertical distributions and diel migrations 

DVM in Euphausiapacifica is well documented in oceanic 
waters, where adults typically reside between 100 and 
500 m during the day, and enter the surface 50 to 100 m 
at night (Esterly 1914, Boden 1950b, Brinton 1962a, b, 
1967, Alton and Blackburn 1972, Frost and McCrone 
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1974, Marlowe and Miller 1975, Youngbluth 1976). An 
exception to this pattern is reported by Ponomareva 
(1963), who claims (i.e., no data presented) that by winter 
of their second year adults in the Bering Sea remain be- 
tween 200 and 500 m day and night. 

Larvae, and to a lesser degree juveniles, show greater 
variability in their vertical distributions. For instance, 
Brinton (1967) sampled Euphausia pacifica in January- 
February in the California Current at both inshore and 
midshelf stations and found larvae at the midshelf station 
to be weakly migratory (0 to 200 m during the day; 0 to 
100 m at night), but nonmigratory (upper 100 m both day 
and night) at the inshore station. Youngbluth (1976) 
found larval and juvenile E. pacifica to exhibit ontogenet- 
ically and geographically variable DVM during summer 
in the central California Current; both the amplitude of 
migration (vertical distance traveled) and proportion of 
the population migrating increased with developmental 
stage (age) and distance from shore. Terazaki et al. (1986) 
sampled E. pacifica in the spring at a shallow (80 m) 
station off northeastern Japan and found adults to per- 
form DVM, being distributed below 30 m during the day 
and between 5 and 30 m at night; larvae (furcilia stages) 
exhibited very weak or nonexistent DVM, being more 
evenly distributed in the surface 50 m both day and night. 

Several authors have reported on the daytime surface 
swarming of Euphausia pacifica in shallow coastal waters 
off northern Japan (Komaki 1967 and references therein, 
Terazakl 1980, Endo 1984, Hanamura et al. 1984). In 
these cases, larger (> ca. 12 ram) individuals, usually 
sexually mature adults, occurred in exceptionally high 
densities (several liter- 1) in the surface 1 to 10 m of the 
water column. 

The vertical distributions and diel migrations of Eu- 
phausia pacifica in deep, inland basins of the northeast 
Pacific Ocean have been reported by several investiga- 
tors. Cooney (1971) found E. pacifica in Puget Sound 
occurring during the day chiefly in a diffuse sound scat- 
tering layer between 50 and 100 m. Sampling in Port Su- 
san in July, Cooney (1971) found spatial segregation of 
size classes within the layer, with smaller euphausiids (3 
to 6 mm) occurring in the upper portion (45 to 55 m) and 
larger ones occurring progressively deeper, the largest (15 
to 20 mm) occurring almost exclusively in the bottom- 
most portion (65 to 70 m) of the scattering layer. Hove- 
kamp (1989) examined the vertical distribution of E. 
pacifica in Dabob Bay and found them occurring be- 
tween 50 and 125 m during the day and 0 and 75 m during 
the night. 

Bary (1966) documented strong DVM of euphausiids 
("almost only Euphausia pacifica", p. 656) in January 
and May in Saanich Inlet between 70 and 130 m in the 
day and 0 and 40 m at night. Greenlaw (1979) used a 
multi-frequency (79 to 169 kHz) hydroacoustic system to 
study E. pacifica in Saanich Inlet, and found their vertical 
distribution to be 80 to 130 m during the daytime while 
they were spread throughout the water column at night, 
with only the larger euphausiids migrating to the surface, 
and the smaller ones remaining at depth; these observa- 
tions were not, however, confmned by sampling with 
nets. 
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Our data on the vertical distribution of Euphausia 
pacifica in Dabob Bay indicate that juvenile and adult 
stages of E. pacifica experience considerable shoaling in 
their daytime distribution from what is usual in deeper, 
oceanic waters (i.e., 50 to 100 mvs  200 to 500 m). These 
observations are in general agreement with previous re- 
ports of this species in inland basins of the northeast 
Pacific. Our observations are notably different, however, 
from several accounts from Japanese waters in that our 
data show no indication of daytime surface swarming. 

Although geographic variability in the DVM behavior 
of larval Euphausia pacifica has been reported previously, 
our study is the first report of seasonal and interannual 
variability of DVM behavior by larvae. This variability is 
remarkably similar to that of the planktonic copepod 
Calanus pacificus studied over the same time period and 
location by Bollens and Frost (1989 a). Bollens and Frost 
(1989 a) showed the strength of DVM (measured as the 
proportion of the population migrating) in adult female 
C. pacificus to be significantly correlated with the abun- 
dance of actively feeding zooplanktivorous fish, and sug- 
gested that the variability of migration behavior was re- 
lated to the seasonal cycle of recruitment of fish in the 
bay, i.e., migration behavior was weak or nonexistent 
during seasons (e.g. spring) and years (e.g. 1985) when 
newly recruited predators were low in abundance. Larval 
E. pacifica are of similar size to adult C. pacific-us (ca. 
3 mm prosome length) and in Dabob Bay are preyed 
upon by virtually the same suite of planktivorous fish. 
Thirteen species of zooplanktivorous fish in Dabob Bay 
were analyzed for presence or absence of larval E. pacifi- 
ca in the diet [see Bollens and Frost (1989 a) for details] 
and the following seven species were found to be preda- 
tors: Pacific sandlance, Arnmodytes hexapterus; Pacific 
herring, Clupea harengus pallasi; threespine stickleback, 
Gasterosteus aculeatus; Pacific hake, Merluccius produc- 
tus; chum salmon, Oncorhynchus keta; chinook salmon, 
Oncorhynchus tshawytscha; and plainYm midshipman, 
Porichthys notatus [see Table 2 in Bollens and Frost 
(1989a) for a similar list of predators on C. pacificus]. 

We therefore hypothesize that the shift in migration 
behavior in larval Euphausia pacifica from nonmigratory 
in spring of 1985 to migratory in snmmer and autumn of 
1985, as well as the interannual variability in springtime 
migration behavior (1985 vs 1986), may, like that pro- 
posed for adult female Calanuspacificus, be a response to 
vertebrate predators. Recent experimental field manipu- 
lations have shown that the marine planktonic copepod 
Acartia hudsonica can exercise rapid changes in DVM 
behavior depending on the presence or absence of plank- 
tivorous fish (Bollens and Frost 1989b, 1991), and simi- 
lar results have been found for several freshwater 
zooplankters (Dawidowicz et al. 1990, Leibold 1990, 
Neill 1990, Tjossem 1990, Ringelberg 199l). However, 
the degree to which larval E. pacifica can exercise such 
flexibility in migration behavior in response to predators 
remains to be tested experimentally. 

Our observations of seasonal patterns of recruitment, 
abundance, growth and DVM behavior in Euphausia 
pacifica in Dabob Bay, combined with those in the litera- 
ture from other locales, lead us to make the following 

conclusions and recommendations for future work. First, 
the relative importance of food-limitation and predation 
as causes of the restricted period of larval production 
(spring) and juvenile and adult recruitment (summer and 
autumn) of E. pacifica in Dabob Bay need to be more 
fully investigated. Second, the occurrence of extended 
periods of high rates of individual growth of E. pacifica 
in Dabob Bay, which are among the highest ever reported 
for this species in the field, suggests a potentially impor- 
tant role for omnivory during periods of low phytoplank- 
ton abundance (e.g. summer). Third, the variable DVM 
behavior of larval E. pacifica, which contrasts sharply 
with the strong, invariant DVM behavior of juveniles and 
adults, is hypothesized to be a response to variable abun- 
dances of zooplanktivorous fish, and should be tested 
experimentally. 

Acknowledgements. We thank D. Thoreson, S. Jonasdottir, C. Mob- 
ley, K. Way, B. Brumbaugh, W. Peterson, K. Daly and the crew of 
the R. V. "Clifford A. Bames" for assistance with the field work. 
This research was supported by U.S. National Science Foundation 
grants OCE-8408929 and OCE-8717142 to B. Frost, and a College 
of Oce, an and Fishery Sciences Select Program Grant from the 
University of Washington to B. Frost and B. Miller;, manuscript 
preparation supported in part by a Woods Hole Oceanographic 
Institution Postdoctoral Scholar Award to S. Bollens. 

Literature cited 

Allen, G. H. (1972). Notes on sampling amphipods and euphausiids 
in the North Pacific Ocean. Trans. Am. Fish. Soc. 101:577-582 

Alton, M. S., Blackburn, C. J. (1972). Diel changes in the vertical 
distributions of the euphausiids, Thysanoessa sptnifera Holmes 
and Euphausiapacifica Hansen in the coastal waters of Washing- 
ton. Calif. Fish Game 58:179-190 

Bary, B. McK. (1966). Back scattering at 12 kc/s in relation to 
biomass and numbers of zooplanktonic organisms in Saanich 
Inlet, British Columbia. Deep-Sea Res. 13:655-666 

Boden, B. P. (1950a). The post-naupliar stages of the crustacean 
Euphausia pacifica. Trans. Amer. mierosc. Soc. 69:373-386 

Boden, B. P. (1950b). Plankton organisms in the deep scattering 
layer. Res. Rep. U.S. Navy Electron. Lab., S. Diego, Calif. 186 

Boden, B. P., Johnson, M. W., Brinton, E. (1955). The Euphausi- 
acea (Crustacea) of the North Pacific. Bull. Scripps Instn 
Oceanogr. tech. Ser. 6:287-400 

Bollens, S. M., Frost, B. W. (1989a). Zooplanktivorous fish and 
variable diel vertical migration in the marine planktonic cope- 
pod Calanus paciffwus. Limnol. Oceanogr. 34:1072-1083 

Bollens, S. M., Frost, B. W. (1989b). Predator-induced diel vertical 
migration in a marine planktonic copepod. J. Plankton Res. 11: 
1047-1065 

Bollens, S. M., Frost, B. W. (1991). Diel vertical migration in marine 
zooplankton: rapid individual response to predators. J. Plank- 
ton Res. 13:1359-1365 

Bollens, S. M., Frost, B. W., Schwaninger, H. R., Davis, C. S., Way, 
K. L., Landsteiner, M. C. (in press). Seasonal plankton cycles in 
a temperate fjord and comments on the match-mismatch hy- 
pothesis. J. Plankton Res. 

Brinton, E. (1962a). The distribution of Pacific euphausiids. Bull. 
Scripps Inst. Oceanogr. 8:51-269 

Brinton, E. (1962b). Variable factors affecting the apparent range 
and estimated concentration of euphausiids in the North Pacific. 
Pacif. Sci. 16:374-408 

Brinton, E. (1967). Vertical migration and avoidance capability of 
euphausiids in the California current. Limnol. Oceanogr. 12: 
451-483 

Brinton, E. (1976). Population biology of Euphausia pacifica off 
southern California. Fish. Bull. U.S. 74:733-762 



228 S.M. Bollens et al.: Population biology of Euphausia pacifica 

Casie, R. M. (1950). The analysis of polymodal frequency distribu- 
tions by the probability paper method. N. Z. Sci. Rev. 8:89-91 

Casie, R. M. (1954). Some uses of probability paper in the analysis 
of size frequency distributions. Aust. J. mar. Freshw. Res. 5: 
513-522 

Chester, A. J. (1978). Mierozooplankton in the surface waters of the 
Strait of Juan de Fuca. NOAA tech. Rep. U.S. Dep, Commerce 
ERL 403-PMEL 30, Seattle, Washington 

Cooney, R. T. (1971). Zooplankton and micronekton associated 
with a diffuse sound-scattering layer in Puget Sound, Washing- 
ton. Ph.D. thesis, Univ. Washington, Seattle, Washington 

Dawidowicz, P., Pijanowska, J., Ciechomski, K. (1990). Vertical 
migration of Chaoborus larvae is induced by the presence of fish. 
Limnol. Occanogr. 35:1631-1636 

Downs, J. N. (1989) Implications of the phaeopigment, carbon and 
nitrogen content of sinking particles for the origin of export 
production. Ph .D.  Dissertation, Univ. Washington, Seattle, 
Washington 

Endo, Y. (1984). Daytime surface swarming of Euphausia pacifica 
(Crustacea: Euphausiacea) in the Sanriku coastal waters off 
northeastern Japan. Mar. Biol. 79:269-276 

Endo, Y., Komaki, Y. (1979). Larval stages of euphauslids with 
descriptions of those of Thysanoessa longipes Bmndt. Bull. Ja- 
pan Sea reg. Fish. Res. Lab. 30:97-110 

Esterly, C. O. (1914). The vertical distribution and the movements 
of the schizopoda of the San Diego region. Univ. Calif. Pubis. 
Zool. 13(5): 123-145 

Frost, B. W. (1988). Variability and possible adaptive significance of 
diel vertical migration in Calanus pacif~us, a planktonic marine 
copepod. Bull. mar. Sci. 43:675-694 

Frost, B. W., McCrone, L. E. (1974). Vertical distribution of 
zooplankton and myctophid fish at Canadian Weather Station 
Papa, with description of a new multiple net trawl. Proc. Int. 
Conf. Engineering Ocean Environ., Inst. Electr. Electron. Engi- 
neers 1:159-165 

Frost, B. W., McCrone, L. E. (1976). Vertical distribution, diel 
vertical migration, and abundance of some mesopelagic fishes in 
the eastern subarctic Pacific Ocean in summer. Fish. Bull, U.S., 
76:751-770 

Fulton, J., LeBrasseur, R. (1984). Euphausiids of the continental 
shelf and slope of the Pa~fic coast of Canada. La Mer. (Bull. 
Soc. franco-jap. Oc6anogr., Tokyo) 22:268-276 

Grant, A, (1989). The use of graphical methods to estimate demo- 
graphic parameters. J. mar. biol. Assoc. U.K. 69:367-371 

Greenlaw, C. F. (1979). Acoustical estimation of zooplankton pop- 
ulations. Limnol. Oceanogr. 24:226-242 

Hanamura, Y., Endo, Y., Taniguchi, A. (1984). Underwater obser- 
vations on the surface swarm ofa  euphausiid, Euphausiapacifiea 
in Sendai Bay, Northeastern Japan. La mer. (Bull. Soc. franco- 
jap. Oc~anogr., Tokyo) 22:63-68 

Harding, J. P. (1949). The use of probability paper for the graphical 
analysis of polymodal frequency distributions. J. mar. biol. Ass. 
U.K. 28:141-153 

Harrison, P. J., Fulton, J. D., Taylor, F. J. R., Parsons, T. R. (1983) 
Review of the biological oceanography of the Strait of Georgia: 
pelagic environment, Can. J. Fish. aquat. Sciences 40: 1064- 
1094 

Heath, W. A. (1977). The ecology and harvesting of euphausiids in 
the Strait of Georgia. Ph .D.  thesis, Univ. British Columbia, 
Vancouver, British Columbia 

Hovekamp, S. (1989). Avoidance of nets by Euphausia pacifica in 
Dabob Bay. J. Plankton Res 11:907-924 

Hulsizer, E. (1971). A study of the reproductive cycle of Euphausia 
pactfica at two stations in Puget Sound, 1968-1969. M.S, thesis, 
Univ. Washington, Seattle, Washington 

Jerde, C. W. (1967). A comparison of euphausiid shrimp collections 
made with a micronekton net and a one meter plankton net. 
Pacif. Sci. 21:178-181 

Komaki, Y. (1967). On the surface swarming of euphausiid crus- 
taceans. Pacif. Sci. 21:433-448 

Leibold, M. A. (1990). Resources and predators can affect the 
vertical distributions of zooplankton. Limnol. Oceanogr. 35: 
938-944 

Marlowe, C. J., Miller, C. B. (1975). Patterns of vertical distribution 
and migration of zooplankton at Ocean Station "P". Limnol. 
Oceanogr. 20:824-844 

Mauchline, J. (1980). The biology of Euphausiids. Adv. mar. Biol. 
18:373-623 

Mauchline, J., Fisher, L. R. (1969). The biology of Euphausiids. 
Adv. mar. Biol. 7 :1-454 

Neill, W. E. (1990). Induced vertical migration in copepods as a 
defence against invertebrate predation. Nature, Lond. 345: 524- 
526 

Nemoto, T. (1957). Foods of baleen whales in the northern Pacific. 
Scient. Rep. Whales Res. Inst., Tokyo 12:33-89 

Odate, K. (1979). An euphausiid Crustacea exploited along the 
Sanriku and Joban coast. Bull. Tohoku reg. Fish. Res. Lab. 
(Shiogama, Miyagi, Prefecture, Japan) 40:15-25 (in Japanese) 

Ohman, M. D. (1983). The effects of predation and resource limita- 
tion on the copepod Pseudocalanus sp. in Dabob Bay, a temper- 
ature l~ord. Ph.D. thesis, Univ. Washington, Seattle, Washing- 
ton 

Ohman, M. D. (1984). Omnivory by Euphausiapaciflca: the role of 
copepod prey. Mar. Ecol. Prog. Ser. 19:125-131 

Parsons, T. R., LeBrasseur, R. J., Fulton, J. D. (1967). Some obser- 
vations on the dependence of zooplankton gazing on the cell 
size and concentration of phytoplankton blooms. J. oceanogr. 
Soc. Japan 23:10-17 

Ponomareva, L. A. (1963). The euphausiids of the North Pacific, 
their distribution and ecology. Doklady Akademy Nauk, SSSR, 
1-442. Israel Programme for Scientific Translation, Jerusalem, 
1966 

Ricker, W. E. (1969). Effects of size-selective mortality and sampling 
bias on estimates of growth, mortality, production, and yield. J. 
Fish. Res. Bd Can. 26:479-541 

Ringelberg, J. (1991). Enhancement of phototactic reaction in 
Daphnta hyalina by a chemical mediated by juvenile perch (Per- 
cafluviatilts). J. Plankton Res. 13:17-25 

Ross, R. M. (1979). Carbon and nitrogen budgets over the life of 
Euphausia pacifica. Ph. D. thesis, Univ. Washington, Seattle, 
Washington 

Ross, R. M., Daly, K. L., English, T. S. (1982). Reproductive cycle 
and fecundity of Euphausiapacifica in Puget Sound Washington. 
Limnol. Oceanogr. 27:304-314 

Smiles, M. C., Pearcy, W. G. (1971). Size structure and growth of 
Euphausia pacifica off the Oregon coast. Fish. Bull. U.S. 69: 
79-86 

Sokal, R. R., Rohlf, E J. (1981). Biometry, 2nd edn. Freeman & Co. 
New York 

Terazaki, M. (1980). Surface swarms of a euphausiid Euphausia 
pacifica in Otsuchi Bay, Northern Japan. Bull. Plankton Soc. 
Japan 27:19-25 

TernT~ki, M., Kitagawa, D., Yamashita, Y.. (1986). Occurrence of 
Euphausia pacifica Hansen (Crnstacea: Euphausiacea) with 
spermataphore in the vicinity of Otsuchi, Northeastern Japan. 
Bull. Jap. Soc. seient. Fish. 52:1355-1358 

Tjossem, S. F. (1990). Effects of fish chemical cues on vertical 
migration behavior of Chaobo~zs. Limnol. Oceanogr. 35: 1456- 
1468 

Yen, J. (1982). Predatory feeding ecology of Euchaeta elongata Es- 
terly, a marine planktonic copepod. Ph.D. Dissertation, Univ. 
Washington, Seattle, Washington 

Youngbluth, M. J. (1976"). Vertical distribution and diel migration of 
euphausiids in the central region of the California Current. Fish. 
Bull. U.S. 74:925-936 


