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ABSTRACT: Daytime and nighttime vertically stratified zooplankton samples spanning the entire 
water column were obtained from Dabob Bay. Washington. USA, during several years. Vertical distri- 
butions of all the copepodid stages of Calanus pacificus and Metndia lucens were analyzed from 8 
cruises representing the range of seasons, as well as several dates when inferred invertebrate or verte- 
brate predation pressures on zooplankton were strong or weak. Migration behaviors of similar-sized 
stages of C. pacificus and M. lucens differed. C. pacificus was closely associated with the surface 
waters; a large percentage of every stage was always in the surface 50 m at night except when the C5s 
were in diapause. During the day the different stages of C. pacificus showed varying degrees of avoid- 
ance of the surface layers, with the older, larger stages generally being deeper. The C4 and younger 
stages were particularly tied to the surface waters, with the majority of the population usually in the top 
25 m during the day and night. M. lucens was less strongly associated with the surface layers. While the 
adult females, and usually the CSs, underwent a normal diel vetical migration (DVM), entering the sur- 
face 50 m at night, the vast majority of the adult males always stayed below 75 m. The C4 and younger 
stages showed more varied behavior. On some dates they underwent a reverse DVM, avoiding the sur- 
face 25 m at night, at other times they avoided the surface 10 m particularly during the day, while on 
still other dates the C3 and younger stages avoided the surface 25 m day and night. On most dates there 
were significant portions of all the stages in the deepest layers sampled. Differences in the 2 species' 
migration behavior may be due to differences in their susceptibility to predation, or some additional 
aspect of their biologies. 
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INTRODUCTION 

Calanus pacificus Brodsky and Metridia lucens 
Boeck CO-occur and often numerically dominate the 
mesozooplankton in the shelf and slope waters of the 
eastern temperate Pacific Ocean (Star & Mullin 1981, 
Gardner & Szabo 1982) and across much of the oceanic 
subarctic Pacific (Park 1968, Minoda 1931, Marlowe & 
Miller 1975). Despite their importance in the same 
areas, and their superficial morphological similarities 
(including body size), few studies have compared 
aspects of the ecologies of these 2 species (see Bollens 
et al. in press). The comparative studies conducted to 
date have focused primarily on the adult females. 

Diel vertical migration (DVM) behavior is a signifi- 
cant aspect of the ecology of the adults of both copepod 

species (Bollens et al. in press). Given that body size of 
prey is an important factor in prey selection by both 
vertebrate and invertebrate predators (e.g. Brooks 
1968, Landry 1978, Sullivan 1980, Koslow 1981, Yen 
1985), different developmental stages of copepods are 
potentially exposed to different predation pressures 
during their growth. Since some developmental stages 
of Calanus pacificus and Metridia lucens are sirmlar in 
size, they may be exposed to similar predation pres- 
sures. With predation being invoked as the primary 
selective force behind DVM (see Lampert 1989, Frost 
& Bollens 1992), different developmental stages may 
be expected to exhibit different DVM behavior if pre- 
dation is a major factor in their population growth. In 
fact, Neill (1992) observed this for a species of fresh- 
water calanoid copepod. Thus, ignoring other aspects 
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of their behaviors, stages of C. pacificus and 
M. lucens which are of the same size may be 
expected to exhibit similar DVM behaviors. 

This paper presents daytime and nighttime 
vertical distribution data from one location 
for the copepodid stages of Calanus pacificus 
and Metridia lucens in different seasons. The 
vertical distribution patterns are interpreted 
in relation to various predation regimes pos- 
sibly experienced by particular stages of the 
2 species. Seasonal and life history effects are 
also discussed. 

METHODS 

Zooplankton samples were obtained from 
the deep (193 m), central basin of Dabob Bay, 
Washington, USA (47' 45' N, 122O 50' W) 
from a ship tied to an anchored buoy. Dabob 
Bay is a fjord within which the circulation is 
limited such that the same populations of 
zooplankton can be sampled over the course 
of at least several days (see Frost 1988). Sam- 
ples used in this study were collected during 
8 cruises between 1973 and 1986 (Table 1). 
For the 1973, 1981, and 1982 samples, suc- 
cessive vertical hauls with a single 1 m diam- 
eter (except September 1982 when a 60 cm 
diameter net was used), 216 pm mesh, Puget 
Sound closing net (Miller et al. 1984) were 
made to obtain samples from discrete depth 
strata. A 216 pm mesh retains all of the cope- 
podid stages of Calanus pacificus and all but 
the C i s  of Metridia lucens. Based on compar- 
isons of catches with 73 pm mesh nets, most 
C l  M. lucens are also caught with a 216 pm 
mesh. In 1973, samples were obtained from 
175-150, 150-125, 125-100, 100-75, 75-50, 
50-25, and 25-0 m. In 1981 and 1982, sam- 

Table 1. Sampling dates and the times around which each 
collection of vertical series of samples were centered I t  gen- 
erally took 45 rnin to complete each series. Sampling times 

when it was dark are underlined 

1 Dates Sampling times (h )  I 
3-4 A u ~  1973 

23-24 Oct 1981 
19Feb 1982 

29-30 Apr 1982 
27-28 May 1982 

9-1OJul 1982 
16-17Sep 1982 

6-7 May 1986 

Fig. 1. Calanus pacificus 
Weighted mean depths of the 
copepodid stages for each verti- 
cal series of samples counted in 
the study. (0, 0 )  Replicate day 
series; (+, x) Replicate night se- 
ries. Statistically significant dif- 
ferences between the day and 
night WMDs are indicated. Prob- 
ability that mean day and night 
WMDs different by chance: ' p  < 

0.05; "p < 0.01, .. 'p < 0.001 

pies were obtained from 185-125, 125-75, 75-50, 
50-25, 25-0, and usually 10-0 m. In 1986, a vertically 
hauled, multiple sample, closing net (1.0 m2, 333 pm 
mesh) was used to sample discrete depth strata in a 
single vertical haul. Samples were obtained from 
175-125, 125-75, 75-50,50-25, 25-10, and 10-0 m. A 
333 pm mesh net retains all copepodid stages except 
C l  of C. pacificus and C l  and C2 of M. lucens. In com- 
parisons of catches between the different nets used, no 
differential gear avoidance or selection was found due 
to the different net mouth areas. 

On all cruises, 2 daytime and 2 nighttime vertical 
series of samples were collected and immediately pre- 
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served in 10% formalin-seawater solution, 
buffered with sodium borate. Abundances 
of the copepodid stages of Calanuspacificus 
and Metridia lucens in the preserved sam- 
ples were determined from replicate sub- 
samples taken with a stempel pipette. For 
each developmental stage of both species 
the weighted mean depth was calculated for 
each vertical series of samples as WMD = 
(Cnid ,  d,)/Cn,d,,  where n, is the abundance 
ind. m-3) in the depth interval A; whose 
midpoint is di. The presence of DVMs was 
determined by testing for equality of the 
mean day and night WMDs with a 2-sample 
t-test. This test assumes the day and night 
WMDs are each distributed normally. In 
addition, migration magnitudes may have 
been underestimated, as the samples were 
not necessarily obtained when the copepod 
populations were at their minimum or max- 
imum depth distributions. Therefore, day 
and night mean WMDs should be regarded 
as approximations. 

A vertical profile of the water temperature 
to at least 50 m was obtained with a CTD or 
bathythermograph on each cruise. In addi- 
tion, the vertical distribution of chlorophyll a 
was obtained for most dates from samples 
collected at 5 to 7 depths in the upper 30 m 
(see Frost 1988). 

RESULTS 

Interspecific comparisons 

The data set is summarized 2 ways. 150 
Weighted mean depths of all copepodid 
stages of Calanus pacificus and Metndia 200 

lucens for each vertical series of samples are 
presented in Figs. 1 & 2. DVM behavior was 
inferred when daytime WMD was statisti- 
cally significantly different from nighttime WMD. The 
full range of behaviors of all stages is illustrated with 
mean day and night vertical distributions for selected 
dates shown in Figs. 3 to 12. The adults, i.e. C6s, are 
differentiated by sex. Both species exhibited ontoge- 
netic changes in vertical distribution and migration 
behavior, but, for any given copepodid stage, each 
species could also have different migration behavior 
on different dates. The exceptions to this were the C1 
C. pacificus and the adult male M. lucens. C. pacificus 
C l s  were always concentrated in the uppermost depth 
strata sampled day and night, while the vast majority 
of the adult male M. lucens remained below 75 m day 

Fig. 2. Metndia lucens. Weighted 
mean depths of the copepodid 
staaes for each vertical series of 

N N W N N O N -  samples counted in the study. 
? ? ? ' D ? " ?  . 
~ w m m l c m r n o  Symbols as in Fig. 1 

F 

and night on all dates, with only a very small percent- 
age of them occurring above 75 m at night. Even 
though some of the copepodid stages of M. lucens and 
C. pacificus overlap in body size (Table 21, there were 
very few resemblances between species in the behav- 
ior of similar-sized individuals. The majority of the 
young copepodid stages (C1 to C4) of C. pacificus 
stayed in the upper 25 m at all times, whereas those of 
M. lucens were distributed throughout the water col- 
umn (e.g. see Figs. 5 & 10). In addition, adult male 
C. pacificus ranged throughout the water column and 
at times exhibited significant DVM behavior (e.g. see 
Fig. 6), while the M. lucens males stayed below 75 m 



16 Mar. Ecol. Prog. Ser. 104: 13-25. 1994 

C 5 C4 
(ind. m-3) (ind. m-3) 

160 80 0 80 160 200 100 0 100 200 

29-30 April 1982 

Fig. 3. Calanuspacificus. Vertical distributions of the copepo- 
did stages in Dabob Bay during Apnl 1982. Each day (open) 
and night (shaded) vertical distribution is the mean of 2 

vertical series of samples 

day and night (e.g. see Fig. 8) ,  as already mentioned. 
Finally, although females of both species generally 
exhibited normal DVM behavior, the vertical distribu- 
tion patterns of M. lucens females were more regular, 
with few females ever in the surface 50 m during the 
day, whereas at times, the majority of the C. pacificus 
females were there. 

Calanus pacificus vertical distributions 

Calanus pacificus adult females usually underwent a 
normal DVM (Figs. 3 to 7) and the WMD plots show 
statistically significant differences in the day and night 
mean depths for C. pacdicus females on all but 2 dates 
(Fig. 1). One of these dates, February 1982, was a time 
when adult C. pacificus had just started to appear from 
the overwintering stage in deep water, and the few 
adults tended to stay in deep water. The other date, 
late May 1982, was a time when the majority of the 
females remained in the top 50 m of the water column 
day and night (Fig. 5). 

Calanus pacificus adult males demonstrated a gen- 
eral avoidance of the surface layers during daylight 

Table 2. Calanus pacificus, Metridia lucens. Median prosome 
lengths (mm) of 10 or more individuals on 30 April 1982 

Stage C. pacificus M. lucens 

F 2.45 1.80 
M 2.20 1.24 
C5 2 03 1.29 
C4 1.60 0.96 
C3 1.20 0.76 
C2 0.90 0.55 
C 1 0.68 0.42 

and a tendency for a broader vertical distribution dur- 
ing the night. This resulted in the male population as a 
whole displaying normal DVM behavior on most dates 
and significantly so on 3 dates (Fig. 1). 

C5 Calanus pacificus were even less regular in their 
migration behavior. They showed weak normal DVM 
behavior on most dates, but statistically significant 
DVM was observed on only 2 dates, February 1982 
and October 1981. At both times most of the overwin- 
tering C5s stayed below 75 m day and night, but a few 
migrated to the surface layers at night (data not 
shown). The one time when no C5s were present in the 

C 5  
find. 

:::l 1 :::l 1 
200 200 

6-7 May 1986 

Fig. 4. Calanus pacificus. Vertical distribution. As in Fig. 3 
except for May 1986 
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F 
(ind. 171-3) 

160 M 0 M 1 M  

C 1 
(ind. m-3) 

60 40 20 

150 

M 
(ind. m-3) vertical migrations were not statistically significant 

10 20 30 based on differences in daytime and nighttime WMDs 
l :; 3rr-d (Fig. 1). When an apparent migration is over a very 

short depth range, as at this time, the statistical com- 
parison of daytime and nighttime mean depths is espe- 

l 5 0  cially sensitive to variability between the 2 vertical 
2 0 0  series. In such circumstances, an apparent vertical 

migration may not be supported by statistically signifi- 
cant differences between day and night WMDs. 

Vertical distributions of Calanus pacificus C3s were 
very similar to, though somewhat shallower than, those 
of the C4s. On dates where no 10-0 m samples were 
counted, the maximum abundances of the C3s was in 
the 25-0 m layer day and night with no vertical move- 
ment evident (e.g. Figs. 3 & 6). During May and Sep- 
tember 1982, there was evidence that the maximum 
concentrations of C3s shifted from the 25-10 m layer 

C 2 
(ind. m-3) during the day to the 10-0 m at night (Figs. 5 & 7). 

However, on both dates there was a significant portion 

F M 
(ind. m-3) (ind. m-3) 

1 5 0  100 20 

2 0 0  
5 0  

100 

150 

27-28 May 1982 

Fig. 5. Calanus pacificus. Vertical distribution. As in Fig. 3 
except for May 1982 

10-0 m layer (and very few in the 25-10 m layer) dur- 
ing the daytime was May 1986. However, because of 
variability in the data for the deeper layers, the appar- 
ent DVM of C5s on this date was not supported by 
comparisons of day and night WMDs. 

C4 Calanus pacificus were either nonmigratory, 
being concentrated in the top 25 or 50 m day and night, 
or underwent a normal DVM over a narrow depth 
range. A very fine-scale migration is evident in the 
May 1982 vertical distributions (Fig. 5), where the 
peak abundances were in the 25-10 m layer and the 
10-0 m layer during the day and night respectively. A 
slightly deeper migration was evident in May 1986 
when peak abundances shifted from 50-25 m during 
the day to the 25-10 and 10-0 m layers during the 
night (Fig. 4). Also on this date, almost no C4s were in 
the 10-0 m layer during the day while on all other 
dates where a 10-0 m sample was counted, significant 
portions of the population were in this layer. These 

3-4 August 1973 

Fig. 6. Calanus pacdjcus. Vertical distribution. As in Fig. 3 
except for August l973 
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F 
lind. 

M 
lind. mm31 

C 1 
(ind. m-3) 

16-1 7 September 1982 

Fig. 7. Calanus pacificus. Vertical distribution. As In Fig. 3 
except for September 1982 

of the population in the top 10 m during the day. Only 
in May 1986 were there very few C3s in the 10-0 m 
layer during the day (Fig. 4). 

C2 Calanus pacificus continue the trend of younger 
copepodid stages being distributed slightly more shal- 
lowly than the next older stage. The highest concen- 
trations of C2s were always in the 10-0 m or 25-0 m 
layer day and night, except during May 1986 when 
very few were in the 10-0 m layer during the day 
(Fig. 4). On all dates when a 10-0 m layer was counted, 
the majority of the C25 in the layers below 10 m 
mlgrated up into the top 10 m at night (Figs. 4 ,  5 & 7) .  

C1 Calanus pacificus showed Little indication of any 
migration on the scales sampled (Figs. 5 to 7). There 
was a statistically significant difference between the 
day and night WMDs calculated for September 1982 
(Fig. 1) .  However, the abundances, and therefore the 
counts, of the C l s  on this date were very low below 

10 m, so this difference may not, in fact, be real. Based 
on the other copepodids, May 1986 was a date when a 
migration by the C l s  might have been expected, but 
the C l s  were not sampled on this date due to the 
coarse mesh size of the nets used. 

Metridia lucens vertical distributions 

The majority of the adult female Metridia lucens 
undertook pronounced DVMs on all but 2 of the sam- 
ple dates (Fig. 2 ) .  In February 1982, and October 1981 
only a small fraction of the population migrated into 
the surface 50 m at night (data not shown). Even in 
October, though, there were enough females migrat- 
ing to make the day and night WMDs significantly dif- 
ferent. 

As previously stated, the adult male Metn'dia lucens 
displayed virtually identical day and night vertical dis- 

C5 
(ind. 

C 4  
(ind. 

60 40 20 0 20 40 60 

100 

150 

200 200 

29-30 April 1982 

Fig 8. Metridia lucens. Vertical d~stributions of the cope- 
podite stages during April 1982. Bars as in Fig. 3 
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F 
(ind. m-3) 

BD 40 0 40 BD 

5;j.4!lr 

(m) loo 

150 

6-7 May 1986 

Fig. 9. Metridia lucens. Vertical distributions. As in Fig. 8 
except for May 1986 

while during September 1982, the C4s became par- 
ticularly concentrated in the surface 10 m at night 
(Fig. 12). 

Metridia lucens C3s showed varied behavior. In 
April 1982 and August 1973 they displayed statistically 
significant reverse DVM behavior (Figs. 2, 8 & 11). On 
these dates, there was a particular tendency to be con- 
centrated in the top 25 m during the day but to avoid 
this layer at night. During May 1986 and May and Sep- 
tember 1982, the C3s were rare or absent in the top 10 
or 25 m during the day, yet at night their avoidance of 
this layer was less strict (Figs. 9, 10 & 12). In fact, in 
September, the C3s actually concentrated in the top 
10 m at night. 

The C2 Metridia lucens avoided some portion of the 
surface 25 m on all dates sampled. In April 1982 and 
August 1973, they totally avoided the 25-0 m layer at 
night, while during the day a substantial fraction of the 

F M 
(ind. m4) (ind. m-3) 

80 40 

C 5 
(ind. m-3) 

tributions on all cruises. The vast majority remained 
below 75 m day and night, with only a small percent- 
age migrating above 75 m at night (e.g. Fig. 8). 

The vertical distributions of the C5 Metndia lucens 
were much more variable than those of the adults. 150 

They often were bimodally distributed by depth during 200 

both day and night (Figs. 8 & 9). On some dates, a por- 2 
tion of the C5s underwent a normal DVM (Figs. 10 to 5 C3 C 2 
12). Even in May 1986, when C5s were bimodally dis- Q (ind. m-3) (ind. m-3) 

30 20 10 10 20 30 
t"buted day and night, they avoided the surface l 0  m 

o /  . *. l:;w during the day (Fig. 9). To determine whether bimodal 
50  

vertical distributions, and migratory versus nonmigra- 
100 

tory behavior, were related to sex, the abundances of 
150 150 

C5 males and C5 females were estimated in the 0-25 
200 200 and 75-125 or 125-185 m layers at night on several 

dates. No differences in the proportions of male and 
female C5s were found between the 2 layers on any 
date. 

C4 Metridia lucens tended to be broadly distributed 
throughout the water column, with apparent prefer- 
ence or avoidance of particular layers at certain times. 
Specifically, in April 1982 maximum concentrations of 
C4s were present in the 25-0 m layer during the day 
but they tended to avoid this layer at night (Fig. 8). A 
similar pattern occurred in August 1973 (Fig. Fig. 10. Metridia Iucens. Vertical distributions. As In Fig. 8 
In May 1986, they avoided the top 10 m during the day, except for May 1982 

27-28 May 1982 
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F 
lind. 

Temperature and chlorophyll distributions 

Vertical profiles of the temperature and chlorophyll 
a concentration show that the water column was strat- 
ified during the spring and summer sampling periods 
(Fig. 13). The temperature decreased rapidly through 
the top 10 m, but below this the temperature was fairly 
uniform. The chlorophyll maximum also occurred at or 
above 10 m during each cruise; however, the concen- 
trations varied considerably. 

DISCUSSION 

The DVM patterns found for Calanus pacificus and 
h 

E Metridia lucens are similar to those observed before, 
V 

C 2 
but because of more extensive temporal coverage, par- s C 3 

P (ind. m-3) (ind. m-3) ticularly for the younger copepodid stages of these 2 
. ,?  , ! t. ? . species, some unique behaviors were discovered. 0 0 

5 0 

100 100 

1 5 0  150 

200 200 

F 
(ind. m-3) 

4 m 2 W  0 m 4 M  

C 5 
lind. m-3) 

Fig. 11. Metridia lucens. Vertical distributions. As in Fig. 8 
except for August 1973 

population was there (Figs. 8 & 11). This led to statisti- 
cally significant reverse DVM behavior for the C2s in 
April (Fig. 2). In May 1982, they avoided the surface 
25 m day and night (Fig. 10). Significant reverse DVM 
behavior was noted for this date too, but here it was 
due to a movement of the C2s in the mid-depths. In 
September 1982 there were some very fine-scale verti- 
cal movements of the C2s. They avoided the surface 
10 m almost entirely during the day, but then at night 
moved into this layer while the C2s that were in the 
25-10 m layer had migrated elsewhere (Fig. 12). 

While Metridia lucens C l s  were probably not quan- 
titatively sampled with the net mesh size used, the 
general patterns of vertical distributions are reason- 
ably well represented. The C l s  very closely matched 
the behavior of the C2s. The only exception was during 
the night in September when the C l s  did not avoid the 
25-10 m layer (Fig. 12) .  

C 3 
lind. m-31 

16-1 7 September 1982 

Fig. 12. Metn'dia lucens. Vertical distributions. As in Fig. 8 
except for September 1982 
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5 
L1 

Fig. 13. Vertical profiles of $ 30 
temperature and chloro- 
phyll a concentration for 4  0  
the dates that copepod 
vertical distributions are 5 o 

shown in Figs. 3 to 12  

,, ..--.. 
,,.' --------A 
, *.- 

Apr 82 

Temperature ('C) - 
10 12 8  12 16 8 16 24 9 l 1  13 15 

0  4  8 0  1 2 0  1 2 0  2 4 0  5 1 0 1 5  

Chl a (pg I-') ----.--- 
Calanus spp. generally tend to stay near the surface as 
young developmental stages, but by the time they 
reach the C4 or C5 stage they may show a normal 
DVM extending down to 50 m or so (cf. Marshal1 & Orr 
1955). Such patterns were seen in a population of 
C. pacificus in the Southern California Bight (Mullin 
1986) and in Calanus sinicus, a species closely allied to 
C. pacificus, in the Inland Sea of Japan (Uye et al. 
1990, Huang et al. 1992). However, Williams & Con- 
way (1984) observed a large portion of all the Calanus 
helgolandicus copepodid stages in the Celtic Sea 
migrating over 60 m in May but only the older copepo- 
dids migrating during the summer. The narrow depth 
range vertical migrations by the younger copepodid 
C. pacificus reported here had not been documented 
before in the field, nor had their temporally variable 
migration behaviors been seen. These types of behav- 
iors were, however, observed in a large tank (Huntley 
& Brooks 1982). The one common feature of all known 
vertical distribution data for C. pacificus is the large 
percentage of every stage occurring in the surface 
50 m at night (except for C5s when they are in dia- 
pause). This is likely due to a requirement to be in the 
surface layers to feed, as this is where the phytoplank- 
ton are and C. pacjficus are primarily herbivorous 
(Arashkevich 1969). 

Metndia spp. are generally strong die1 migrators 
(Vinogradov 1970) and can be throughout the cope- 
podid stages. Vinogradov (1970) found M. pacifica 
(= lucens) in the northwestern Pacific to undergo pro- 
nounced normal DVM behavior in all the copepodid 
stages (adult males excluded). Marlowe & Miller 
(1975) found that copepodid stages stayed in the sur- 
face waters, adult males stayed at depth, and the adult 
females undertook a pronounced normal DVM at 
Ocean Stn P (50" N, 145" W). Batchelder (1985), also 
working at Stn P, found that the males mostly stayed 
below 250 m and the C l s  and C2s mostly stayed above 
100 m throughout the year. During July and August he 
found all the other copepodids undergoing normal 

DVMs, but in January a smaller percentage of these 
stages migrated to the surface waters at night, though 
DVM behavior was still evident. Hattori (1989), work- 
ing off the northeastern coast of Japan, found that C3s 
and C4s typically had bimodal distributions with peak 
abundances between 0 to 60 m and 200 to 300 m. The 
male C5s were generally distributed like the C3s and 
C4s, except at one station where there also was a peak 
of abundance in the 500 to 600 m layer. The majority of 
the female C5s stayed between 200 and 300 m during 
the day but were bimodally distributed at night as 
some of the population migrated to the surface waters. 
The adult males stayed between 200 and 300 m night 
and day, while the adult females were distributed 
much like the C5 females. The reverse DVM, shown by 
some copepodid stages in this study, is novel for 
A4. lucens. The observed ontogenetic switch from re- 
verse DVM to normal DVM is similar to the switch 
Neill (1992) found for a freshwater copepod. He re- 
lated this to different predation pressures on the 
younger and older stages. 

Our results show that not only do the vertical dis- 
tributions and migration behaviors within a species 
change between developmental stages, but they also 
vary between dates and between similar-sized stages 
of the 2 species. This indicates that factors other than 
the sizes of the organisms affect their vertical distribu- 
tions. 

Life history effects 

One potentially important factor is seasonality of life 
history pattern. Most Calanus spp. in temperate re- 
gions arrest their development in C5 sometime during 
the fall and remain in that state through the winter 
(e.g. Hirche 1983, Alldredge et al. 1984, Miller et al. 
1991). C. pacificus in Dabob Bay follows this pattern, 
as the majority of the population occurs as C5s which 
stay below 75 m day and night from about September 
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through early March (Frost unpubl. data, this study). 
This explains the distribution of the C5s in October 
1981 and February 1982, when the C5 stage accounts 
for over 90% of the copepodid stages of C,  pacificus. 
On the other hand, Metridia spp. do not seem to enter 
a diapause phase (e.g. Gronvik & Hopkins 1984, Bam- 
stedt et al. 1985, Batchelder 1985) and overwinter as 
older copepodid stages and adults. However, there is 
an indication that in some areas they become less 
active during the fall and winter, and a smaller per- 
centage of the females migrate at these times (Bamst- 
edt et al. 1985, Hirakawa 1991). This appears to hap- 
pen in Dabob Bay, where the adult female is the 
dominant overwintering stage of M. lucens (Osgood & 

Frost in press). In the February and October samples of 
this study and the October samples of Bollens et al. (in 
press), more of the adult female M. lucens were stay- 
ing at depth than at other times of the year. This is 
surely related to their life history at  this locale. 

Potential predation effects 

During the spring and summer, predation may 
account for the differences in the DVM behaviors of 
Calanus pacificus and Metridia lucens and their devel- 
opmental stages. The potential role of predation as a 
selective force driving DVMs has been extensively 
investigated in Dabob Bay (Ohman et al. 1983, Frost 
1988, Bollens & Frost 1989, Ohman 1990, Bollens et al. 
1992, in press, Frost & Bollens 1992). The abundant 
planktonic invertebrate predators in Dabob Bay are 
Euchaeta elongata, Sagitta elegans, and possibly 
Euphausia pacifica; gelatinous predators occur in low 
abundance (Ohman 1986, 1990). These abundant 
invertebrate predators all undergo a normal DVM in 
Dabob Bay (Ohman et al. 1983). Therefore, to avoid 
these predators, the copepods would have to undergo 
a reverse DVM. However, to avoid visually foraging 
zooplanktivorous fish, they need to display a normal 
DVM. 

Three of the dates for which vertical distributions are 
reported here represent distinctly different potential. 
predation regimes. May 1986 was a time when late lar- 
val and juvenile Pacific sandlance Ammodytes hexa- 
pterus were unusually abundant in Dabob Bay (Bollens 
& Frost 1989) and therefore represents a time when 
potential vertebrate predation on zooplankton was 
very high. Indeed this was the only date when a nor- 
mal DVM was observed in Pseudocalanus newmani at 
this station in Dabob Bay during 5 yr of sampling 
(Ohman 1990, Frost & Bollens 1992), perhaps in 
response to visual predators (Frost & Bollens 1992). 
August 1973 was a time of high potential invertebrate 
predation when l? newmani underwent a strong 

reverse DVM, inferred to be a response to the inverte- 
brate predators (Ohman et al. 1983, Frost & Bollens 
1992). A third date of importance was May 1982. 
Because the strength of DVM of adult female Calanus 
pacificus in Dabob Bay is probably influenced by the 
abundance of zooplanktivorous fish in the upper 50 m 
of the water column at night (Bollens & Frost 1989), 
May 1982 was possibly a time of relatively low zoo- 
planktivorous fish abundance since the C. pacificus 
adult females were not migrating (Fig. 5) .  We next 
review the data with reference to the predation poten- 
tials for these 3 dates to evaluate whether the observed 
differences in migration behaviors of subadult cope- 
pod stages are related to potentially different preda- 
tion pressures on them. 

Responses of Calanus pacificus to predators 

Calanus pacificus stages never avoided the surface 
layers at night (Figs. 3 to 7) .  They did, however, show 
varying degrees of avoidance of the surface layers dur- 
ing the day, suggesting that visual predators can have 
an impact on the behavior of C. pacrficus. This implies 
that either invertebrate predation upon them is not sig- 
nificant, they do not have the plasticity in their behav- 
ior to avoid the surface layers at night, or fish predation 
upon the C. pacificus is always more significant than 
invertebrate predation, and since they need to be in 
the surface layer to feed at  some time, they do so at 
night. 

Of particular interest are the differences in Calanus 
pacificus migration behaviors between May 1986 and 
May 1982 (Figs. 4 & 5). During May 1986, the time of 
high fish abundance, very few individuals of any cope- 
podid stage were in the top 10 m during the day and 
the older the stage - therefore the bigger and more 
visible the individual - the more deeply distributed 
they were during the day. In contrast, during May 
1982, the date of inferred low fish abundance based on 
adult female behavior, there were some individuals of 
all subadult stages even in the top 10 m. Once again 
the older individuals were distributed more deeply, but 
strict avoidance of the surface layers was not observed. 
This demonstrates that C. pacificus can perform varied 
DVMs at least down to the C2 stage and is circumstan- 
tial evidence that the subadult stages may be doing it 
in response to variations in abundance of zooplanktiv- 
orous fish. 

Alternative explanations for the fine-scale dffer- 
ences in the daytime vertical distributions of the 
younger copepodid Calanus pacificus include respon- 
ses to the transparency of the surface waters, food, 
temperature, salinity, or oxygen gradients, and others. 
The most tenable of these is an effect of transparency 
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of the surface waters, as the effects of the other vari- 
ables mentioned remain the same through a die1 cycle 
and therefore provide no direct explanation for a 
migration. If the water was clearer in May 1986 than in 
May 1982, then the copepods would have had to 
migrate deeper during the day to reach the same dark- 
ness level, and therefore protection level from visual 
predators. However, from the data on chlorophyll a 
concentrations there is little indication that this was so 
(Fig. 13). Huntley & Brooks (1982) suggested variations 
in food availability caused varying migrations by 
C. pacificus in a large tank. When food was scarce the 
copepods stayed at the surface, while if food was plen- 
tiful, they underwent a normal DVM. This was not true 
for the C. pacificus in Dabob Bay. Chlorophyll concen- 
trations were low in both May 1986 and May 1982; 
however, the C. pacificus behaved very differently, 
migrating in 1986 but not 1982. In addition, September 
1982 was a time of high chlorophyll concentrations, yet 
there was little indication of DVM by the younger 
copepodids. 

Responses of Metridia lucens to predators 

There was a distinct shift in the behaviors between 
the C4 and C5 Metridia lucens in August 1973, per- 
haps in response to different predation pressures on 
them. While the C4 and younger stages were avoiding 
the surface 25 m at night, presumably to avoid inverte- 
brate predators, the C5s and adults were avoiding the 
surface 50 m during the day, presumably to avoid 
visual predators. This shift in behavior at the C4 stage 
is perhaps due to the older stages becoming less vul- 
nerable to invertebrate predation but more vulnerable 
to visual predators. In Dabob Bay the 2 predation pres- 
sures probably switch in their prominence of impor- 
tance to the M. lucens population somewhere around 
the C4 stage. 

Some different behaviors by the C4 and younger 
stages of Metridia lucens were found in May 1986 and 
May 1982 (Figs. 9 & 10). During May 1986, they strictly 
avoided the surface 10 m during the day and also the 
night, though less strictly; peak abundances of the C3s 
and C4s were between 25 and 10 m during the day. In 
May 1982, however, the C4s were not avoiding the sur- 
face waters day or night, while the C3 and younger 
stages were avoiding the surface 25 m day and night. A 
possible explanation for these distributions is that dur- 
ing May 1986, when the zooplanktivorous fish were 
very abundant, the C4s and C3s avoided the top 10 m 
during the day to avoid visual predators, while at night 
they tended to avoid the top 10 m to avoid invertebrate 
predators that migrated up at night. On the other hand, 
during May 1982, when fish abundances were inferred 

to be low (see above), the C3 and younger stages 
avoided the surface 25 m day and night possibly to avoid 
Sagitta elegans during the day, and to avoid S. elegans 
in addition to the other invertebrate predators during 
the night. S. elegans do not always migrate out of the 
surface layers of Dabob Bay in the daytime during the 
spring (Ohman 1986) and they were observed in the 
daytime 25-0 m samples of May 1982. The C4s mean- 
while did not avoid the surface layers day or night pos- 
sibly because they were in an intermediate size where 
their susceptibility to fish predation was reduced com- 
pared to C5s and their susceptibility to invertebrate pre- 
dation was reduced compared to C3s. In contrast to 
Calanus pacificus, the migration behaviors of the C5 
and adult female M. lucens did not vary greatly be- 
tween these 2 dates. The adult females of M. lucens al- 
ways had their peak abundances at depth during the 
daytime. This aspect of their migration behavior seems 
inflexible (see Bollens et al. in press). 

Other behaviors of interest 

The September 1982 vertical distributions of Metri- 
dia lucens are intriguing. All the stages except the C4s 
avoided at least the surface 10 m during the day, pre- 
sumably to avoid visual predators. One of the 2 day- 
time abundance profiles for the C4s (not shown) 
showed this stage avoiding the surface 10 m, but the 
other profile, taken at approximately 18:OO h, looked 
like the nighttime profiles. It could be that these C4s 
had migrated to their nighttime positions by 18:OO h. 
This contrasts with all the other M. lucens stages in 
September for which the 2 daytime profiles look very 
similar. 

A final curious aspect about some of the vertical 
abundance profiles is the tendency for bimodal vertical 
distributions due to an apparent avoidance of the 
75-50 m layer, especially in some of the older copepo- 
did stages of both species. For stages exhibiting this 
behavior at night, it was likely because only a portion 
of the population migrated to the surface layers at 
night. Dagg et al. (1989) found a peak in the gut pig- 
ment concentrations of adult female Calanus pacificus 
and Metndia lucens below 50 m during the early 
morning as the females that had been feeding in the 
surface layers throughout the night descended to 
depth. For stages exhibiting bimodal distributions dur- 
ing the day and night, it may have been due to asyn- 
chronous migrations of individuals throughout the day 
or more static bimodal distributions (Pearre 1979). In 
all cases the copepods occurred infrequently in inter- 
mediate depths and it is of interest why. Possibilities 
include an increased abundance of predators in the 
layer, or reduced food availability in this layer com- 
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pared to the surface 50 m, yet still enough light here 
during the day such that visual predators could feed. 
Therefore, the copepods either go above this layer to 
feed or stay below it, where they are safe from visual 
predation day and night. 

CONCLUSIONS 

Why similar-sized stages of Calanus pacificus and 
Metridia lucens should have such different migration 
behaviors is puzzling if it is presumed that body size is 
the major factor controlling susceptibility to predation, 
and that predation is what causes vertical migrations. 
Bollens et al. (in press) examined this question for adult 
females of the 2 species. Although size is important for 
prey selection by visual and non-visual predators (e.g. 
Brooks 1968, Landry 1978, Sullivan 1980, Koslow 1981, 
Yen 1985) swimming motion is also important (Reeve 
1966, Newbury 1972, Kislalioglu & Gibson 1976, Ger- 
ritsen & Strickler 1977, Drenner et al. 197 8, Zaret 1980, 
Jansen 1982, Yen 1985, Kimmerer & McKinnon 1989, 
Ramcharan & Sprules 1991). M. lucens is a more con- 
tinuously active swimmer than C. pacificus (Mackas & 
Burns 1986, Dagg et al. 1989) and this difference in 
swimming behaviors could differentially affect the 
predation rates on the 2 species. M. lucens copepodids 
may be more susceptible to invertebrate predators and 
this may be why they show a reverse DVM at times 
whereas the copepodids of C. pacificus do not. Stuart & 
Huggett (1992) found Euphausia lucens to ingest adult 
M. lucens at higher rates than other similar-sized prey, 
including stages of Calanus agulhensis. A similar 
euphausiid, Euphausia pacifica, is a potential predator 
in Dabob Bay (Ohman 1984). Yen (1985), however, 
found lower predation rates by Euchaeta elongata on 
adult M. lucens than on sunilar-sized C. pacificus. 
Alternatively, it may be that, in terms of effects on pop- 
ulation growth, M. lucens is more sensitive to preda- 
tion than C. pacificus, due to its lower fecundity (see 
Bollens et al. in press). Finally, it may just be that M. 
lucens has the ability to exhibit a wide variety of 
migration behaviors during its developmental stages, 
but C. pacificus is constrained to either normal DVM or 
staying near the surface night and day. The young 
copepodid stages of C. pacificus do appear much more 
closely tied to the surface layers than those of M. 
lucens, and this may affect the diversity of migration 
behaviors they are able to exhibit, and is perhaps an 
indication of differing diets. Quantification of different 
predator preferences for different stages and species, 
along with the distributions and abundances of the 
predators, would allow more definite conclusions on 
why DVM behavior vanes between species and 
between the different stages of a single species. 
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