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Stratified bongo net samples between 0 and 500 meters taken in

July1971 at Canadian Weather Station P have been utilized to describe

the vertical distribution and feeding behavior of two species of

chaetognaths, Sagitta and Eukrohni.a hamata.

itta elegans and Eukrohnia hamata were both abundant at Station

P and had different but overlapping vertical distributions. Juveniles

of . elegans (Stage 0) were found only from O-25m, in the mixed

layer above the thermocline, while Stages 0 and I of E. hamata were

found only at 25m and deeper Stages I-Ill of S. elegans performed

diel vertical migrations from depths between 200 and 400m nto the

upper lOOm with maximum abundances at night between 25 and 50m. Older

stages of E. hamata did not migrate. Their maximum abundance was at

300m but they were found from 200-500m.

The base of the mixed layer at 25m was the zone of maximum

abundance and maximum biomass of zooplankton prey species. The

frequency of chaetognaths with food in their guts (F70) was also

highest at this level. Below 50m FY. was low (usually less than 107.)

Redacted for privacy



for both species. Stages I-lIt of S. elegans had higher values for

F7. during night than day, suggesting that most feeding occurred at

night. For both species F7. was generally higher in samples with

higher prey abundance.

Prey were identified after dissections of the guts by use of
4

copepod mandibles to determine species. Oithona similis, one of the

smallest and most abundant copepods at Station P, was important in

the diet of all chaetognaths. It was the most frequent prey of S.

elegans Stage 0. Larger copepods occurred in a greater proportion

of the guts of older chaetognaths than of young ones. Oncaea borealis

and other species of Oncaea, slightly smaller than Oithona similis,

were important in the diet of Eukrohnia hamata. The diet of juvenile

Sagitta s contained a greater proportion of large prey than

the diet of juvenile Eukrohnia hamata even though these two species

are the same size during early development. Adult Sagitta elegans

are larger than adult Eukrohnia hamata t Station P and selected for

larger prey than did E. harnata.
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VERTICAL DISTRIBUTION AND FEEDING OF TWO
SPECIES OF CHAETOGNATHS AT WEATHER STATION P

INTRODUCTION

This dissertation concerns the feeding behavior of chaetognaths

at Weather Station P (50°N 145°W) in the subarctic Pacific Ocean during

the part of summer just following their seasonal peak of abundance

(LeBrasseur, 1965). Their vertical distribution from surface to

50Dm depth was studied in relation to physical parameters and compared

with the distributions of the rest of the zooplankton, particularly

their prey species. Inferences about factors which affect feeding

behavior were drawn from these distribution data0 More direct infor-

mation on feeding habits was revealed by the systematic examination

of their gut contents.

The choices of chaetognaths as the subject of this study and of

Station P for the location were not fOrtuitous. A pilot study of the

samples collected by Marlowe and Miller (1974) in which I observed the

gut contents of all the abundant herbivores and carnivores convinced

me that many factors which have frustrated previous attempts to study

feeding habits in situ could be avoided with these choices. Two

species of chaetognaths were sufficiently abundant at Station P to

permit collection of data adequate for statistical analysis. These

were Sagitta elegans Verrill and Eukrohnia hamata M3bius. The

specific identity of juveniles could readily be determined. The

gut remains of chaetognaths, which have the snake-like habit ofswal-

lowing their prey whole, could be identified to species and copepodite

stage for copepods. Most important, at least for a study on gut
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contents, the fauna at Station P is not diverse and is, therefore,

much more manageable for re&earch on community processes.

The manner of collection of the samples was also well suited to

the study. Opening-closing bongo nets towed horizontally at specified

depths provided data on both predator and prey collected simultaneous-

ly. Other studies have been limited to vertical hauls with no know-

ledge of the depths inhabited by predator and prey or to collections

of prey taken in separate net hauls, often with meshes too larger to

capture all prey species.

The availability of supportive data about oceanographic condi-

tions at Station P from the continuing Canadian research program was

also attractive. Tully and Dodimead (1957), Dodimead et al. (1963)

and Tabata (1965) report on the physical oceanography. Some biology

has been previously studied (McAllister, 1961; LeBrasseur, 1965).

Data on prey abundances from Marlowe and Miller (1974) made the study

feasible,

Physical Parameters at Station P

The major features of the subarctic Pacific at Ocean Station P

have been summarized by Uda (1963), Dodimead et al. (1963) and

Tabata (1965).

Surface Circulation

Station P is located at the edge of the Alaska Gyre, the center

0 0
of which is at 50 N 165 W (Fig. 1). The gyre is the cyclonic eddy

between the westward flowing Alaskan Stream and the eastward flowing
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Figure 1. Location map of Station P in the North Pacific Ocean.
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Subarctic Current. It is characterized by asalinity density "dome"

with water of relatively higher salinity and lower temperature than

its surroundings. Station P lies in the broad boundary between the

West Wind Drift and the Subarctic Current which are not easily

distinguishable. The Subarctic Current is a cold, low salinity,

weakly flowing eastward current which originates in the west subarctic

Pacific and moves to the Gulf of Alaska. The West Wind Drift also

moves slowly east to 300 miles off the Washington-Oregon Coast where

it splits into a north and south flow. Surface circulation is

dominated by local wind stress (Fofonoff and Tabata, 1966). A low

pressure system in the winter produces a northward movement of

winds, whereas in the summer, the high pressure produces winds from

the northwest. Apparently currents meander somewhat, and during some

summers conditions at Station P may take on more southerly or

Transition Zone characteristics.

Vertical Structure

The salinity structure is a unique and permanent feature of the

subarctic Pacific. There are three zones: an upper seasonal zone

(32.67o) from 0-loom.; a halocline (increase to 336.o) from 100 to

200m, and a lower non-seasonal zone with gradually increasing salinity.

In winter the upper zone is isohaline and isothermal to a depth de-

pending on the degree of wind mixing, cooling and evaporation. tn

summer, there is a seasonal thermocline at about 25m in the upper

zone which may show a decrease of 8°C in a 20m interval. Warming

occurs from April through September when cooling begins and continues
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until March. Maximum temperatures of 12-14°C occur from late summer

to early autumn0 Minima of 5-6°C occur in late winter. Appreciable

non-seasonal variations occur in both the middle and lower zones: which

appear to have a periodicity of two years (Tabata, 1965). The summer

heating period is accompanied by a decrease in salinity at the surface

with a minimum in the late summer.

Dissolved oxygen shows a marked annual variation in the upper

zone, especially above 30m (Tabata, 1965). Oxygen has a minimum

layer from 700 to 1300m with the average minimum value of .6 mill.

Sagitta elegans and Eukrohnia hamata

Zoogeographic distribution is well known (Alvario, 1965) for

both Sagitta elegans and Eukrohnia hamata. S. elegans is a typical

chaetognath of the upper 150 m of Arctic and subarctic waters in the

Atlantic and Pacific Oceans. Bieri (1959) described S. elegans as

a northern, cold water species, generally most abundant near shore.

Its southern boundary agrees well with the southern limit of the

Pacific subarctic water mass as shown by Sverdrup et al. (1942) at

0 0
40 -41 N Latitude0 However, Alvarino (1965) found it as farsouth

in the Pacific as 38°N. The discrepancy could be due to the larger

sized samples she observed, or to boundary oscillations. She reports

that S. elegans is found only in waters having more than 6 mlll of

dissolved oxygen. With respect to other physical parameters, S.

elegans appears to have wide tolerances, and has been reported from

waters of 0.8°C to2l°C and O-35,o salinity (Alvario, 1965).

E. hamata is an oceanic species living in epiplanktonic layers



in cold areas, but deeper in tropical and equatorial regions. lit has

a continuous distribution f4m Arctic to Antarctic in the Pacific and

Atlantic oceans. It has been reported in the open ocean of 'the

Northern Pacific (Hida, 1957; Bieri, 1959; LeBrasseur, 1959; and

AlvariIo, 1965). Lea (1955) reported E0 harnata neai shore in the

Straits of Georgia but only in localities connected with the open sea0

She believes that only one bay in the Straits of Georgia supports a

reproducing population, and that other populations are immigrants from

the ocean.

Vertical distributions of chaetognath species are known in a

general way to be restricted chiefly to epiplanktonic (0-150 rn),

mesoplanktonic (200-1000 m) or bathyplanktonic (below 1000 m) regions

(Alvario, 1964). However, Banse's (1964) conclusion after reviewing

the literature for all plankton is still true: for the majority of

species including chaetognaths, it is not known what environmental

factors or biotic interactions such as temperature, salinity, and food

correlate best with distribution much less what are the causes of the

patterns.

The vertical distribution of Sagitta elegans in neritic environ-

ments has been examined most recently by Pearre (1973), earlier by

Russell (1933), and reviewed by Alvario (1965). Alvari?io suggests

that 02 concentration is the important variable determining distribu-

tion, but others have suggested light, temperature and an interaction

of the two. Juveniles have been observed nearer to the surface than

adults, and adults sometimes perform diel migrations. Eukrohnia

hamata appears to have a very different ecology. The tropical
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submergence pattern argues for a temperature-related vertical dis-

tribution. Mackintosh (1937) and David (1958) discussed the vertical

distribution of E. hamata in Antarctic waters. They observed that

this species performs seasonal vertical migrations to warm deep water

in winter but not diurnal migrations.

Review of Feeding Studies on Chadtognaths

There are three baic questions to be answered with respect to

feeding ecology: how much is eaten, what is eaten, and how is food

obtained. The following is a review of the present knowledge about

these questions for chaetognaths

Assuming that sufficient food is available, the quantity eaten is

related to the growth, activity, respiration and other requirements of

the animal and the efficiency with which food is converted to these

uses. Food requirements can be established in the laboratory for

laboratory conditions, but the actual requirements in nature may be

differnt. Food supply may also be short in nature with consequences

such as reduced survivorship of a population or slowed growth or egg

production of individuals. Progress has been made toward describing

the food requirements in the laboratory of one species of chaetognath,

Sagitta hispida (Reeve, 1964; Reeve, 1966; Reeve and Walter, 1972;

Cosper and Reeve, 1975). Reeve ha approached the problem two ways:

measurement of the chaetognath's feeding rates on a particular food

item in response to food abundance and calculation of food requirement.,s

from laboratory growth rate, assimilation or digestion efficiencies

and oxygen consumption. Reeve (1964) showed that for a given size of



S. hispida there was a maximum ingestion rate which was about 100

Artemia nauplii per day for older animals. They ate as many prey as

were offered until they reached the maximum ration or satiation point.

The maximum ration varied with temperature. This type of response

to food abundance is reportedly typical for many invertebrates (Holling,

1965). Reeve (1970) concluded that the measured satiation level was

related to food requirements, since increased food supply over the

range of 20-100 nauplil per day caused an increase in egg production,

although not in growth. Reeve (1964) showed that a typical Sagitta

hispida of 194 ug (dry weight') ingests 50 nauDlii/day (125 ug) up to

647 of its own weight. Based on oxygen consumption a chaetOgnath would

require 24-597 of its body weight per day for maintenance (Reeve,

1966). Different results were obtained by Cosper and Reeve (1975).

They estimated on the basis of unpublished data that adults ingest a

maximum of only 97 of their own weight per day when feeding on cope-

pods, and that they usually ingest this amount all at once (a meal of

5 copepods, 8 ug each). The discrepancy between these new data and

the old results are not explained by Cosper and Reeve (1975). Clearly

there is a need for refinement of our knowledge of chaetognath food

requirements, especially for species other than S. hispida, and a

need to relate laboratory data to feeding in the field.

Evaluation of Gut Fullness

Determination of actual feeding rates in the ocean will not be

easy. Gut content analysis can provide quantitative data only if

digestion times (the length of time food remains in the gut) for all



prey are known. It might be possible, however, to learn whether feed-

ing rates are affected by food abundance, or at least whether the

proportion of chaetognaths with food in their guts (F7.) is some

function of food supply. If this proves to be the case, then it will

be logical to assume feeding rates are also affected by food supply.

Feigenbaum and Reeve (1976) described the relationship of P7. to

prey density in a 50 liter aquarium for S. hispida. F7. increased with

prey density until high prey densities (50/liter) were reached. At

high prey densities F7. remained low for unknown reasons. Feigenbaum

and Reeve theorize that F70 is actually a function ofa number of

factors besides prey density: an efficiency factor (number of suc-

cessful captures per attack) and the search rate or volume of water

encountered and searched. These might be different for each

chaetognath species.

F7. isa convenient and frequently used measure for field studies.

Unfortunately prey density has not always been measured in association

with F7.. A review of the data that are available indicates that the

behavior in the field cannot be interpreted as easily as that in the

laboratory. Several studies, one from the British Isles and another

from Saruga Bay, Japan, report that F7. increases at night. Rakusa-

Susczewski (1969) found higher F7. values on the average at night for

Sagitta elegans and S. setosa near the British Isles. At one station

F7.. increased from 37. at 2030 hrs. to 707. at 0120 hrs. and over the

same period the species composition of the diet changed. However,

at other stations only low values were found at alitimes of day and

ni ht. The vertical positions of predator and prey were not
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recorded, but prey abundances were measured and reported as averages

over the whole water column. F70

showed no pattern with respect to

prey abundance measured this way.

Nagasawa and Marumo (1972) also reported higher F/ for S. nagae

at night in the upper 100 m of Saruga Bay. From 1900 to 0500 mean

F7 was 207 (range l6-207), while during the day it was l0.37 (5-l47).

The authors did not report numbers of animals on which these figures

are based. In Nagasawa and Marumo's study prey density was reported

as ranging from 2 copepods per m3 to 30/m3. F7. appeared to be

independent of prey density in this range.

Pearre (1973) has studied the feeding of S. elegans in Bedford

Basin in Nova Scotia. Vertical position of both predator and prey

were recorded. F7, increased at night for all ages of chaetognaths

in both July and December, sometimes doubling. F70 ranged from 12 to

357 with no apparent relation to prey density. Even though copepods

were half as abundant in December as in July, F70 was similar. How-

ever, other variables should be mentioned: lower temperatures in

winter could decrease digestion time and apparently increase F7.; there

were fewer chaetognaths competing for the same number of prey in

December. In July, copepods were more abundant (27,330/m3) at 50 m

than at the surface (ll,500/m3) and F70 was higher at 50 m. In

December the prey distribution was similar but F7. did not follow the

same pattern.

Pearre (1974, 1976) also studied chaetognaths in the West

Mediterranean. Day-night variability of F% was not recorded, but F%

varied from month to month for all species. For instance, in August,
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S. enflata hada value of 267, as opposed to values of 44 and 477

in October and November. T.his variability was not obviously related

to food abundance and Pearre said it was inversely correlated with

temperature for all species. His data do not support that contention.

With the exception of the day-night pattern, the variability of F70

has not yet been shown to be correlated with other parameters in the

environment such as prey density or temperature. Explanations for

the high values of F7. at night can be suggested: if the chaetognaths

or their prey migrate diurnally, higher concentrations of prey could

be encountered at night. Also, if swimming rates are greater during

migration, a migrating chaetognath might encounter more individual

prey during the same period of time. Instances of relatively low

values at night remain unexplained by these hypotheses (unless they

are a sign that no migration occurred or that prey are very patchy).

If F7. increases in response to higher prey density encountered during

migration,. it should be possible to show (with local sampling) that

it increases also for a nonmigrating species in locally high food

concentration.

At least part of the reason that the response of F70 to prey

abundance has not been well described is inadequate sampling, of both

predator and prey. The vertical positions and density of both must

be known. A second difficulty is caused by patchiness of plankton

which makes a net tow a poor measure of prey density, in that there

is usually a large variance. The possibility thatfeeding rate can

be independent of prey density must also be considered.
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Specific Composition of Prey

Theoretically, any of the large number of plant and animal

species of the plankton could be prey of chactognaths. However, gut

content analysis makes it obvious that chaetognaths, at least to some

degree, are specialists. Chaetognaths only rarely eat plants (Pearre,

1973, reported dinoflagellates). Their principal prey are copepods,

but some species will eat both smaller and larger prey, ranging from

rotifers (Pearre, 1973) to euphausiids (Nagasawa and Marumo, 1972) and

fish larvae (Lebour, 1925; Pearre, 1975). Feeding on chaetognaths of

the same or other species is frequently reported (Stone, 1969; Pearre,

1974).. In preying mainly upon copepods, chaetognaths are consuming

a plentiful prey, since copepods are usually the most abundant plank-

ton. Items less frequently eaten are also less abundant in the

water. To make other than general statements about selection of

food by chaetognaths, such as whether a particular species prefers

less abundant but large copepods over a more abundant copepod, well

designed field collections or laboratory experiments are needed.

The following is a review of the data that have been collected.

In the laboratory some facts about selectivity have been esta-

blished for Sagitta hispida. Reeve (1966) mixed live brine shrimp

nauplii with brine shrimp eggs to test the response to non-motile

food. Ninety-seven of 100 animals fed on nauplii but only 3 had

eaten an egg together with a nauplius. Heat-killed plankton were

also almost completely ignored. Reeve tested for preferences for

certain copepod species. Forty-eight percent of the gut contents of
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8-9 mm chaetognaths were copepos greater than 1 mm long, while this

size copepod made up only 347. of the food presented. Large food items

were preferred, and very large prey could be eaten. For example,

one Sagitta hispida 10 mm long ate a Lucifer sp. 15 mm long. I

applied a Chi Square test to these data and they are statistically

significant. Reeve interpreted the results as an ability of S.

hispida to select food on the basis of size. This does not rule out

the possibility that S. hispida was responding to some factor cor-

related with size in the particular species offered, for instance,

different swimming speeds of the prey.

Reeve and Walter (1972) offered a mixture of 3 sizes of fresh

zooplankton to different age classes of S. hispida. The food species

were counted before and after feeding. Food size was determined by

fractionation with sieves. Preferred food size increased as S.

hispida grew. For instance, larvae 1.3 mm long preferred the88 u

fraction of food 2:1 over the 68 u fraction, while S. hispida 10 mm

long selected equal numbers of the 250 - 400 u sizes, practically

ignoring the 175 u fraction. Although Reeve and Walter did not

perform a statistical analysis of the data nor provide the information

to permit the reader to do so, the data as they stand point to selec-

tive behavior by chaetognaths of all ages. There is a tendency to

eat large prey even when small prey are numerous. This is the type

of choice predicted by such theoreticians as Emlen (1973). His time-

energy hypothesis proposes that it is more efficient to catch a few

large prey than many small ones, provided it costs proportionately

less energy to obtain the large prey.
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Adult S. hispida are rather small (11-12 mm) chaetognaths compared

to some other species. It should be interesting to compare the size

of prey taken between small and large species and to determine whether

size selectivity is a common phenomenon. Data for all other species

comes from gut content analysis rather than laboratory experimentation.

Just as Reeve (1966) found for S hispida, Rakusa-Susczewski (1969)

reported that older S. elegans and S. setosa (15 mm adults) ate

larger prey than those eaten by younger ones. Calanusfinmarchicus

females were the largest (5.5 mm long) copepod eaten by and presumably

the largest available to S. elegans 15-23 mm long. In Bedford Basin

the largest copepod eaten by S. elegans was Tortanus . (Pearre,

1973). Unfortunately, Pearre did not give the length of the Sagitta

nor copepod species size.

Stone (1969) studied gut contents of 8 species of chaetognaths

in the Agulhas Current. Over all species, 83.77 of the diet was

copepods and l2.l7 chaetognaths. Sagitta hexaptera and S. lyra, the

first and third largest chaetognaths (mean lengths of 17.1 and 13.4

mm, respectively) of the collection, preferred chaetognaths over

copepods. The mean lengths of prey were 2.1 and 2.2 mm respectively.

Both species inhabit primarily the first 200 m of the water column.

The second largest species was not sufficiently abundant for analysis.

Smaller chaetognaths, S. enflata and Pterosagitta draco, although

they were different in size (12.3 vs. 6.9 mm), generally ate the same

copepod species. Mean lengths of prey were slightly different,

1.14 mm and .93 mm respectively. Stone's work is an interesting

comparison of different chaetognath species but the reasons for
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similar or different feeding are not apparent: some species were

oceanic, some neritic; they had different vertical preferences0

There were probably different prey available in these different

environments. Stone recorded the vertical preferences of the

chaetognaths but not of the prey species0 It is not clear what prey

were most available at what depths. Therefore, selectivity calcula-

tions were not attempted.

Pearre (1974, 1976) also found that larger species in, the Mediter-

ranean ate more chaetognaths and fish larvae than smaller species.

There was not much difference between the diets of S. enflata (13.3

mm long) andS. friderici (97 mm long)0 Nagasawa and Marumo (1972)

report that Sagitta nagae, a relatively large species at 25-30 mm,

fed on Candacia bipinnata (2.14mm long according toMori,'1937),

Calanus pacificus (2.6 mm, Brodski, 1950) and Paraeuchaeta russelli,

the three most abundant copepods in the water.

There are difficulties in trying to compare such a diverse group

of species in so many diverse environments. Nevertheless it is

apparent that large chaetognath species eat larger prey than small

chaetognath species.' A better understanding of the reasons for this

requires information about actual selectivity for large prey over

equally abundant small prey. The necessary data are positive identi-

fication of as much of the gut content as possible, and knowledge

of the prey composition at the depth where the chaetognaths are

feeding. 'There should also be enough animals, all feeding actively,

for a valid statistical analysis0 Pearre (1973, 1974, 1976) has gone

the furthest toward this goal. The nets he used had mesh too coarse
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to capture small prey adequately in the 1973 study. Nevertheless, an

interesting picture emerges for adult S. elegans. They either select

strongly for Acartia and Eurytemora while feeding in the deeper water,

or they are swimming to the surface to capture these copepods where

they are abundant. The vertical distribution data are not clear

enough to distinguish between these two alternatives. Younger S.

elegans may have been selecting for small prey. Electivity calcula.-

tions (by the method of Ivlev, 1961) in June show that they ate many

more jhona, the smallest copepod, than the more abundant, larger

Pseudocalanus and Acartia. But in December, these same copepods were

eaten in roughly the same proportion as they occurred in the water

column.

In his 1974 and 1976 papers, Pearre had all the required data

on predator and prey distributions but still fell short of being

able to adequately describe selection. He needed more animals at

each depth to calculate selection statistics0 Instead, chaetognaths

from all depths were pooled for his calculations and there were no

replicate samples. Some statistically significant but inexplicable

results were the selection by Sagitta minima for Clausocalanus over

Ctenocalanus, two apparently similar copepod species. Another

problem was the large fraction of unidentified prey.

In spite of the many problems with field data some conclusions

can be drawn. The size of a chaetognath is probably a good predictor

of the size of prey it eats, though large chaetognaths also eat some

small prey. This is true as size increases as a function of growth

(older chaetognaths eat larger prey) and for comparisons among large
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and small species based on adult size. It is not yet clear whether

this is due to a spatial separation of large and smaliprey in the

field. The evidence for truly selective feeding is strongest in the

case of S. hispida in the aquarium situation.
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METHODS

Field Sampling

Samples for the vertical distribution and feeding study were

collected at Ocean Weather Station P in the Gulf of Alaska (5O°N,

145°W) in July, 1971. They are from a series collected by C. B.

Miller for the purpose of describing the vertical structure of the

zooplankton community there (Marlowe and Miller, 1974).

Vertically stratified hauls were taken with70 cm opening-

closing bongo nets designed by McGowan and Brown (1966). Two complete

diel periods were studied. Where samples were missing from this

series replicates from other days were substituted. Dates, times,

and depths of all samples are listed in Table 1. Each net frame was

equipped with one 0.333 mm and one 0.183 mm mesh cylinder-cone designed

by the "green water" criteria of Smith et al. (1968) to insure that

clogging would not interfere with correctly estimating volume filtered.

All tows filtered about 200 m3 of water, which produced 1/4 to 1 liter

of drained plankton. Nine depths were sampled. An oblique tow was

made through the top 10 meters and horizontal tows were made at 25,

50, 75, 100, 200, 300, 400, and 500 m, Ship speed for towing was

2.0 knots. Records from a Benthos Corporation depth recorder

attached below the deepest net were used to correct the data to actual

probable depth. The zooplankton tows were made continuously through-

out the day and night with 4 depths sampled simultaneously. A complete

series took at least 4 1/2 hours so that it was possible to make only



Sample

6C

8A
6A
6A
6A
8A
6B
6B
6B

6B

"C
llc

hA
llA
12A
hA
11B

11B

11B

11B

3C
4A

3A
3A
3A
3B

3B
3B

19F

1 4C

1 4A

1 4A

4A

1 4A

9B

1 4B

1 4B

1 4B

Date

2 July
2 July
2 July
2 July
2 July
2 July
2 July
2 July
2 July
2 July

3 July
3 July
3 July
3 July
3 July
3 July
3 July
3 July
3 July
3 July

2 July
2 July
2 July
2 July
2 July
2 July
2 July
2 July
5 July

4 July
3 July
3 July
2 July
3 July
2 July
3 July
3 July
3 July

Table 1. Sample Information

DAY SERIES

Solar
Time Target Z

1140 0-10m
1528 25m
1055 25m
1055 SUm
1055 75m
1528 lOOm

1237 200m
1237 300m
1237 400m
1237 500m

0946 0-lOm
1230 0-hOrn

0740 25m
0740 SUm
1106 75m
0740 lOOm
0952 200m
0952 300m
0952 400m
0952 500m

NIGHT SERIES

2238 0-lOm
0107 25m
2151 SUm
2151 75m

2151 lOOm

2325 200m
2325 300m
2325 400m
0041 500m

0122 0-lOm
2114 25m
2114 50m

0107 75m

2114 lOOm

2251 200m
2258 300m
2258 400m

2258 500m

l9

Vol.

Estim, Z Filtered

0-lOm 216 m

26m 200 in3

2lm 200 rn3

43m 200 m3

66m 203 rn3

98m 200 rn3

218m 200 m3
322rn 200 m3
4l7rn 200 m3

502m 200rn

0-lOm 292 rn

0-lOm 201

27rn 212 rn3

56m 200 m3

72m 153

101rn 220 rn3

2lOm 200 m3

3l2m 153 m3

407m 200 m3

507m 220 m

0-lam 162 m
23m 189 in3

47m 200 m3

72m 200 in3

98m 200 m3

2l2m 200 in3

3llm 200 in3

397rn 200 in3

558m 200 m

0-lOin 210 rn

22m 153 in3

49m 179 in3

74rn 200 in3

99m 200 m3

l98m 200 m3

314rn 200 in3

4l4m 153 in3

SlUm 200 m
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one night series per 24 hours in the short summer night. Temperature,

salinity and oxygen were measured from hydrocasts and expendable

bathythermograph casts conducted at dusk and dawn of each day.

Laboratory Methods

Data on copepod prey abundances was analyzed by Marlowe and

Miller (1974). Only the 0.183 mm mesh samples were counted because

small plankton were best sampled by the fine mesh net and large species

were sampled equally well by both fine and coarse nets. Counting

methods are more completely described in Marlowe and Miller (1975).

The .333 mm mesh samples from the same series of tows were

analyzed for chaetognath numerical abundance. Smaller, juvenile

chaetognaths were so abundant that all samples were split with a

Folsom plankton splitter before counting. Splits to either 1/8 or

1/16 fractions provided at least 200 individuals of each species.

After counting, 100 randomly selected individuals of each species were

set aside for stomach content analysis. The entire sample was sorted

under a dissecting microscope for the older, less abundant chaetog-

naths. These were counted and set aside for gut analysis.

Abundances are reported for four age categories of chaetognaths:

Stage 0, Stage I, II, and III. Ordinarily chaetognaths are staged by

the state of development of the ovaries and/or male gonads and presence

of sperm (Alvario, 1967; Russell, 1932). I chose to use the ovaries

alone as an indication of age because they are clearly visible with-

out staining. This is basically the method used by McLaren (1969).

In Stage I ovaries are faint with no visible cellular structure.
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Stage II ovaries are readily seen and contain small eggs of similar

size. Stage HI animals have some large mature eggs. Stage tV

animals have empty ovaries. I have added a fifth class to this,

designated Stage 0. These individuals were smaller than Stage I

and had no visible ovary development at 60 magnifications. Further

justification for this decision is presented in the Results.

Abundances are reported in terms of number per 100 m3. Replicate

abundance estimates were made from tows taken at the same depth on

different days. Four or more replicates were counted from each depth.

Gut Content Analysis

Chaetognaths used for gut content analysis were randomly drawn

from the animals sorted out of the splits so as not to choose those

that had visible gut contents. A total of 100 individuals from each

sample were used where 100 were available. Each specimen was measured

to the nearest 0.3 mm and assigned to stage. It was then mounted in

glycerin and the upper gut examined at 150 power on a compound scope.

If a food particle or suspected food particle was found, a dissection

was made. The rear 1/3 of the gut of every specimen was disseceed

whether or not a food particle was visible. This was necessary

because it was found by dissecting all animals that as many as 307 of

apparently empty rear guts actually contained food. None of the

apparently empty foreguts contained food. This percentage varied

between species of chaetognath and species of prey. Small prey, such

as Oithona and Oncaea were more frequently not visible.

The gut contents were transferred to a new drop of glycerin,
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teased apart to expose all prey, and examined undef both dissecting

and compound microscopes0 The most easily identifiable and intact

part of the remains were usually copepod mandibles. A mandible can

be used to identify species as well as copepodite stage by its size

and shape (Sullivan et a10, 1975)0 Mandible size was measured at

150 or 600 power, on a compound scope. Chaetognath prey were identi-

fied by hook size and presence or absence of the hook serration char-

acteristic of E, hamata. S. elegans have smooth hooks. Each prey

item recovered was rated according to its state of digestion:

1. Prey intact; all or most tissue still present.

2. Prey intact or beginning to fragment, tissue almost entirely

digested.

3. Body parts fragmented and disordered; all tissue digested;

only chitinous remains present.

Photographs of gut content material illustrating these digestion

stages are contained in Figures 12 to 14

This dissectiOn and identification process was time consuming but

was worthwhile for several reasons, First, there is reason to believe

that all prey items were recovered. Other authors (s. Rakusa-

Suszczewski, 1969; Stone, 1969; Nagasawa and Marumo, 1972; Pearre,

1973) either do not specify methods or have relied on observation

through the undissected body wall. Not only did I find prey in ap-

parently empty guts, but on dissection found several prey massed

together within a fecal sac where there appeared to be only one on

superficial observation. It should be noted that there is some

possibility, even with dissection that prey with only soft body
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parts were missed. Since none were found in state I digestion when

they should still b.e easily seen, it is unlikely that many soft bodied

prey were eaten. Second, very few prey remained unidentified. This

made possible a much more confident and reasonable use of calculations

such as electivities on particular prey species.

The interpretation of gut content data involves some assump-

tions that should be specified. It has been assumed that the food in

the gut represents the natural diet of the predator. Food eaten in

the net because of the artificial proximity of predator and prey

would create a bias, as would food items regurgitated because of the

shock of being caught or preserved. Other plankton have been shown

to feed in the net (Judkins and Fleminger, 1972). For juvenile

chaetognaths it was possible to devise a test to determine the amount

of net feeding. Small chaetognaths fed primarily on small prey which

passed through to 0.333 mm mesh net, and, therefore, were not avail-

able for net feeding. These prey were retained in the 0.183 mm net.

Comparison of the gut contents of chaetognaths from both mesh sizes

of a bongo tow were made. Consistent differences with more small

prey consumed by chaetognaths in the 0.183 mm mesh were considered

evidence of net feeding. Presentation of these data is in the

Results section. There seems to be no strong evidence about

chaetognath regurgitation of food. Pearre (personal communication)

has not observed loss of gut contents when preserving specimens on

shipboard.

It is assumed that the proportions of identified prey in the

guts represent the true proportions eaten by the predator. However,
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if small prey are passed through the gut faster than large prey, the

importance of small prey will be underestimated. There is no

laboratory data on the digestion rates of different sized prey.

The most reliable report is from Cosper and Reeve (1975) for gut

residence time of S. hispida that had ingested 3 or more copepods in

a 15 minute period. Prey were combined in one fecal pellet which

remained in the, gut between 3 and 4 hours0 They did not discuss

digestion times for different kinds of prey. Parry (1944) also

reported a 3 to 4 hour digestion time for Spadella cephaloptera

feeding on Acartia clausi. The temperature at which the experi-

merits were performed was not specified for either of the above

studies. Other reports of gut residence time (David, 1955; Grey,

1930 as cited by Stone, 1969) come from observations of a single'

animal or from unusual conditions (the animal died before digestion

was complete) that do not permit generalization.

One of the most informative ways to look at the data is to

compare the frequencies of prey from gut contents with the fre-

quencies at which they occur in the environment. It was assumed

that the 0.183 mm mesh net tows correctly estimated the abundance

of copepod species and reflected the actual availability of prey

to predator. In one way these estimates are better than have been

previously available. The use of a mesh as fine as 0.183 mm pre-

vented escapement of more prey species and their copepodite stages

than in other studies. Oithona similis copepodites are about 0.199

mm wide but Oncaea spp. males and copepodites were smaller (for

instance Oncaea borealis males of 0.126 mm width). Pearre (1973)
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used a 0.239 mm mesh and applied an approximate correction to account

for escapement of 6 species that were important prey. Stone (1969)

appar ntly did not estimate copepod abundance, nor did Nagasawa and

Narumo (1972). Rakusa-Suszczewski (1969) does not report mesh size

used to capture copepods.

Some difficulties cannot be overcome by net design. The net.

tows represent the average abundance of the species in the 200 m3

through which they were towed, It can only be assumed that these

concentrations of prey are the same as those experienced by the

chaetognaths. Copepods are not randomly dispersed in the water;. the

sizes and kinds of patches are not known, and abundance estimates

have large error terms associated with them.

Calculations of prey selection are frequently expressed as

"electivity va1uest according to formulas like those derived by

Ivlev (1961). There is no way to evaluate these numbers statistically,

however, unless there are large and consistent trends. A Chi Square

test can be applied to the same data by comparing expected values

(calculated from relative abundance of a prey species in the water)

to observed frequencies in the guts. If the difference is signif i-

cant then it can be assumed that the chaetognaths are selecting for

a particular species. Where the data permit, this Chi Square test

was used to test for selectivity. Actual counts of species could

not be used in all cases because of several subsample sizes used

to estimate abundance. However, the proportions were estimated

from much larger sample sizes than were available for estimation of
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the frequencies in the gut contents; therefore, this violation

should not be particularly serious,
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RESULTS

The period investigated by sampling for the project covered

only 4.5 days in the summer. There was no evidence in the summer

of 1971 of southerly influence. Surface temperatures were, in fact,

lower than usual (Tabata, 1965). Figure 2 summarizes the tempera-

ture, salinity and oxygen data for late June to early July, 1971.

The vertical structure of the physical parameters is typical for

early summer. There was a strong seasonal thermocline from 25 m to

100 m with the temperature above 25 m at a relatively constant

0
8.3 C. Salinity was constant in the upper zone (0-100 m) and there

was a halocilne. from 100 to 700 m. Dissolved oxygen was nearly

constant to 100 m and rapidly decreased in the same region as the

halocline. Oxygen was iow, usually in the range of 1-1.5 mi/i,

between 200-400 m, but not going below 1 ml/i until 500 m and below.

The plots of temperature, salinity and oxygen with depth are

a summary. Any single hydrocast could vary slightly from this

picture. For instance, the termocline began between 25 and 30

meters in some casts but on other casts temperature was constant

to somewhere between the 30 and 50 rn sampling depths.

Chaetognaths at Station P

Only four species of chaetognaths were found at Station P. Two

were abundant (Sagitta elegans and Eukrohnia hamata). Eukrohnia

bathypelagica were abundant only below 400 m. itta scrippsae were

rare (three specimens recovered).
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Sagitta elegans Verrill

Several varieties of S. elegans have been described, but

Alvario (1965) concludes that they are all the same species, differ-

ent only in size because of different temperatures at which they

develop. Alvariño (1965) reports that S. elegans can reach a total

length at maturity of 20, 30, or 40 mm with the tail being l0-257

of that. The largest specimens recovered from the Subarctic samples

were 33 mm, but some mature individuals were as small as 24 mm.

Most adults were greater than 26 mm. Maturity was defined by the

presence of eggs at least 0.3 mm in diameter, based on Kotoris

(1975) report that eggs of S. elegans from the southeast coast of

Hokkaido were 0.3 mm just after being spawned. Mature specimens

from the Subarctic are morphologically similar to those previously

described, except that there were 8-10 hooks present rather than 10-11

as Alvariio (1967) reported.

Kotori (1975) described newly hatched larvae of S. elegans as

1.2-1.4 mm long. The smallest juveniles dbserved in this study

were 3.5 mm long. The 0.183 mm mesh net did not capture significant-

ly more of the smallest size fraction of anima1s than the 0.333 mm

mesh net (see Table 2), even though, measured after preservation,

these individuals were only .160 mm wide. Presumably there was

escapement of the smallest juveniles from both nets.

Figure 3 contains size frequency histograms of S. elegans

collected at each depth. Animals from 0-17 mm were immature and

designated Stage 0. Stage I (ovary visible) were 17 - 26 mm long



Table 2. Comparison of the catch of small chaetognaths by two different mesh sizes (0.183 mm and
0.333 mm) of bongo nets at Station P.

Depth Sample Mesh Size S. elegans, Stage 0 E. hamata, Stage 0

0 10 m 14C .183 mm 1276.18 0

14C .333 mm 1126.56 0

25 m 6A .183 mm 2613.33 52OQ
6A .333 mm 1328.00 4400
llA .183 mm 949.40 943.40
llA .333 mm 1001.00 860.00

50 m 3A .183 mm 164.00 266000
3A .333mm 92.00 14a8000
hA .183 mm 0 2005.30
ilA .333 mm 0 1848.00

LJ



31

STAGES 1 - III

50

STAGE 0
2:

fIJL
2:[}_.3oor

I I
25m

25 25
25rn

25 2QOm

0n ___
2:fJT1olm

2:

:IfiL±L
2sJ_.f1Loon

20 26 35mm

254J1A 2:Lft

5 8111417mm 20 26 35mm

40

30
F-

LU
Li

20
LU

10

0
mm

Figure 3. Size frequency histograms of jttaelegans. Each

graph is a summation of four replicates except:

A. Summation over all depths for Stage I

B. Summation over all depths for Stages I-Ill

C. Stages 0 III plotted together.
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and Stage II (small eggs in ovary) were 20 - 32 mm long. Stage III

were 7433 mm long. The graph for each depth is a composite of four

replicates. Rough comparison of replicate samples and mesh pairs

from a single bongo tow revealed that the mesh pairs were more similar

to each other than to replicates. Variability among replicates could

be due to patchiness, inaccuracies in net placement ata particular

depth, the different times of day over which day samples were col-

lected or a combination of these factors.

Despite the variability, there were trends, which are correctly

represented by Figure 3. The most obvious trend is the decreasing

number of individuals from a peak at 5-11 mm. The presence of Stages

I, II, and 1111 in several size classes is also obvious. Stage I

were more frequent at 0-25 m than at 50 and 75 m, although all stages

(i-ill) were found at all depths.

Eukrohnia hamata M.5bius and E. bathypelagica A1vario

Size frequency histograms of E. hamata collected at each depth

are presented in Figure 4. Replicates from each depth have been

added. From 25 to 100 m the 8 - 11 mm size class was generally the

most frequent, although there was some variability between replicates,

especially below 200 m where sample size is smaller. Individuals

smaller than 5 mm were absent in samples from 25 to 50 m, but appear

in most samples from 75 m and below inlarge numbers. Since these

small juveniles can probaoly escape through the 0.183 mm mesh, their

abundance may be even greater than the numbers reported here. It

has been previously found that adults are most abundant in deeper
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layers (David, 1958), and that is the case in this series:

specimens with visible ovaries and developing eggswere more abundant

in deeper samples. The size category from 11 - 14 mm contained Stage

I and a few Stage III individuals. Animals larger than 14 mm usually

had longer ovaries (8.4 8.6 mm) and larger eggs than shorter E.

hamata and are probably at Stage III of development. However, some

specimens as long as 18 mm had neither long ovaries (they were

sometimes less than 1 mm) nor large eggs.

Eukrohnia bathypelagica were found at 400 and 500 m. These had

reached Stage LV of maturity with ovaries that had released all eggs

and were filled with a fatty-appearing substance or tissue. A1vario

(1967) separates E. bathypelagica from E. hamata on the basis of

size at maturity, the ratio of the tail segment to total body length,

and the appearance of eggs and ovaries. E. bathypelagica should have

a relatively longer tail than E, hamata, smaller size, and large eggs

in ovaries which have a peculiar curled configuration when immature.

Some mature specimens were found that still had eggs and that fit her

description of E. bathypelagica well. These examples are listed in

Table 3.

The eggs were larger than those of E. hamata but not as large as

Alvario (1967) drew them (0.40 mruL The subarctic specimens in

Table 3 are considerably smaller than the specimens Aivariio used to

describe thespecies and may not be mature. However, the subarctic

specimens of presumably mature length and with spent ovaries (Table

4B) are similar in length to, those in Table 3.

There was another category of Eukrohnia . with curled ovaries
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Table 3. Examples of subarctic specimens conforming to Alvario',s
(1967) description of mature Eukrohnia bathypelagica.

Total Length Tail Length; Ovary and eggs
Total Length

14 mm 27 Large (0.160 mm diameter)
eggs in two rows 6.3 mm long,
not curled.

13.7 mm 26.57 Eggs 0.160 mm diameter, not
curled, no. of rows not
observed

14.8 mm 28.37. Eggs 0.160 mm diameter, not
curled, in two rows
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Table 4. Comparison of Subarctic Eukrohnia hamata with Stage IV and
juvenile E. bathypelagica.

A. E. hamata from 300 - 400 m

Num- Total Tail length: total length

ber length Mean Range Ovary and eggs

1 17.5 25 small eggs (0.063 mm)
3 17.2 24.4 24.4. in two straight rows

2 17.08 23.7 22.9 - 24.6
1 16.7 25.2

2 16.5 25.4 25.4
1 16.3 27.3
1 16.1 23.5
1 15.3 23.8
1 15.1 25.9
1 14.7 25.7
1 14.4 21.0
2 14.1 25.3 23.8 - 26.7
1 13.58 24.7
18 24.67

B. E. bathypelagica (specimen identified by A1vario, personal
communication)

Num- Total Tail length: total length
ber length Mean Range Ovary and eggs

2 14.7 26.2 25.7 - 26.7 eggs all released,
1 14.4 23.3 filled with tissue

3 14 25.8 25.4 26.5

3 13.7 25.1 23.4 - 6.5
1 13.6 24.6
1 13.5 25.7
2 13.4 28 U

1 13.3 24.7

1 13.1 259
1 12.32 23.9 "

1 12.04 27.9
1 11.9 22.3
18 25.48
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Table 4. (Continued)

C. E. bathypelagica (?) from 300 500 m

Num- Total Tail length: total length
ber length Mean Range Ovary and eggs

1 15.26 22.5 immature eggs curled
1 14.7 24.8 on ovary, notin
1 14.49 25.6 regular rows
1 14.56 22.0
3 14.28 25.5 25.5
2 14.0 24.5 24 - 25 H

3 13.72 23.9 22.9 - 24.5 H

1 13.58 25.8 H

1 13.44 23.9
1 12.95 22.7
3 12 8 75 7 23 9 - 77 1

1 11.9 24.7 "

19 24.52
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like those described by A1variiio (1967) for juvenile E. bathypleagica.

The tail proportions (Table 4C) are the same as those of E. hamata.

None of A1vario's E. bathypelagica had a tail smaller than 27.7 of

the total length even at immature lengths of 1? mm. This category

of juveniles is different from E. hamata then, only in the ovary con-

figuration.

Sagitta scrippsae Alvariio

Alvario (1962) described S. scrippsae as an epiplanktonic

species typical of the transition region between the Central Pacific

and the Subarctic, and also inhabiting the Alaskan Gyre and California

Current. It has been recorded at 3 - 6°C and 33.00 - 34.4°/óo

salinity. LeBrasseur (1959) found S. scrippsae at Station P

usually above 300 m but rarely above 100 m where temperatures were

greater than 8°C. Lea (1955) found them well offshore of the British

Columbia region, never in channels or inlets.

The individuals found in this series of samples were at 300, 400

and 500 m. They were 34 - 47 mm long, and probably not fully mature.

Eggs were 0.182 to 0.256 mm in diameter. The specimens correspond

well with Alvario's (1962) description.

Vertical Distribution

Sagitta elegans

Abundances of S. elegans at each depth are plotted in Figures

5 to 8. The data for these graphs were taken from counts of the
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whole sample for the less abundant adults of 1/8 fraction of the

sample for juveniles. Appendix 1 contains the raw data from which

the graphs were made. S. elegans Stage 0 were more abundant above

the thermocline at 25 m (see Figure 5) than below. One 25 m sample

had a much lower abundance than the others. If in fact there is a

sharp break in abundance at 25 m, the top of the thermocline, varia-

bility would result from slight variations in net placement at the

depth of sampling. Variability would also result if the thermocline

itself oscillated above and below 25 m. Some evidence of this was

presented in the section on physical parameters. A few Stage 0

animals were collected at depths exceeding 25 m at night only.

There was no evidence of a typical diel migration pattern. The fact

that Stage 0 had a vertical distribution distinct from Stages I -

1111 and did not perform a diel migration is support for distinguishing

this age class with its own name.

Figure 6 is a plot of the vertical distribution of Stage I

animals, presented on an arithmetic scale because of the lower

numbers of this stage. The much lower abundance of Stage I than of

Stage 0 is evidence of large mortality between stages, or for stage

specific avoidance of nets. This graph shows that Stage I performed

a diel vertical migration from a daytime habitat below 200 m to the

upper 25 m at night. During the day the depth of maximum abundance

was apparently 200 m (the bottom of the halocline and oxygen gradient).

Animals were found at 300 and 400 m also, making the day distribution

broader than the night distribution. No S. elegans were found in the

500 m samples. Integration of the area under the curves formed by
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plotting the means reveals that Stage I were more abundant during

the day than at night.

Stages II and III (Figures 7 and 8) of S. elegans performed a

diurnal migration similar to that of Stage I, except that the. night

maximum tended to be deeper. At night most Stage II individuals

were found at 50 m or shallower. During the day the population was

confined to 200 - 400 m with most at 200 m. The night distribution

of Stage III was somewhat deeper with most animals found at 75 m

and above. The day distribution was between 200 and 400 m with no

peaks in abundance.

Just as for Stage I, the abundance curves can be integrated to

compare day and night abundances. Stage II were two times more

abundant at night. Stage III were slightly more abundant at night.

It is not clear whether the differences are due to differential day-

night avoidance of nets or to sampling problems

All of these older stages performed diurnal vertical migration

to the surface and had broader distributions during the day. The

day distribution was bounded by upper (between 100 - 200 m) and lower

(between 400 and 500 m) limits. The 100 m depth correlates with the

bottom of the oxyhalocline, and the 25 m depth of maximum abundance

at night corresponds with the base of the seasonal thermocline. No

obvious or rapid physical changes occur between 400 and 500 m to

correlate with the break in distribution which occurs there.

Sagitta elegans was not the only species to follow such a pattern

of vertical distribution. Marlowe and Miller (1975) presented a

graph of vertical distribution of biomass of all the zooplankton
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considered together (reproduced in Figure 9). Biomass maxima and

minima follow a similar pattern to S. elegans abundance a concentra-

tion of biomass at 25 m (but during both day and night) and greater

concentrations between 200 and 400 m during the day. In a later

section on chaetognath prey, the vertical distribution of the prey

species will be considered individually. For instance, the prey

species Calanus cristatus and C. plumchrus were found no deeper than

400 m during this sampling period.

Eukrohnia hamata

Abundances and vertical distributions for Eukrohnia hamata are

presented in Figures 10 and 11. Eukrohnia hamata were not found in

the 0 - 10 m oblique samples examined, except for 5 specimens

recovered from a night sample. All of these were Stage I. Abundance

was variable at 25 m, just as it was for S. elegans Stage 0, in a

way that. would be created by a sharp break in numbers over a small

depth range. The ranges of the two species overlap, and abundances

.were similar, but S. elegans, Stage 0, are distributed mostly from

0 to 25 meters and E. hamata mostly at 25 m and below. In the 50

m samples, abundances were somewhat higher and less variable.

Stages 0 and I were abundant to about 200 m and gradually became

less abundant with depth. Stages II and III of E. hamata first

appeared at 200 m and were most abundant at 300 m. At 300 m they

appeared to be somewhat patchy. From 400 - 500 m the abundance

began to decline but the bottom of the distribution was probably

somewhere below 500 m. There were no apparent day-night differences
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which suggest diel migration.

The depths 25 m and 200 m were important boundaries in the

distributions of both S. elegans and E. hamata. However, 500 m was

the extent of the S. elegans distribution but was not the limit of

distribution for E. hamata. The result was that S. elegans

distribution followed that of the zooplankton biomass in general

with the smallest juveniles in the zone of highest biomass. The

smallest juveniles of E. hamata were more abundant at intermediate

depths (50 400 m). Older stages were found deeper than juveniles

for both species.

Results of Gut Content Analysis

The gut material was successfully identified by the dissection

method. Only 2.27 of all gut contents for S. elegans remained

unidentified to species. E. hamata processed its food differently,

as discussed below, and a total of 8.97 remained unidentified to

species. Much of this fraction could at least be assigned to such

categories as small or large copepod.

Appearance of the Gut Material

Prey were found anywhere along the length of the digestive

tract. For S. elegans prey in the anterior or middle regions of the

gut were assumed to have been swallowed recently because they never

showed any sign of disintegration or digestion. The most posterior

portion of the gut could contain either fresh-looking prey or more

digested remains. A fecal sac or membrane such as that described
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by Reeve, Casper and Walter (1975) was frequently found, and was most

apparent when several prey of different sizes were within the sac.

Figures 12 to 14 are photomicrographs of these fecal sacs and the

enclosed prey. As can be seen best in Figure 14, prey contained in

the fecal sac were highly decomposed and the recognizable hard parts

are no longer oriented as they were in the copepod. See, for instance,

the mandible edge visible 1/3 of the way from the top in Figure 1A.

This is not what Reeve, Casper and Walter (1975) reported for S.

hispida. They found that "copepods appear quite recognizable"

immediately prior to defecation.

The fecal membrane was not always apparent; perhaps in earlier

stages of digestion it is not yet formed. The sequence of states of

digestion observed are illustrated in Figure 13. These micrographs

show the progression from recently swallowed to well-digested prey

for a small copepod, Oithona similis. In the third picture only the

mandibles are identifiable. The remaining photographs in Figure 14

are of larger copepod prey. They show that even these prey were

processed so that the orientation of body parts to each other is

changed. A telescoping of parts was also sometimes observed in these

animals but only in the early stages of digestion.

The appearance of the remains in E. hamata guts were frequently

different from those of S. elegans. There were sometimes well-

digested remains in the anterior part of the gut. These were usually

encased in a fatty looking substance and were sometimes impossible to

identify. When more than one prey had been swallowed, they appeared

like beads on a string. Sometimes prey of S. elegans had this



Figure 12, a) A fecal sac still attached to Eukrohnia hamata0 Arrow
points to mandible blade of Metridia pacifica0 b) Fecal
sac with enclosing membrane visible at one end (arrow).
c) Fecal sac in b. at greater magnification. (a. and b,,
100X; c., 200X).
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Figure 12.



Figure l3 Three stages of digestion of Oithona similis from Eukrohnia
hamata digestive tracts, a) State one digestion. Oithona
similis is mostly intact with internal tissues still
evident. b) 0. similis with exoskeleton partly compacted
and tissue

digested9 State 2 digestion. c) State3
digestion. The only recognizable remains are a mandible
(arrow) and setae from legs. (a. and b., bOX; c., 200X).
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Figure l4 Gut remains of larger copepods0 a) Fecal sac recovered
from gut of Sagitta elegans0 Metridia mandibles are

visible. b) Remains of Calanus plumchrus. Mandibles and

antenna segment are recognizable. (a. and b. bOX).
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appearance, but multiple prey were usually contained in a single

fecal mass.

Most of the gut contents recovered were copepod remains. Several

other classes of animals were infrequently identified as prey:

chaetognaths, euphausiid shrimp, the pelagic polychaete Tomopteris

siphonophores, and nauplii of unknown species. Table 5 shows the

relative proportions of these classes of prey.

The majority of chaetognaths with food in the guts contained

only one prey, indicating that a second or third feeding event does

not often immediately follow. They may encounter their prey singly

or they may 'choose" to eat only one prey at a time. Some chaetognaths

were found to have more than one prey contained in their guts.

Table 6 summarizes the data on multiple prey, and suggests the

following question: are multiple prey found with the frequency that

would be predicted by a Poisson distribution, or are they found more

or less frequently? The Poisson distribution of 0, 1, 2, 3 (and so

on) prey per gut is the distribution that might be expected if

chaetognaths eat food as they encounter it and if food is randomly

distributed in the search space of the chaetognath. Alternatively,

if having eaten one prey causes the chaetognath to stop feeding for

some period of time or causes it to search harder for more food, the

distribution of 1, 2, and 3 prey per animal would not follow a

Poisson distribution. Also, if the prey were always encountered

(and eaten) in groups, rather than singly, the Poisson would notbe

the distribution found. In most cases the frequencies of empty guts

and guts with 1, 2, or more prey fit a Poisson distribution. Because



Table 5. Data summary of prey consumed by chaetognaths at Station P expressed as proportions of
the total. Number in parentheses is actual number of prey recovered.

Sagitta elegans Total dissected Oithona Other Chaetognaths Other
similis Copepods

Stage 0 1000 .738 .244 0 .007
(400) (132) (4)

Stage I-lIt 1352 411 534 03 01
(200) (260) (15) (6)

Eukrôhnia hamata

Stages 0-Ill 2600 .47 .508 .013 .007

(181) (195) (5) (3)
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Table 6. Numbers of prey observed per dissected gut for Sagitta
elegans and Eukrohnia hamata in the 0-25 m zone at Station P.

DEPTH SAMPLE/MESH NUMBER OF PREY PER GUT X2 P F70

Sagitta elegans 0 0 1 2 3 4 5 6 7

0-lOm 14C0333 60 21 10 6 3 0 0 0 868 Ol-O0l 40
14C0183 57 23 8 8 2 1 1 0 265l 0001 43
11C'0333 43 32 17 8 0 0 0 0 69 755O 58
11C,333 58 14 7 2 0 0 0 1 989 Ol-OOl 29
6C0333 69 26 2 2 1 0 0 0 n0s01 31
3C.333 73 23 3 1 0 0 0 0 n.s. 27

25m 1IA.183 61 26 11 2 0 0 0 0 n.s. 39
11A.333 68 24 7 1 0 0 0 0 n.s. 32
14A.333 insufficient data
6A.333 67 29 3 0 0 0 1 0 n0s0 33
6A0183 55 33 10 2 0 0 0 0 n0s0 45
4A0333 69 21 7 3 0 0 0 0 3053 l005 31

Sagitta elegans I-lit (summed)

0-lOm 14C.333 65 16 4 1 0 0 0 0 n.s. -

14C.183 47 18 3 2 0 0 0 0 n.s.
3C.333 90 21 7 2 1 0 0 0 5.27 .05-.02 -

25m 4A0333 75 26 12 9 3 2 0 0 2758 p001

50m 3A.333 insufficient data

75m 4A0333 48 22 5 5 1 0 0 2 n.s. -

lOOm 3A.333 139 30 3 0 0 0 0 0 n0s, -

200-400m insufficient data

Eukrohnia hamata, all stages

25m 1IA.183 78 17 4 1 0 0 0 0 n.s. 22

11A0333 86 11 2 0 1 0 0 0 n.s. 14
14A0333 52 35 6 4 3 0 0 0 n.s. 48

4A0333 19 26 8 5 3 2 0 0 8.46 .05-.02 70

50-500m insufficient data

1nos. not significant
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of the low frequency of prey in E. hamata guts, only three samples

could be test'ed with a Chi Square statistic0 These were all at 25 m0

Chi Square (x2) did not indicate significant deviations from the

Poisson but was large in sample 4A, where F70 was also highest0

For S0 elegans the results are more complex [n some samples

the deviation from the Poisson is not due to chance (a large X2

results). In three out of six samples in the 0 - 10 m oblique tows

there was a significant deviation from the Poisson. These samples

also had high F70, although the sample with the highest F70 had a

smaller X2. At 25 m the highest X2 came from the samplewith the

lowest F700 For the more mature stages as well there were some samples

in which a significant lack of fit occurred.

Figure 15 illustrates the form of the distribution that was

observed compared to the Poisson. In every sample with S. elegans

whether or not the lack of fit was significant, the deviation was

similar zeroes (empty guts) were more frequent than expected;

fewer one's (but sometimes fewer 2's) and more threes or fours

occurred than were expected0 These data can be interpreted in two

ways0 Either S elegans behaved differently in some samples, follow-

ing a search and feeding pattern other than a random one, or the prey

encountered during feeding were more patchy in some samples than in

others.

Since there was evidence that feeding behavior was not entirely

random, further analysis of the prey occurring in multiples was

performed0 Prey occurring as pairs were classified according to

whether they were the same or different species of copepod and
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Figure 15. Schematic representation of the deviation from the
Poisson Distribution observed for Sagitta elegans.
Solid line is the Poisson; dotted line is the observed
distribution.
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according to state of digestion (same or different). All of the

observations from 0 - 10 m were combined for all ages of S. elegans

into a contingency table to see if digestive state depended on whether

prey pairs were of the same or different species. There were 52

pairs of similar prey and 23 pairs of dissimilar prey0 76 87 of

pairs of similar prey were of the same digestive state while only

39.07. of pairs of dissimilar prey were of the same digestion state0

A test of contingency corrected for continuity was significant

(p - .01 - .001). A similar procedure at 25 m showed the same

trend for a greater proportion of pairs of similar prey to be of the

same digestion state than were pairs of different prey. However,

the was significant only at p - .100 - .050. Samples from 25 m

were different in another way: a nearly equal number of pairs were

made up of similar prey and dissimilar prey. However, if the pairs

were similar, it was still true that they were more likely to be of

the same digestion state. These data can be interpreted to mean that

the longer the time between feeding events, the more likely it is

that a different species will be eaten. It is not possible to

determine whether this is controlled by behavior of the chaetognath

or the distribution of its prey.

With respect to species composition of similar prey, at 0 -

10 m all prey pairs of the same species were Oithona similis, as

were all triplets., except one triplet of Oricaea borealis. But

most of the prey eaten in any form at this depthwere Oithona

sirnilis. At 25 m, only 517. of the prey eaten were 0. similis yet

807. of pairs of similar prey were Q, similis. Evidently, more
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0. similis were encountered and consumed simultaneously than other

prey0

Feeding Activity (F7

The fraction of individuals that had food in their guts (F70) was

analyzed in all replicate samples at each depth for the two chaetog

nath species. The behavior of this variable with respect to age

and to depth, prey abundance and time of day was examined0

Because feeding in the nets during sample collection would bias

F7., comparisons of gut contents of chaetognaths from the two different

mesh sizes of the bongo pair were examined for evidence of net

feeding. The data in Table 7 reveal that more Oithona similis and

Oncaea borealis, small copepod species, were eaten by Sagitta

elegans from the fine mesh net than by S. elegans in the coarse mesh

net0 This was true of both immature and older chaetognaths. Larger

copepod species such as Metridia pacifica and Calanus plumchrus were

eaten just as frequently by chaetognaths from either net. The in-

creased frequency of small prey eaten in the fine mesh nets was

evidence of net feeding, and therefore the 0.183 mm mesh samples

were not used for the analysis of F700 Large prey may also have been

consumed in the nets but there is no information about that. The

evidence for net feeding by Eukrohnia hamata was less clear. In two

samples listed in Table 7 small prey were more frequently eaten in

the fine mesh net0 In a third sample they were not0 Nevertheless,

only data from the coarse mesh samples were used for calculation of

F7.



Table 7. Comparison of prey consumed in the 0.183 mm mesh nets with prey consumed in the 0.333 mm
mesh net at Station P.

Oithona Oncaea Metridia Calanus
Depth Mesh similis borealis pacifica plumchrus

0.-lOm
Saitta elegans

Stage 0 .183 72 0 1 3
.333 65 0 1 3

Stage 1 .183 17 0 3 4
.333 7 0 4 4

Stage II .183 2 0 1 2
.333 1 0 2 1

.183 2 0 1 0

.333 1 0 0 1

25m
Stage 0 .183 30 5 16 1

.333 16 0 20 3

.183 31 6 18

.333 14 3 19 1

Eukrohnia hamata
25 m

183 18 7 2 0
333 3 9 3 0

50m
.183 8 4 0 0
333 8 11 2 0
.183 5 5 1 0
.333 1 1 0 0



A very broad range in the values of F7. was found for both species

over the range of depths investigated0 Only a fraction of the animals

had fed (values of P7O less than 10) in samples collected from deeper

than lOOm, while the highest values were observed in the 0-25 m zone.

This was the region in which zooplankton biomass and numerical

abundances were also maximum0 In general, F7. was higher in samples

of higher prey abundance, although the exact response of each age

category and each species differed because of differences in the

behavior associated with vertical distribution.

All estimates of F7. for Sagitta elegans Stage 0 come from the

O-25m zone, the only depths at which they were abundant, and all

estimates were relatively high. The range in values of F7. at 25m was

very small (Table 8): 31-35. At O-lOmthe range was greater with one

value (58) that was three and one half standard deviations from the

mean0 The reason for this difference in ranges between depths is

not apparent0

The relationship of F7. for Stage 0 to prey abundance was examined

and is plotted in Figure 19. Over the range of abundances encountered

(700,000-1.5 million copepods/lOOm3), high F7, did not consistently

correlate with high prey abundance. Some other variable may have.

influenced the response of F7, to prey abundance. There was no evidence

that this variable was time of day.

The relationships of F7. for older stages of Sagitta elegans to

other variables are confounded. Prey abundance, depth, and migratory

patterns all interact. The diel migration of Stages IIII put them

in the food rich zone only at night. Therefore, the night values
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Table 8. Values of F70 (percent of the population with prey in
guts) for Sagitta elegans Stage O F70 = (a/n) x 100.

a number with prey; n 1000

Sagitta elegans, Stage 0

Depth .183 mm mesh .333 mm mesh Mean of .333 rm mesh

0 - 10 m 43 27, 29, 31, 40, 58 37

25 m 39, 45 31, 32, 33, 35 32.8



were higher at shallower depths where prey were abundant. However,

from Figure 18 it can be seen that some night values were higher than

would be predicted if prey abundance were the only factor involved.

These were values from 50 - lOOm samples. Two possible interpretations

are that feeding activity was more successful at night even at low

prey abundances, or that the animals caught at 50-lOOm had actually

fed recently at shallower depths and migrated downward. The relation-

ship of F70 to depth for these older S. elegans is plotted in Figure

16 where only the means of replicates are shown. Confidence limits

for replicates are shown in Figures 17 and 18. The differences

between depths are clearly caused by the migratory patterns and verti-

cal distribution of prey abundance.

It is possible that the relationship of F70 to prey abundance for

Sagitta elegans in the deeper samples could be differently explained.

It may be that little feeding occurred during the day and that gut

contents from the deep day samples were mostly the digesting remains

of the previous night's meal. Evidence for this hypothesis comes from

analysis of the digestion state of the prey in the guts. More prey

were in the state three digestion category during the day than at

night. A Chi Square test of the day-night differences in the propor-

tions of prey in states 1-3 of digestion yielded a value of 16.57,

indicating that the difference was significant (p .001).

The relationship of F7. to prey abundance was also analyzed for

Eukrohnia hamata (Figure 21). F7.was calculated.for all age categories

together rather than separately because so few fed animals of any

one category were recovered. From O-75m there was a trend for samples



68

with lower prey abundances to have lower F7. values even at night.

The highest values are from 25m (Figure 20) and samples from deeper

than 75m had consistently lower values. Two of the daytime values

of F70 in Figure 21 are lower than might be expected from prey density,

although they are probably not significantly lower0 An analysis was

made of the digestion state of gut contents to see if there was

evidence that meals in animals captured at night were more recent

than in those captured during the day to explain these data points0

Gut contents of prey from day samples at 25 m were slightly more di-

gested than those from night samples, but the difference was not

significant when the proportions in each digestion state were tested

with a Chi Square (X .712). Combining all data from 0-75m yielded

the same result (x2 1.188). There was also no evidence for diel

migration by E. hamata that would explain any deviations of the

relationship of F70 to prey
abundance0 Feeding activity for E. hamata

may be more closely related to prey abundance than to any other

factor.

Prey Selection

Chaetognaths at Station P ate only a select portion of the food

available to them. The mOst obvious trend in feeding was related to

the age (and therefore size) of the chaetognath. Younger, smaller

chaetognaths tended to consume prey in nearly the same proportion

that they occurred in the environment0 Older chaetognaths also preyed

on the small and more numerous copepods, but they selected large prey

out of proportion to their numerical abundance, These large prey are,
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however, an important part of the zooplankton in terms of biomass.

The prey seemed naturally to fall into two groups--darge and small0

I defined the smallest species, Oithona similis and Oncaea borealis

as small prey. Large prey were the remaining, larger species0

Table 9 gives a comparison of the size of each chaetognath stage

in terms of both length and width at the widest part of the heath

Table 10 compares the proportions of large and small prey eaten by

each stage. Small prey make up a significantly larger proportion of

the diet of small chaetognaths. The largest prey eaten by an age

category was also recorded. The maximum head width is not as

restrictive a feature as might be expected, since prey larger than the

unexpanded width were consumed. There does appear to be an upper

limit in size of prey captured. Calanus cristatus were available to

Stage 0 chaetognaths at depths in which they fed, yet none were

consumed0 Eukrohnia hamata did not prey on the largest copepod

species at all. The largest prey they consumed were Heterorhabdus

sp., 1.02 mm wide.

A more exact means of looking at the data is to compare the

frequencies of individual prey species in the sample with their

frequencies in the chaetognath gut contents0 The frequencies of prey

in the sample were assumed to represent the correct frequency of each

prey species in the environment. Electivities were calculated,

according to the formula of Evlev (1961):

E
7 in guts - % in .183 mm mesh 0

7 in gut + %. in p183 mm mesh

The results are shown in Tables 11 and 12. Also shown are the
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Table 9 Total body length and head width (measured at point of
maximum width) for chaetognaths at Station P0

Sagitta elegans Length (mm) Head Width (mm)

Stage 0 35- l26 24 - 45

Stage I 14 - 24 54 - 96

Stage El - III 23 - 34 96 - l4l

Eukrohnia hamata

Stage 0 35 ll2 26 416

Stage I 12 - 20 .38 - .64

Stage II - ILl 20 - 23 .64 - .75



Table 100 The percentages of small prey eaten by Sagitta elegans and Eukrohnia hamata and the
largest prey eaten by each category of chaetognath0

Number of Percent
Prey Identified Small Prey Largest Pry

Sagitta elegans

Stage 0 534 77.3 Calanus pacificus V
Width 0.64 mm

Stage 1 336 49.6 Calanus cristatus V
Width 2,1 mm

Stage It-Itt 149 23.5 Calanus cristatus V

Eukrohnia hamata

Stage 0 363 78.8 Calanus plumchrus III
Width 0.48 mm

Stage I-Ill 71 52.1 Heterorhabdus sp.
Width 1.02 mm

-4
-4
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Table 11. Electivities for Sagitta elegans feeding on four common
prey species at Station P, 075in.

Oithona Oncaea Calanus Metridia
2Depth Samp.eSimilis spp. plumchrus pacifica X p

0-lOm

Stage 0 6C -.013
_1a

b
+.026 -1 n.t.

r\ 1 1 ( I. 0JL.. .Ui/ 1j/ J T+O) ILOLO

14C s'.007 -1 .224 .308 fl.S.

11C' -.055 .685 -.381 i-.858 8.55 poOl-.00l

Stage I 3C -.098 -1 t.627 .536 n.t.
l4C -.404 -1 .520 .776 n.t,

Stage El 3C -0253 -1 +.662 1.576 n.t.
14C -.625 -1 +.500 -.875 n.t.

Stage III 3C Insufficient data n.t.
14C -.265 -1 +.765 -1 n.t.

Stage 0 hA -.226 -1 i.273 .37O 16.45 p >.0Ol
4A ,037 -1 +,582 -.048 n.s.
6A -.074 .04 -.364 -r.042 n,s,

14A Insufficient data

Stage I 4A -.063 -.378 +.681 ..324 3.6 pOloO5
14A -.366 -1 *.880 +537 n.t.

Stage II 4A -.274 1 +.827 .170 n.t.
14A -1 -1 t.72 .13 n.t.

Stage III 4A -.327 -1 -1 4- .619 n.t.
I + III
39.39 p).00l

50 m

Stage ltII 3A -0351 +.063 t.256 .256 12.08 p >.001

75 m

Stage I 14A 0 -.489 +,232 -.30 13.04 P.Ol.00l

.aA value of -1 means nOne of this species was recovered from guts.

bone Oncaea found in one gut.

Ct. not testable

dn.s.: not significant
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Table 12. Electivities f or Eukrohnia hamata feeding on four common
prey species at Station P0

Oithona Oncaea Calanus Metridja
Depth Sample similis spp0 plumchrus pacifica p

0- 10 m E0 hamata not present at this depth0

25 rn hA -.534 +758 -p089 103.47 p ?.O0l
4A -.134 +.743 .6Ol -.156 132.46 .p >.O0l
14A -.374 *.573 i-.591 'f-.344 84.66 p .001
6A Insufficient data

50 m 3A -.33 +.838 -1 f.505 n.t.

hA -.03 t-.74 -1 f.98 n,t.

14A -.30 -1 -1 +,88 n,t.
6A Only two prey found in guts. n.t.

75 m of repl.a .185 +.682 +.609

100 m of repl. -.267 .4l2 +.4O4 0

200 m Eof repl. -.339 t.688 -1 ±.941

300 m of repi. +.O94 -.500 -1 +.694

400 m X of repl. ..25O -.086 t.348 -1

aRephicate samples were summed for calculations at 75-400m.

b
A value of -.1 means none of this species was recovered from guts.

c not testable



results of contingency tests comparing the frequencies of prey in guts

and in the water when frequencies of prey were large enough to perform

2 2a X test. The electivities show trends, and the X tests indicate

statistical significance,

Sagitta elegans

From the electivity tables it can be seen that replicate samples

generally agreed as to the direction of the elecitivy. For instance,

at 0 - 10 m Stage 0 had eaten each species in nearly the proportions

found in the 0.183 mm mesh net0 In 3 of 4 samples slightly fewer

Oithona similis than expected were consumed9 Even fewer 0, similis

were consumed by Stages I - III, and proportionately more large prey,

such as Metridia pacifica and Calanus plumchrus, were eaten. Other

frequently eaten large prey were Pseudocalanus sp., Calanus pacificus,

and Eucalanus bungii, which were the three next most abundant

large copepod species.

Sagitta elegans showed quite similar behavior at 25 m to that

observed at 0 - 10 m, Stage 0 ate somewhat fewer 0. similis and

Oncaea borealis than expected and more large prey in 2 of 3 samples.

Stages I - III also followed the same feeding pattern as they did at

O - 10 m. At this depth, other chaetognaths showed up as prey of

S. elegans. The species of large prey most frequently eaten were not

always those most abundant in the sample. In sample 4A Calanus

pacificus were the most abundant large species in the water and were

the most frequently eaten large prey, but in sample l4A Eucalanus

bungil were most abundant and not anymore frequently eaten than



other large species.

The sample size is small for large, infrequently eaten prey, and

no statistical analysis was possible. From 50 to 100 m S. elegans

(I-Ill) ate large prey and did not eat small prey such as Microcalanus

pusillus, although this species was abundant0 From 200. 400 m

there were sometimes more small prey eaten than expected: 0. similis

at 400 m (E +,4l1), an Oncaea borealis female at 400 m, early

copepodites of C, plumchrus which were almost absent from samples

below 100 m, Possibly these prey were consumed at the surface before

migration to deep water0

Large Prey of Large Chaetognaths

Stages It and III of S. elegans consumed some relatively large and

relatively rare species of copepods such as Calanus cristatus and

Eucalanus bungil. Maximum abundances of these species were low:

6000/100 m3 for Eucalanus between 25 and 75 m and 2000/100 m3 between

50 and 100 m for C. cristatus, One Heterorhabdus spp. was recovered

from a gut of Sagitta elegans at 50 m. Heterorhabdus spp. were most

abundant at 300 m (400/100 m3) and there were none recorded in 50 m

samples. Several were recovered from stomachs of La hamata captured

at 300 m.

Some species of large copepods present in samples in even lower

abundances were never recovered from chaetognath guts. For example,

there were Aetidius (max0 abund, 256/100 m3 at 100 m, none above

100 m), Gaetanus (max, abund. 1088/100 m3 at 300 m, none above 75 m),

Euchaeta (max. abund, 384/100 m3 at 300 m, none above 50 m), and



Candacia (max0 abund0 64/100 rn3 at 50 m, none above 50 rn)0

Other large prey were chaetognaths. EukrohniEt hamata ate other

chaetognaths mostly at depths of 200 - 500 m where abundances were

about 1000/100 m3. Sagitta elegans was found to have eaten other

chaetognaths at all depths except 0 - 10 m0 Hooks from a very young

S. elegans were found in a gut of S0 elegans at 200 m-more evidence

that feeding occurred at depths other than where the animal was

caught.

Eukrohnia hamata

Electivities were also calculated for E0 hamata (Table l2)

E. hamata always ate many more Oncaea borealis than expected from

Oncaea abundance0 This was reflected in a smaller consumption of

both 0. similis and large prey, except in sample 14A where more

Metridia pacificä and Calanus plumchrus were consumed than were

expected. The electivities of E. hamata and S. elegans Stage 0 for

Oncaea and Oithona were different enough that when compared by use

of a contingency test in sample ilA, the X2 12.54, ld.f.

En sample 4A, was smaller (706) but still significant (p

0l 005) In sample 14A too few S0 elegans were present f or

testing.

At 50 m, where enough prey were recovered from E. hamata guts to

be analyzed, the tendency to consume more Oncaea than expected was

continued0 Microcalanus pusillus was abundant at 50 m and did show up

in the gut contents.

At 75, 100 and 200 m E. hamata ate more Oncaea spp. than expected.
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At 200 m M0 pusillus was eaten in about the expected frequency0 At

this depth, E. hamata were observed to eat other E0 hamata0 At 300

m E. hamata ate fewer Oncaea spp0 than expected. There was a high

number of unidentified gut contents in this sample (3O7) and this may

account for the unusual pattern0 The last depth analyzed was 400m0

Only 16 prey were recovered from E0 hamata guts at this depth0 A

large proportion of unidentified prey was again a problem0



DISCUSS ION

Station P could be considered a typical environment for S.

elegans with respect to temperature0 It is normally found in the

epipelagic zone of Arctic and subarctic waters0 However, the species

can be more abundant in neritic waters than it was at this oceanic

station. For example, Pearre (1973) reported S elegans had abundances

in Bedford Basin of 500 - 1500/2 m3 as compared to Station P popula-

tions of about 3/2 m3. The Station P population was obviously re-

producing, since many juveniles as well as all other stages of

development were found0 The adults were normal in appearance and size0

They varied from Alvario's (1965) description only in the number of

hooks present. The number of hooks has been questioned as a reliable

character by Tokioka (1974) and apparently can vary with such factors

as food type0 Adult size varied from 24 to 33 mm0 Since size can

be related to temperature during development (Alvario, 1965), there

may have been several different populations represented (for instance,

a winter and a spring population). Juveniles were more abundant than

adults, as would be expected if mortality reduces juvenile numbers..

The 14-20 mm size class, at the point where ovaries became visible,

seemed very much underrepresented. More data would be required to

establish the significance of this fact but two possible reasons can

be posed: Stage 0 is a second cohort from a synchronous spawn in

the spring (with Stages I and II from n earlier cohort) or there is

very rapid development between Stage 0 and Stage I.

Eukrohnia hamata may have been in a slightly unusual environment,



perhaps warmer and more food rich than most of its habitat worldwide.

It is a bathypelagic species in warmer oceans (A1vario, 1965),

staying in the cool water layers, and can probably survive in deep

water with a small amount of food0 At Station P, all stages but the

adults were found at 25 m, but not in the warmest waters from 0

25 m (greater than 8°C)0 At 25 m prey were probably more abundant

than this species normally encounters in deeper waters0 Most of the

population was found at (and apparently stayed at) depths of lower

food abundance. The adults were smaller in size, 13.5 17.5 mm,

than the range reported by Alvario (1965) of 20 - 34 mm f or mature

Arctic specimens0 Of f Cape Hatteras she reports adults of 2502 mm0

At Station P juveniles were found over a wide range of depths and

temperatures0 Such a distribution is apparently not unusual for the

species: juveniles 2 - 5 mm were common below 250 m in Antarctic

seas (David, 1955), and AlvariIo (1965) has found the size structure

from 0 200 m to be similar to that from 200 - 5Q0 m0 An incidental

note is that A1vario misquoted David (1955) as reporting smaller

individuals in shallower layers.

The size frequency histograms show a different picture for

E. hamata than for S elegans in that all size categories have

representatives. Apparently there is Continuous reproduction and/or

a constant period of time at each size while growing. As with S.

elegans no conclusions about reporduction or growth can be drawn

from sampling over only a few days.

Too few specimens of S scrippsae were caught to make a study of

this species. Those found were at 300 - 500 m, somewhat deeper than
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the range reported by LeBrasseur (1959) for the same region or by

Alvarjjo (1964) for 46°N0

Eukrohnia bathypelagica were found in substantial numbers.

Though closely related to E0 harnata this species is less muscular

and reaches a smaller size at maturity (Alvario, l965) AlvariIo

also reported that it should occur below 1000 m in the same region

where E. hamata is found in the upper 200 rn, but in the subarctic it

occurred at depths as shallow as 400 rn, Mature specimens were not

as large as those Alvari?o used to describe the species. Subarctic

E. bathypelagica were smaller in size than E0 hamata and the propor-

tion of tail to body was greater, though not as disparate from that

of E. hamata as Alvario reported. The specimens with eggs had larger

eggs than E, hamata. Immature E0 bathypelagica are supposed to have

curled ovaries. Juveniles with this character were found in the

subarctic, but they did not differ from subarctic E. hamata in any

other discernible character. No very young juveniles of E. bathy..

pelagica were found. It is possible that they were indistinguishable

from immature E. hamata. David, in a personal communication to

Alvario (1965), argued that E. bathypelagica is not a species, but

simply a spent stage of E hamata0 He did not explain why they are

smaller in size (the subarctic specimens agree with this) or apparent-

ly have larger eggs. Very likely they are two different species with

so few distinguishing characters that juveniles are almost identical.



Vertical Distribution

The preference of chaetognaths for specific regions of the Water

column is usually so consistent that species are termed accordingly:

epipelagic, mesopelagic or bathypelagic. Many investigators have

sought to find the correlation of these distribution patterns with

important environmental variables or combinations of variables to

which the species have adapted (reviewed by Banse, 1964). For a,

number of reasons such as inadequate sampling and covariance of many

environmental parameters, the important variables have yet to be

unequivocally defined for each species0

The factors important to E. hamata vertical distribution have

been best studied in the Antarctic (David, 1958) where temperature

seems to be important. In general it could be inferred from the,

characteristic tropical submergence of E. hamata, that it avoids

warm temperatures0 Alvari?o (1962) reported E. hamata in the Aleu

tians in surface waters aswarm as 9.20 10.90 C and that they

avoided a subsurface cold layer (.1 2.5° C). For S. elegans the

vertical distribution is complicated by its habit of diurnal vertical

migration. This habit varies with season and both temperature and

light have been suggested as important variables (Pearre, 1973).

Alvario (1965) believes that low dissolved oxygen of less than six

mi/i restricts distribution of S. elegans.

At Station P temperature was strongly correlated with the

distributions of both S. elegans and E. hamata. The top ot the

seasonal thermocline (80 C) at about 25 m was the lower boundary of



distribution for Stage 0 S. elegans. This stage had the most restrict-

ed (25 m) vertical distribution of all the
chaetognaths0 The top, of

the thermocline was also the upper limit of distribution of E.

hamata0 According to Marlowe and Miller (1975) the distributions of

many other zooplankton species at Station P were related to the

thermocline. Upward migration of the copepods Pleurotnamma scutullata

and Gaetanus cf simplex were apparently stopped by warm. surface

waters. On the other hand the migration of Stages I - III S. elegans

was not stopped by the thermocline. Euphausia pacifica and Metridia

pacifica also migrated to the surface0 Distributions in which the

animals were most abundant only above or only below the thermocline

were also observed. When distributions were apparently related to

the thermocline, some animals, but in exponentially smaller numbers,

were frequently found in the non-preferred region, for example, the

very low number of 50 elegans Stage 0 below 25 m. The biological

significance of this is not clear.

Marlowe and Miller (1975) as well as McAllister (1961), found a'

minimum in biomass in or just above the halocline region (from 100 -

200 m). Vinogradov (1968) saw a similar biomass minimum in the Western

Subarctic, and attributed it to a temperature minimum that is much

less pronounced at Station P (barely visible in Figure 2). This zone

was also avoided by the migrating stages of Sagitta elegans: during

the day their distribution extended from 200 - 400 m and at night

from the surface to 100 m. If temperature were the only cue for the

migration pattern, a hypothetical upper limit to the daytime distri-

bution could have been 100 m (base of thermocline). It would have



been desirable to have sampled between

which physical parameter most closely

Light levels were not measured, so the

and temperature is unknown0 Dissolved

between 300 and 400 m but there was no

89

100 and 200 m to determine just

orrelated with the distribution0

possible interaction of light

oxygen was less than 1 mi/i

obvious correlation to S

elegans' distribution, contrary to Alvariio's (1965) prediction0

Juveniles of Eukrohnia hamata were apparently indifferent to

the 100 - 200 m zone where they remained abundant0 The adults,

however, were restricted to 200 m and below. Marlowe and Miller

(1975) did not believe the gradients in salinity and oxygen in this

region could be biologically importantand suggest another explanation

must be found, such as a nitrite maximum. Banse (1964) also cited

this possibility of a layer of maximum nitrite concentration avoided

by zooplankton in the Northern Arabian Sea.

The 400 m depth appeared as another distributiQn boundary (the

lower limit for S. elegans, the upper limit for E. bathypelagica).

This zone was not obviously associated with any physical parameter

gradient.

Marlowe and Miller (1975) described the distributions of many

of the abundant copepod species and many of those less abundant as

broad- sometimes covering 400 or more meters. E. hamata had this

kind of distribution, but S elegans did not, either as juveniles

or at night for the migrating stages. It is tempting to speculate

that S0 elegans is more closely adapted to some factor that is

unimportant to most of the other zooplankton species at Station P.
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Feeding

Previous field studies of chaetognath feeding have not been able

to establish the relationship of F70 to variables in the environment,

particularly prey density, because a good description of the prey

distribution was not available0 En this study it was possible to

determine the relationship of F7. to prey densities reported by

Marlowe and Miller (1974, 1975). Marlowe and Miller (1975) found

that the highest biomass of zooplankton at Station P was found between

0 and 50 in with a peak at 25 in. A second but smaller peak occurred

between 200 and 300 m0 This measure of prey species density can be

compared to the feeding of the chaetognaths expressed in terms of F7..

It was clear from values of F70 that most of the feeding at

Station P occurred in the 0 - 50 m zone, the region of highest zoo-

plankton abundance and biomass. This was especially clear for

Eukrohnia hamata, which only had high values of F°?0 at 25 m0 The

correlation of high zooplankton density and high F70 was consistent

in the 25 75 in zone. Most of the E. hamata population was distri-

buted below the zone of maximum food abundance, yet specimens from

both in and below this zone were healthy looking and the population

was reproducing0 This species does not apparently require large

amounts of food. F70 was a consistent, low number below 75 m for all

age categories.

Sagitta elegans juveniles were found only in the upper 25 m, so

that no comparison of F7 in and out of the food rich zone was possible.

lIithin the surface zone the correlation of F°!0 to prey abundance was
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not as clear as it was for B. hamata. Both the highest and lowest

values observed were in the 0 - 10 m zone while at 25 m F70 had a very

small range. Most, but not all, day samples had higher values than

night samples. F°!. for this stage does not seem to be a simple func

tion of one variable and could be a function of both light and prey

abundance or of some other variable not measured0

For older stages of S. elegans the highest F70 values were during

the night at 25 m, the peak of zooplankton biomass. Usually the

replicates with higher copepod abundance had higher F70. The daytime

values of F070 from the deeper day distribution of these stages where

prey were less abundant were all lower0 Interpretation of the

daytime values for Stages I - II may be more complicated: there is

some evidence that little feeding occurred during the daytime, and

that stomach contents from these depths were the digesting remains

of the previous night's meal. Stage III S, elegans had low F70 at

all times and depths0 Apparently this stage fed infrequently on

large, less abundant prey species.

F7. might be used as a very rough measure of the size of the

daily ration of these chaetognaths, even though the digestion times

of prey species are not known and probably not the same for each

prey species. It is probably fair to say that S. elegans juveniles

ate more than E. hamata juveniles except at 25 m. Below 25 m

metabolic requirements were probably different. There are also some

morphological differences between S. elegans and E0 hamata that may

be indicative of differences in their ways of processing food and

differing food requirements0 E. hamata has characteristic (A1variio,
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1967) oil droplets in the mid-gut. These were present in the Sub-

arctic specimens at all stages of development, sometimes with partially

digested food particles imbedded in them. These oil droplets were

never observed in S. elegans, and, prey were always digested in the

rear portion of the gut, Dallot (1970) reported that the histology

of the gut differs between these two species. He identified two

groups of chaetognaths: those (including E. hamata) whose digestive

tract has very large vacuolated cells and those without such cells

(.. elegans).

Older stages, especially adults of both species, feed less

frequently but on much larger prey in terms of biornass, so that the

daily ration was not as small as the F7 indicates. For instance,

Calanus cristatus V dry weight is about three times greater than

C. plumchrus female and 12 times the weight of C. pacificus V (Omori,

1969). A single C, cristatus can be three times the dry weight of

Sagitta elegans and therefore represents a very large meal.

Although F7, is higher at higher prey density, in this and other

studies it is rarely more than 507,. This fits with Reeve, Cosper and

Walter's (1975) hypothesis that chaetognaths are adapted to get

their entire daily ration (or more) from very few, infrequently

encountered prey. Clearly they do not feed continuously. In a

50 liter aquarium (Feigenbaum and Reeve, 1976) with prey densities

of 20/liter, F7, values of 75 were recorded for adult S. hispida.

At 10 prey/liter, about the concentration of food at 25 m in the

Subarctic, they were 507,. Feigenbaum and Reeve (1976) use a mathe

matical model to show that this corresponding reduction of F7, could
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be accounted for if S. hispida only detects prey near its body.

This interpretation is supported by Feigenbaum and Reeve's (1976)

and Horridge and Boulton's (1967) observation that Spadella and S.

hispida would attack a vibrating probe only when it was closer than

2 mm0 Perhaps juvenile S0 elegans, similar in size to S0 hispida

adults, feed in the same manner (it had similar F70 values at 10 prey!

liter)

Prey Selection

The identification of prey species from the guts was very

successful0 Calculations such as electivities can be considered

fairly reliable because most prey were identified, except in some

cases for E0 hamata which were mentioned in the results section.

Oithona similis were by far the most frequently eaten prey spe-

cies, making up 837 of all prey consumed0 Their biomass is small,

however, and in terms of total Carbon consumed they were not as

important for older S. elegans as for younger stages. Small, nu-

merically abundant species were also important to E. hamata, En

general, the more numerically abundant a copepod species at the depth

where the chaetognaths were caught, the more frequently it occurred

in gut contents. There were small but significant deviations from

this pattern. The largest deviation was the selection of large prey

over small prey by older chaetognaths of both species. However, it

was still the more numerous large prey and usually at depths where

they were in maximum abundance, that were most frequently eaten0
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There was only one sample in the entire study in which older chaetog-

naths ate small prey at the frequency in which they occurred0

Smaller deviations from the general pattern were observed for

Stage 0, E0 hamata0 At all depths except 300 m Oncaea borealis and

other species of Oncaea were found more frequently in the guts than

expected from the abundances measured0 Oncaea borealis males were not

recorded by Marlowe and Miller (l975) However, they were recovered

from E. hamata guts. Those in the guts were small, measuring 0.126

mm wide0 Other Oncaea remains were recovered that were from small

species that could not be
identified0 It is possible that copepodites,

males, and small species were not adequately caught by the 0.183' mm

mesh net. Oithona similis copepodites are also small, 0.160 mm wide,

but because, of longer appendages may not have escaped the meshes of

the net so frequently.. If it is true that Oncaea spp. were not

adequately sampled, then the interpretation of the results would be

reversed: E. hamata were eating Oncaea spp. in the expected fre-

quency, while S. eleans Stage 0 were selecting for larger prey,

ignoring Oncaea spp. This is the more likely hypothesis in view of

the finding of similar selection by older S. elegans. Despite the

difficulty in interpretation of the data, it is certain that juveniles

of E. hamata and S. elegans behaved differently when feeding at the

same depths and in the same samples.

Sagitta elegans and Eukrohnia hamata occupied basically different

parts of the water column at Station P and presumably are adapted to

different conditions. Exactly what those adaptations involve cannot
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yet be concluded. For instance, it is possible that S. elegans

requires high food levels: food was as abundant at Station P as in

some neritic regions (Pearre, 1973). The juveniles stayed in the zone

of highest biomass and the adults migrated to this region each night0

However, the juvenile distribution also correlates vith temperature

and it may be that they have specific temperature requirements0

Although the adults did migrate into the zone of high biomass, it

was not clear that all adult feeding took place in the upper zone0

There have been many other hypotheses raised to explain dial migration

(McLaren, 1963), and the migrations of S. elegans may not be related

to food requirements0 Another behavior to be explained is the

selection for large prey. This could be viewed as an adaptation to

high food levels, an energetically advantageous behavior (Emlen,

1973). On the other hand it may be that Eukrohnia hamata is the more

highly specialized species0 It inhabits zones with low temperatures

and little food. It has the capability of detecting the smallest

prey available. The physiological mechanism involved in chaetognath

prey selection is not known and this precludes deciding which is

the more specialized species.
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APPENDIX I. Chaetognath abundance data. Values are number per 100 m3.
E.

Sagitta elegans Eukrohnia hamata bathypelagica

Sample Mesh Stage 0 I II III 0 I ii & iii

14C0-lOm .183 1295.38 65.71 2095 6.67 0 0 0 0
14C0-lOm .333 1126.56 47.00 8.70 13.06 0 0 0 0
llC'0'40m .333 568.00 0 0 0 0 0 0 0
3C0-lOm .333 2528.40 84.57 22.84 22.84 0 59.26 0 0
6C0-lOm .333 718.51 0 0 0 0 0 0 0

4A25m 333 905.82 95.77 34.49 50.79 71.90 19.05 0 0
14A25m .333 52.29 69.93 22.22 83.00 2070.00 300.00 0 0
6A25m .183 1328.00 0 0 0 44.00 0 0 0
6A25m .333 2613.33 0 0 0 52.00 0 0 0
11A25m .333 1001.00 0 0 0 860.00 20.00 0 0
11A25m .183 949.40 0 0 0 943.40 18.00 0 0
8A25m .333 428.00 0 0 0 404.00 0 0 0

3A50m 0333 92.00 9.00 30.00 31.50 1408.00 24.00 0 0
3A50m .183 164.00 20.00 27.50 38.50 2660.00 120.00 0 0
14A50m .333 0 1.12 1.68 10.05 2707.40 0 0 0
6A50m .333 0 0 0 0 1344.00 0 0 0
llA5Om .333 0 0 0 0 1896.00 8.00 0 0
llA5Om .183 0 0 0 0 2005.30 0 0 0

3A75m 183 0 50 4 50 32.00 - -- -- 0
3A75m .333 0 4.00 9.50 45.50 1400.00 120.00 0
4A75m .333 52 16.00 8.50 15.00 964.00 0 0 0
12A75m .333 0 0 0 0 1165.70 31.40 0 0
6A75m .333 0 0 0 0 1144.00 8.00 0 0

C



APPENDIX I. (Continued)

Sagitta elegans
Sample Mesh Stage 0 I EL III
3AlOOm .333 0 0 2.50 8.50
l4AlOOm .333 144.00 16.00 .50 7.50
8AlOOm .333 0 0 0 0
liAlOOm .333 0 0 0 0
3BlOOtn .333 0 0 0 0

3B200n .333 4 10.50 8.00 0
9B200n .333 0 0 0
6B200m .333 0 224.00 6000 8.00
llB200m .333 0 260.00 12.00 0

3B300m .333 0 0 0 0
l4B300m .333 0 3.00 .50 0
llB300rn .333 0 40.52 15.68 13.07
6B3OcYri .333 0 0 0 0

3B400m .333 0 4 0 0
l4B400m .333 0 0 0 0
llB400m .333 0 115.00 4.50 10.50
6B400m .333 79.00 7.00 7.50

l4B500m .333 0 0 0 0

6B500m .333 0 0 0 0

Eukrohnia hamata

0 I II&III

3572.00 192.00 0
1968.00 16.00 0
1397.90 8.00 0
1732.00 20.00 0

1748.00 768.00 156.00
1108.00 124.00 4.00
2360.00 1216.00 112.00
2372.00 940.00 0

196.00 108.00 360.00
1008.00 280.00 310.00

41.82 600.00 559.50
200.00 30.00 110000

12.00 4.00 24.00
0 146.00 120.00

136.00 212.00 148.00
200.00 59.00 28.00

64.00 0 56.00
60.00 0 72.00

bathypelagi ca
Iv
0
0
0
0
0

0
0
0
0

0
0
0
0

168.00
350030
208000

0

276000
184000

0




