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ABSTRACT

An assessment of the quantitative natural history ofPleurobrachia bachei A. Agassiz was made by
estimating growth rates, metabolic rates, distribution, abundance, occurrence of prey, predators and
parasites, population parameters, and net production. These were then integrated to give an indica
tion of the ecological significance of this animal in the plankton.

Rates of somatic growth and digestion of prey were observed in laboratory experiments and applied
to field data. A comparison of growth curves of P. bachei at 20° and 15°C showed development rates
from hatching to the same diameter which were 10-15 days faster at 20°C. In addition, a much higher
mortality of the ctenophores was observed at 20°C. Maximum growth rate coefficients on a daily basis
were 0.21-0.47 and were for 2.5- to 6.5-mm ctenophores (0.1-2 mg bodily organic weight). Studies
on the rates of digestion of six frequently ingested prey species by various sizes of P. bachei showed
marked differences between species. Although Labidocera was the largest prey offered, it was di
gested the fastest per unit weight.

The horizontal, offshore distribution of P. bachei postlarvae often showed maxima within 5 km
from the shore and decreased about tenfold by 10 km. Patterns of water movement in La Jolla Bight
were described as a prerequisite to the distributional studies. The near-surface current velocities
showed counterclockwise rotational motion over the submarine canyon complex of La Jolla Bay;
otherwise the water generally moved onshore and towards the north at speeds of about 5 kmJday. The
high abundances of the animal nearshore are believed to be caused in part by these water move
ments. The ctenophores occurred in the upper 50-60 m, living mostly in the upper 15 m in the day
and at about 30 m at night. The range of average abundances of postlarvae was from I,OOO/m2 and
1,000 mg organic matter/m2 in August to being nearly absent in December.

Hyperoche mediterranea, a parasitic amphipod, and Herve sp., a potential predator, showed pat
terns in seasonal abundance similar to that of P. bachei postlarvae, except that H. mediterronea was
absent in winter and spring. The higher frequency of occurrence of endoparasites with larger sized
hosts and few multiple infections suggests that the parasites are adapted to prevent overexploitation
of hosts. The stomach contents of postlarvae showed a pattern of larger prey in larger ctenophores,
and within some prey species increasing frequency of occurrence in larger ctenophores was observed,
e.g., Acartia tonsa. The diel and seasonal variations in stomach contents were also considered. Prey
selection by P. bachei may be determined by the following attributes of prey: density, size, avoidance
and escapement behavior, strength and protective spination.

Size-specific instantaneous mortality rates, the mean schedule of live births, and somatic growth
rates were used to estimate population parameters and compute rates of net production. The highest
rate of population growth was 0.02 on a per day basis, which would enable a population doubling in
about 35 days. The first 50-100 eggs laid by young postlarvae are most important to replace the
population. The mean and range of annual net production by postlarval P. bachei are 5.24 and
2.32-7.65 g organic matter per square meter; mean values for eggs and larvae are 0.08 and 0.10 g/m2 ,

respectively. The mean annual net production of all stages is 5.4 g/m2 , with 95% confidence limits for
the mean being 4.4-6.5 g/m2 .

The ecological significance and functional role of P. bachei are as: 1) a seasonally dominant
carnivorous zooplankter which preys selectively on small crustaceans and may regulate their abun
dances; 2) a vehicle which provides shelter and nutrition for parasites and; 3) an organism which
transfers a substantial amount of organic matter and potential energy in the food web of La Jolla
Bight.

Ecological studies may be grouped into four
categories, depending on the level of complexity
being considered: 1) single individuals, 2) single
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species populations, 3) communities, and 4)
ecosystems. The long-term objective in ecology is
the description of ecosystems. More specifically,
two important objectives in studies of ecosystems
are: the elucidation of complex interactions be
tween species in a food web and the understanding
and prediction of the dynamic processes that occur
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in this web. To obtain this information, one ap
proach is the investigation of basic trophic rela
tionships among the various developmental
stages of different species in the food web (e.g. for
herring, Hardy, 1924) and the quantitative mea
surement of matter or energy transferred along
these paths (e.g., for a lake, Lindeman, 1942).
From the four categories of complexity I chose to
study Pleurobrachia bachei A. Agassiz at the
single species population level. I have attempted
to integrate three basic aspects of the population
ecology ofPleurobrachia into a study of its quan
titative natural history: 1) the structure ofits food
web, 2) the population parameters and attributes
which most affect the population growth rate, and
3) the trophic-dynamic aspect ofthe quantitative
transfer of organic matter. In previous work
(Hirota, 1972) the culture and metabolism of P.
bachei have been described.

Studies on the trophic-dynamics of marine
planktonic food webs have concentrated on the
measurement of primary production and the fac
tors which influence its level. Mullin (1969) sug
gested that similar production studies of total zoo
plankton or of single species are few, because no
simple, direct methods exist for the measurement
ofsecondary production in situ. He stated that two
basic approaches exist for these studies: the
laboratory "carbon balance" study and the popula
tion dynamics approach. A somewhat more direct
measurement could be made as a modification of
the approach used in lakes by Haney (1971). In
situ population feeding rates (measured using
food particles labeled with isotopes) multiplied by
the population gross growth efficiency is the rate
ofnet production. This method has the advantages
of being more direct and made in nature, but it is
impractical for complex marine plankton com
munities with their numerous and relatively
large, mobile species. It also requires detailed
knowledge of factors which affect gross growth
efficiency.

Most marine planktonic species are not amena
ble to culture in the laboratory for entire life cy
cles, and results of laboratory experiments may
fail to represent accurately activity in nature.
Present field sampling techniques and variability
in plankton studies are often such that it is neither
possible to obtain sequential samples from the
same target population nor calculate the rates of
biological activity. In spite ofthese difficulties and
such severe limitations (Hall, 1964), more and
better data are needed in different ecosystems
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from their functionally distinct component species
before a clear understanding of the structure and
dynamics offood webs is obtained and generaliza
tions of predictive nature concerning the systems
can be made.

Studies on the population dynamics and produc
tion of marine zooplankton (reviews by Mann,
1969 and Mullin, 1969) almost exclusively pertain
to "herbivorous" calanoid copepods. At present lit
tle information exists on the production rates of
carnivorous marine zooplankters (McLaren, 1969;
Petipa, Pavlova, and Mironov, 1970; Sameoto,
1971), and the study of Sergestes lucens (Omori,
1969) is one with the supportive catch data of a
commercial fishery. The lack of data for higher
trophic levels is in part the result ofan inability to
culture and maintain delicate or large, mobile
forms. Nearly all laboratory data on the
long-term metabolism and life cycles ofzooplank
ton species come from successful rearing of one or
more generations of facultative herbivorous
copepods (see Hirota, 1972 for references). Hamil
ton and Preslan (1970) and Gold (1971) have cul
tured ciliate protozoans.

The genus Pleurobrachia (Tentaculata, Cydip
pida) includes about 12 species (see Ralph and
Kaberry, 1950 for the most recent summary of the
species), some of which may be synonymous. The
current taxonomic status of the synonymies in
this genus is uncertain, because there are few sets
of general characteristics which have been set up
as important for the separation of species. In par
ticular, some possibly distinct species have been
grouped with the boreal species P. pileus O.
Muller of the North Atlantic. One of these, P.
bachei, is the boreal form which inhabits the
Pacific coast of North America from Puget Sound
to San Diego. This species is believed synonymous
with P. pileus, based on the works ofMoser (1909)
and Mayer (1912). However, I agree with Torrey
(1904), Bigelow (1912), and Esterly (1914) thatP.
bachei is a distinct and separate species. This dis
tinction is supported by work in progress on the
differences between these two forms in both
meristic and metric characters (Hirota and Greve,
unpubl. data).

Studies of spatial distribution, vertical migra
tion, seasonal variations in numerical abun
dance, and natural history in the planktonic
ctenophores have provided some data on natural
populations, but information on population
dynamics and rates of production are especially
needed. Patterns ofthe geographic distribution of
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Pleurobrachia species and other ctenophores
have been described (Moser, 1909; Mayer, 1912),
but no attempt was made to relate abundance
quantitatively to geographic location. Only a few
workers have studied vertical distribution of
ctenophores (Esterly, 1914; Russell, 1927;
Alvaririo, 1967; Rowe, 1971) and only the study of
P. pileus in Kaneohe Bay, Oahu (Rowe, 1971)
could show that diel vertical migration occurs.
Pleurobrachia pileus in Kaneohe Bay follow the
"normal" pattern for zooplankton with the
ctenophores living at depth during the day and
moving up near the surface at night. However,
the vertical displacement of the migrants was
only on the order of 10 m because the bay is very
shallow. More is known about quantitative sea
sonal changes in numerical abundance of P.
pileus (Wear, 1965; Fraser, 1970; Greve, 1971)
and P. bachei (Esterly, 1914; Parsons, LeBras
seur, and Barraclough, 1970). There are also
numerous qualitative reports of ctenophore
Swarms in coastal waters (Chopra, 1960; Ra
jagopal, 1963; Fraser, 1970). Fraser (1962, 1970)
reviewed the role of ctenophores and salps in
marine food webs and their natural history.
Greve 0970, 1972) provided laboratory studies of
the effects of temperature, salinity, and food on
growth of P. pileus and a field study (Greve,
1971) of variations in abundance ofP. pileus and
two of their predators, Beroe gracilis and B.
cucumis. These studies did not relate seasonal
variations in abundance to rates of population re
cruitment, growth, mortality, net production, or
advection.

In order to describe the quantitative natural
history of P. bachei as outlined above, it was
necessary to sample natural populations and to
carry out laboratory experiments. The field work
was needed for data on the food web and for de
mographic purposes, and the laboratory data
were used to calculate metabolic rates which
could not be measured from field samples.
Metabolic rates measured or calculated from in
dividuals reared from eggs to adults in the
laboratory were applied to field populations. Pre
liminary field studies were then made of the var
iations in abundance ofP. bachei as a function of
distance from shore. The vertical distribution was
determined by sampling with opening-closing
bongo nets (McGowan and Brown, 19662) while

2¥cGowan, J. A., and D. M. Brown. 1966. A new opening
61081ng paired zooplankton net. ScripJlfl IDllt. Oceanogr. Ref.

6-23. (Unpubl. Manuscr.)

tracking parachute drogues in those locations
where ctenophores were most abundant. From
the data on water movement and the horizontal
and vertical distributions of P. bachei, sampling
stations and sample depths (the maximum depth
to which a net sample is taken) were allocated for
a study 'of spatial and seasonal variations in
numerical abundance, standing stocks and net
production. Size or stage-specific instantaneous
mortality rates were calculated from the ob
served size-frequency distribution in field sam
ples and development rates calculated from
laboratory growth data. Standing stocks per unit
area of sea surface were calculated as the sum
mation of the organic weight (ash-free dry
weight) of all individuals in a sample multiplied
by the ratio of maximum sample depth to the vol
ume of water filtered. The organic weights were
estimated from regression equations of bodily
weight on bodily diameter. Rates of net produc
tion per 24-h day were calculated from the esti
mated standing stocks of each stage and the
stage-specific instantaneous rates of mortality
and growth on a daily basis. For a given set of
stage-specific instantaneous mortality rates, and
using the mean schedule of live births derived
from laboratory data, the following population
parameters were calculated: T, r, d, b, C x. which
are the generation time, instantaneous rate of
natural increase, death and birth rates, and sta
ble age distribution, respectively. More than
12,000 specimens of P. bachei were counted and
measured during the seasonal study, of which
1,352 postlarvae in 10 size classes contained par
tially digested food organisms and 1,007 postlar
vae contained internal parasites of the hyperiid
amphipod, Hyperoche mediterranea. Attempts
were made to quantify changes in the absolute
numbers and the proportions of various prey
categories with changes in bodily size of P.
bachei. A study of the seasonal variation in num
bers of parasites, percent hosts parasitized, and
the frequency distribution of numbers of para
sites per host and percent hosts parasitized at dif
ferent host sizes is also presented.

GROWTH IN CULTURE AND
METABOLIC RATES

Methods

Techniques for the laboratory culture of P.
bachei at 15°C have been described previously
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(Hirota, 1972); culturing has also been done at
20°C to examine the effect of temperature on
growth rates. The rates at which different prey
species were digested were measured in the
laboratory in order to make corrections for preda
tion by P. bachei on the most abundant crusta
ceans during field sampling with nets (Judkins
and Fleminger, 1972, discuss feeding by Sergestes
in nets).

Six ctenophores were cultured from eggs at 20°C
and about 20 I1g C/liter as prey for the adult
ctenophores in order to evaluate the effect of
temperature on growth rate (the surface tempera
ture in summer is about 20°C). The basic tech
niques were the same as described previously
(Hirota, 1972, Table 1), except that adult
Paracalanus parvus replaced Artemia nauplii as
food for 2- to 3-mm ctenophores. In this manner,
it was possible to raise ctenophores without "arti
ficial" foods ofany kind and instead raise them on
prey species which they utilize in nature. In addi
tion, antibiotics (streptomycin sulfate and penicil
lin G each at concentrations of 50 mg/liter) were
added after 4 wk ofculturing at 20°C when several
specimens appeared very weak or moribund.
When changes in bodily diameter indicated that
the last two specimens might also die, the experi
mental temperature was changed back to 15°C to
determine whether or not recovery might occur
and whether the mortality effect was due to lethal
temperature.

In order to determine whether or not a prey spe
cies found in the gut of Pleurobrachia sampled
with nets was eaten prior to or during capture, a
number of observations were made of the rate at
which five prey species were ingested and digested
after initial entanglement with the tentacles. The
time elapsed to achieve one of four scores was
recorded during observations with a dissecting
microscope through the transparent bodily wall of
the ctenophore. These scores are: (4) the prey en
ters the mouth and is in the distal half of the
stomach; (3) the prey is moved into the proximal
half of the stomach but no digestion of the prey is
indicated; (2) the prey is being digested and as
similated, as indicated by less than 10% of the
bodily tissues clearing and the occurrence of prey
tissues in the aboral, transverse, and pharyngeal
canals; (1) the prey is almost fully digested and
assimilated, as indicated by transparent skeletal
remains (crustacean exoskeletons are not di
gested) and the presence of digested tissues
throughout the canal network. The elapsed time
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to achieve a given score was then compared to the
maximum time period a prey organism was at risk
in the net sample with the ctenophores. This time
period is the elapsed time from the start of the tow
until preservative was added to the sample jar.
Those prey found in the ctenophore stomachs
whose score required more time than the max
imum period at risk are presumed to have been
eaten in nature prior to capture by the net.

Results and Discussion

The growth curve of bodily diameter up to 6 mm
at 20°C indicates similar patterns as is the case for
15°C (Hirota, 1972, Figure 1), except that the de
velopment rates to the same bodily diameter are
10-15 days faster at 20°C (Figure 1). The other
important differences are: 1) very much higher
mortality rates at 20°C than at 15°C, 2) 60% mor
tality despite the addition ofantibiotics on day 29,
and 3) the recovery and prolonged growth and sur
vival of two specimens after the temperature was
lowered to 15°C from 20°C when growth had
ceased at 20°C. Note that there is a lag of over a
week before the apparent effect of lowered tem
perature is indicated by a response in bodily diam
eter. The significance of the effect of temperature
on growth rate will be discussed below.in relation
to the stratification of water temperature in na
ture, the diel vertical distribution of the
ctenophores, and the effect of these distributions
on seasonality in the standing stocks and net pro
duction of the ctenophores.

Using the data for growth in bodily diameter at
15°C (Hirota, 1972, Figure 1), it is possible to cal
culate rates of growth in bodily organic weight
from regressions of organic weight on bodily
diameter (Figure 2). A curve for the mean growth
in organic weight and the ranges for weight at a
given age and age at a given weight are shown in
Figure 3. The mean growth rates are highest from
0.1 to 2 mg (2.5 and 6.5 mm diameter, respec
tively); the exponential growth rate coefficients on
a daily basis are 0.21-0.47. Below 0.1 mg and over
2 mg the exponential growth rates are slower, the
values being 0.12-0.17 and 0.04-0.17, respec
tively. The range for weight at a given age is about
tenfold and for age at a given weight about 15
days.

The rates of digestion of five prey species are
shown in Table 1. These data show that undi
gested prey present in ctenophore stomachs
(scores 4 and 3) can be ingested during a 0.3- to
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FIGURE I.-Growth in bodily diameter of Pleurobrachia bachei
at 20'C, expressed as a function of age in days. Each symbol
represents measurements of a different individual. The point
indicated by AB refers to the starting date with antibiotic addi
tions and the points indicated by 15'C refer to change of the
experimental temperature from a constant 20'C to a constant
15'C. All ctenophores died after the last observation shown for
each individual, except that one which was still alive after SO
days.
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Paracalanus and each of these faster than either
Corycaeus or Penilia. Part of the cause for the
delay in digestion of Corycaeus and Penilia
relative to the above-mentioned calanoid
copepods is the protective spination. In addition to
stout furcal spines, caudal rami, and very sharp
projecting corners of the last thoracic joint,
Corycaeus has a large, smooth cephalothorax
which encloses much ofthe bodily tissues and may
retard penetration of digestive enzymes. The spi-

FIGURE 2.-The relationship between bodily organic weight and
bodily diameter ofP. bachei on a double logarithmic scale. The
open circles represent data on field-collected ctenophores from
La Jolla, Calif.; the triangles represent data on laboratory cul
tured ctenophores; and the diamonds and squares represent data
on ctenophores grown in the deep tank facility at Scripps Institu
tion during experiments 1 and 2, respectively. The lowest four
values are calculated from determinations of organic carbon. In
the equations the upper line is for ctenophores larger than 3 mm
and the lower line for those smaller than 3 mm. In both equations
W = log 10 (bodily organic weight in milligrams) and D = IOgIo

(bodily diameter in millimeters).
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5-min period at risk while both the predator and
prey are being sampled by nets. Partial or fully
digested states (scores 2 and 1), however, required
more than 9 and 15 min, respectively. Prey of
SCores 2 and 1 in ctenophore stomachs are, there
fore, very likely to have been ingested by
ctenophores prior to capture by nets in samples of
short duration (i.e., less than 5 min). Only prey of
these scores were used in the study of stomach
analyses presented below, unless the prey were
too small to be retained by the O.363-mm meshes
ofthe net and, therefore, were not at risk to preda
tion during the sampling. Examples ofthese smal
ler prey species not at risk are nauplii of Acartia
and all stages of Euterpina acutifrons, a copepod
of 0.7 mm length.

Measurements of the organic weight of six
species of "important" planktonic marine crusta
ceans in La Jolla Bight are given in Table 2. The
first four species are copepods and the remainder
are cladocerans. Note that for adults, Labidocera
is tenfold larger than Acartia and Evadne and
about twentyfold larger than Paracalanus,
Corycaeus, and Penilia.

A trend exists in the data for scores 2 and 1 when
the respective medians for the elapsed time to
achieve these scores are expressed per unit bodily
organic weight for each prey species (Table 1).
Labidocera trispinosa is the most easily digested
prey per unit bodily mass although it is the
largest. Acartia is digested slightly faster than
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nation causes great difficulty for the movement of
this prey into the proximal half of the gut where
digestion occurs. For example, the median time for
score 3 ofAcartia is significantly shorter than the
corresponding median ofCorycaeu8 as determined
by a V-test (P<0.05). Similarly, the rigid bifur
cate rostrum, caudal spines, and denticulate
carapace ofPenilia are often hooked into the gut
wall of the ctenophore and delay passage of the
prey to the site ofdigestion. Contrary to this delay
in the passage ofCorycaeu8 andPenilia, the rela
tively smooth-bodied calanoids are translocated
quite easily by peristalsis ofthe gut. More detailed
studies might indicate differences in the integu
ment to penetration by the digestive enzymes or
perhaps differences in the specificity of the en
zymes for protein or lipid components of the sub
strate.

FIELD ECOLOGY OF P. BACHEI

Study Area and Previous Plankton Work

10
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The study location is La Jolla Bight (long.
117c20'W, lat. 33CN), including the coastal waters
(hereafter coastal waters refers to that area
bounded by the shoreline and a line parallel to it
out to a distance of about 8 km) south to Point
Lorna and north to Oceanside (Figure 4). The
major physiographic features of the area are: 1)
Point La Jolla, which extends about 2 km west of
the shoreline at Scripps Institution and forms the
southern boundary of La Jolla Bight; 2) two sub
marine canyons (La Jolla and Scripps Canyons) in
La Jolla Bight which bring water over 100 m deep
within 2 km of shore; 3) numerous kelp beds lo
cated both north and south of Point La Jolla gen
erally in 1~ to 2~mdepth and extending out to 1
km from shore. The area is not strongly influenced
by precipitation and runoff, so that seasonal and
annual variations in salinity are within 32-34 %0
(Fager, 1968). The range of sea-surface tempera
ture is 14-21cC annually and approximates the
temperature difference between the surface and
50 m in July (Mullin and Brooks, 1967). The tides
are of a mixed semidiumal type with a diumal
inequality and total daily range that change twice
each month. Within a given month the maximum
daily tidal range is about 2 m and the minimum
about 1 m. Wind velocities are highly variable;
storms with wind speeds greater than about 7 mls
generally come from the southwest to the north
west quadrant. Santa Ana winds blow occasion-
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FIGURE 3.-Growth in bodily organic weight of Pleurobrachia
bachei at 15'C during the second laboratory generation, expres
sed as a function of age in days. The values for bodily organic
weight at different ages were calculated from the observed
growth in diameter and a regression oforganic weight on diame
ter. The horizontal and vertical bars indicate the ranges for age
at weight and weight at age, and the numbers in parentheses are
the number of specimens observed in the data.

ally from the northeast in fall, and diel variations
in wind velocities predominate in the east-west
directions.

Previous plankton work in the study area in
clude the extensive phytoplankton work of Allen
(1928, 1941), the California Cooperative Oceanic
Fisheries Investigations programs, and the plank
ton study off La J olIa by the Food Chain Research
Group (Strickland, 1970). In general these previ
ous studies provide basic information on species
lists and levels of abundance and variability of
phytoplankton, microzooplankton, and macrozoo
plankton. In these coastal waters, however, very
little information is available on the patterns of
water circulation, variations in abundance of or
ganisms in relation to variations in the physical
parameters (e.g., tidal motion, wind velocities
etc.), or the organization and interaction of the
species which inhabit this coastal region.
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TABU: I.-Rate of digestion experiments at 20°C for individual adults of five prey species and
various sizes of Pleurobrachia bachei. Medians and ranges are given for the diameters of the
ctenophores used in the trials and for the elapsed time in minutes from the prey entanglement with
the tentacles until each score of digestion is achieved. The values in parentheses are the medians
for the elapsed time to achieve scores 2 and 1divided by the bodily organic weight ofeach respective
prey. Refer to the Methods for details.

FIGURE 4.-The study area: La Jolla Bight and adjacent waters.
Sampling stations 1-5 and 6 are located 1.6 and 10 km offshore,
respectively. The juncture of Scripps Canyon with La Jolla Can
yon is near station 5. The depth contours are in fathoms.

Diameter Score of digestion

(mm) Prey Trials 4 3 2

Md 10.9 Labidocera 1.00 2.67 20 46
W 7.6-12.4 trispinosa 0.42-2.84 1.58-8.50 14.5-35 37->60

(0.23) (0.53)

Md 6.4 Acartis 12 0.50 1.83 15 25
W 2.Q..11.7 tonsa 0.25-150 0.92-3.00 10-29 18-45

(2.08) (3.47)

Md 72 Paraca/anus 9 1.00 2.29 12 21
W 2.Q..11.7 parvus 0.25-2.00 1.00-6.00 9-27 15-37

(3.16) (5.53)

Md 7.5 Corycaeus 0.33 3.0 16 30
W 4.Q..10.3 angUcus 0.04-1.50 10-6.0 9->35 18-37

(5.3) (10.0)

Md 8.0 Penilia 4 1.83 4.8 >40
W 5.4-12.0 8virostris 0.42-2.84 0.83->9 21->50

(10.1)

TABLE 2.-The mean and range of organic weight of six prey
'0' II?C 20 '0'

species of Pleurobrachia bachei. F, M, A, CV, and J refer to
females, males, adults, fifth copepodids and juveniles. respec- 0CfANSIDE
tively. (('

'0' '0'

Prsy catsgory
Mean Range Number of
(I'g) (I'g) observations

Labidocera
trispinosa F 88 85-94 3

M 86 83-89 2
CV 29 1

Acartia
tonsa A 7.2 6.2-7.9 8

Paracalanus
parvus A 3.8 3.7-3.8 2

Corycaeus
anglicus F 2.2 1

M 3.4 3. Q..3. 5 3

Penilia
aVirostris A 3.6 3.3-4.0 3

J 1.2 1.1-1.2 2

Evadne
tergestina A 7.4 6.8-8.2 3

The three main physical parameters considered
in the course of the field studies are current veloc
ity, water temperature, and tidal stage. Current
velocities in La Jolla Bight were measured on five
OCcasions between November 1969 and June 1970
by tracking surface floats attached to parachute
and "vane" drogues (vane drogues were made of

Methods
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parachute silk attached to a wooden frame, creat
ing three intersecting planes normal to each
other; each plane covers about 9 m2) set at depths
in or near the thermocline (about 15--m depth).
During the field studies surface temperatures
were measured by bucket thermometer to the
nearest O.l°C, and the vertical distribution of
temperature was measured by mechanical
bathythermograph (BT) or salinity-temper
ature-depth recorder (STD). Tidal heights for the
time of particular events are taken from tide cal
endars for predicted tides by the U.S. Coast and
Geodetic Survey for La Jolla.

For studies of the offshore and seasonal dis
tributions of P. bachei two types of nets were
used. The net to collect postlarval ctenophores
(i.e., ctenophores larger than 0.5 mm in diameter)
is a ring net of 0.5 m diameter and 0.363--mm
mesh apertures. This net was used for oblique
sampling. The second net is a 0.17-m diameter
ring net of 0.035--mm mesh apertures equipped
with a 20-cm metal collar that attaches the net
onto the wire. This net was towed vertically, and
it was used for sampling the eggs and larvae of
Pleurobrachia and the smaller zooplankters
which were available as prey but not sampled
quantitatively by the 0.363--mesh net. Both nets
were equipped with a calibrated TSK (Tsurumi
Seiki Kosakusho) flowmeter3 to measure volumes
of water filtered.

Two studies of the vertical distribution of P.
bachei were made, the first during 3--6 November
1969 and the second during 22 May-1 June 1970.
In both cases, 0.7-m diameter paired,
opening-closing bongo nets with mesh apertures
of0.053 and 0.153 mm were used. In each vertical
profile of abundance, four to six depth intervals
were sampled at 10- to 20-m intervals for shal
low depths and at greater intervals below 50 m.
Thus, a set of four to six pairs of samples com
prised each vertical profile. The volumes of water
filtered were between 5 and 50 m3 , as determined
from calibrations of numerical settings on the net
release gear against the calculated cubic meters
of water filtered using a TSK flowmeter.

In all cases net samples were preserved with 10
ml of 40% formaldehyde solution, buffered with
calcium carbonate, in about 750 ml of seawater.
This solution is about 0.5% formaldehyde. Pre
liminary experiments with preservation of

"Reference to trade names does not imply endorsement by the
National Marine Fisheries Service.
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Pleurobrachia showed this to be the best concen
tration and type of preservative. Relatively small
changes occur in length frequencies of P. bachei
after 27 mo in this preservative (Table 3).

A preliminary survey of the horizontal, offshore
distribution (the distribution of numerical abun
dance of Pleurobrachia in samples taken at in
creasing distances from the shore) was made on 28
August 1969. Samples were taken at 10 stations
with closely spaced intervals out to 11 km from
shore off Scripps Institution. Results of this study
showed that the ctenophores occurred in highest
abundances within 3 km of shore.

Samples were taken in the following manner
during the two field studies of the vertical and
offshore distributions of P. bachei mentioned
above. In both studies of vertical distributions,
about 10 sets of four to six pairs of samples were
taken alongside or between parachute and vane
drogues. Each sample set permitted the descrip
tion of abundances at various depth intervals for
one time of the day. In the study ofNovember 1969
the offshore distribution sampling consisted of six
transects of stations perpendicular to shore. The
transects were about 3--8 km apart, beginning off
Del Mar and ending offPoint Lorna. Each transect
consisted of three or more stations located between
1 and 13 km from shore. In the second study the
offshore distribution sampling consisted of two
transects of seven and nine stations out to 50 km
from shore. In all offshore distribution studies rep
licate samples were taken at each station except
in five cases where time prohibited it or second
samples were lost.

TABLE a.-Changes in size-frequency distribution of Pleuro
brachia with duration in 2% Formalin-seawater preservative.
Samples A and B were analyzed 16 and 12 days after sampling,
respectively, and a second time after 27 months 88 indicated in
columns A' and B'. The variable indicated is the number of
occurrences of each size class. One specimen in sample A was
lost.

Mean
diameter A A' 8 8'(mm)

'I. a a 1 a
1 1a 1a 64 69
2 28 24 28 28
3 23 23 17 15
4 12 11 3 1
5 5 4 1 2
6 11 14 4 3
7 5 6 1 3
8 6 8 2 a
9 2 1 1 1

10 2 2 2 2

11 0 4 0 0
12 5 1 a a
13 2 2 a 0
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From 8 March to 1 May 1970 sampling for the
seasonal variations in the coastal plankton was
done at stations located between Del Mar and
Scripps Institution 1-3 km from shore. Results of
the study of current velocities during 22 May to 1
June 1970 indicated that the plankton were ad
vected northward on the order of tens of kilome
ters per week. Therefore from 18 June 1970 to 2
June 1971 the sampling stations for seasonal vari
ations in the coastal plankton were changed to
those six stations in Figure 4. Five stations are
located 1.6 km from shore about 8 km apart be
tween Oceanside and Scripps Institution, and the
sixth station is located about 8 km beyond the
station off Scripps. Replicate samples were taken
at stations 1-5 with each of the two kinds of ring
nets described above. Samples with only the
0.363-mm mesh net were taken at station 6.
Analysis of the 0.363-mm mesh net samples, as
described below, was carried out on samples at all
stations from 8 March through 29 August 1970
(this period includes the seasonal maximum in
abundance). From 29 August 1970 to 2 June 1971
mainly samples from stations 1, 3, 5, and 6 were
analyzed once it became apparent that the varia
tions between the five stations parallel to shore
could be about as well accounted for by variations
at stations 1, 3, and 5.

Samples were taken on two occasions for special
studies related to the diel variation in predation
by Pleurobrachia, their stomach contents in net
tows of short duration and their selectivity ofprey
species with which they co-occur. During a field
stUdy from 23 to 27 July 1971, five sets of tripli
cate samples were taken with the 0.5-m net of
0.363-mm mesh in the upper 50 m off Del Mar.
Three of these sets were taken at midnight and
two sets at midday. All samples were sorted and
counted as described below. The ctenophores were
measured and the stomach contents identified to
determine whether diel variations exist in: 1) the
proportion of ctenophores which contain prey and
2) the numbers and kinds of prey which occur in
stomachs during the day and at night. This study
is important because all other information about
the stomach contents of P. bachei during the sea
sonal study were derived entirely from samples
taken between 0900 and 1600 h. On 25 August
1970 a pair of samples was taken at the surface
with the 0.363-mm mesh net on station 5 at
1500 h. The tows were for 60 s duration and the
maximum period which prey were at risk is 95 s.
Samples were sorted and counted and the stomach

contents of ctenophores identified for: 1) compari
son of these prey species to other data from field
samples oflonger sample durations and periods at
risk, and 2) calculations of the electivity indices of
prey on a numerical and organic weight basis.
Counts were made ofall zooplankters in 2.5% sub
samples of each net tow, and the proportions of
prey in stomachs and in the net samples were used
to calculate electivity indices (Ivlev, 1961).

Whole samples ofeach oftwo replicates per sta
tion taken with the 0.363-mm mesh net were
sorted at 6-12 x magnification under a dissecting
microscope, and all postlarval ctenophores were
counted and measured in polar diameter with an
ocular micrometer. These procedures apply to all
field samples taken for the offshore distribution,
seasonal distribution, and special sets of samples
taken for the analysis of diel variations in feeding
and prey selectivities. For the sets of samples
taken during the seasonal study, postlarvae ofone
or the other replicate sample selected at random
were dissected and the contents of stomachs iden
tified and given one offour scores described above.
All specimens were examined if there were less
than about 100/sample, but during a few periods of
high abundances subsamples of about 50 speci
mens were taken. For each of 30 sampling dates
between 8 March 1970 and 2 June 1971, data on
stomach contents of about 100 specimens were
obtained, except on those dates with very few
specimens captured in all samples lumped to
gether. For these same ctenophores which were
measured and dissected, counts were also made of
the numbers oflarval and early juvenile stages of
the facultative endoparastic amphipod, H.
mediterranea. Also enumerated in these samples
of the seasonal study were the numbers of adult
and late juvenileH. mediterranea, which were not
attached to ctenophores, and the numbers of
Beroe sp.

Each replicate sample of the eggs and larvae
of P. bachei taken at station 5 with the 0.035
mm mesh net was concentrated to 400 ml by
settling overnight, siphoning off the excess
water and transferring it to a graduated cylinder.
Each of two subsamples of 20 ml was removed
by Stempel pipet, examined under 12-25 x
magnification and the numbers of eggs and lar
vae counted. Numbers per square meter of sea
surface were calculated as ten times the total
numbers in both subsamples times the ratio of
the sample depth in meters to the volume of
water filtered in cubic meters.
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52'

17'

17' 15'

Dale Time HeiQht,cm
3 1630 134

2324 21
4 0606 146

1200 67
1730 137
2354 21

5 0630 159
1236 46
1818 140

6 0018 24
0648 175
1306 21
1906 143

32· 52'

32· 52'

17'

LA JOLLA

IS'

54'

52'

FIGURlI: 5.-Trajectories of two drogues during the field study of 3-6 November 1969. Observed
positions of the drogues are indicated by the open circles, and the date and time of the triangulation are
indicated by the one-four digit sequence of numbers near the circles. The date and predicted time8
(Pacific standard time) and heights of tides in centimeters are given in the inset.

Estimates of the standing stocks of food avail
able to P. bachei were obtained from counts ofprey
taxa in subsamples of the 0.035-mm mesh net
samples at station 3, the centrally located station
(Figure 4). These pairs of replicate samples were
treated in a manner similar to the counts of
ctenophore eggs and larvae, except that counts of
all zooplankters were made in a 5-ml subsample
of a 50o-ml sample. Over 100 specimens were
counted in each subsample. The counts ofnumbers
were converted to mass of organic carbon using
the data from six species (Table 2) which fre
quently occur in these waters, data in the litera
ture, and approximations by proportions of body
volumes relative to the known mass of species for
which data exist.

Counts of ctenophores in samples for vertical
distribution studies were made as follows. First,
all large ctenophores which could be seen by the
unaided eye were removed with pipets from one of
the pair of bongo net samples selected at random.
When no further specimens could be found by eye,
subsamples of 5-12.5% of the whole sample were
taken by Stempel pipet or Folsom splitter and
examined under 12-25x magnification for all
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sizes of ctenophores, including larvae and eggs.
The diameters were measured as described above.
Numbers per cubic meter were calculated by ap
propriate corrections for subsample fraction and
volume of water filtered.

Results

Physical Parameters and Distribution
of Pleurobrachia

Patterns in the currents of La Jolla Bight ap
pear to be affected by: 1) the configuration of the
coastline (especially in the Point La Jolla-La Jolla
Cove complex, 2) the bottom topography and
bathymetry in the La Jolla Canyon-Scripps Can
yon complex, and 3) the surface tides. During the
first field study in November 1969 a pair of
drogues drifted toward Point La Jolla, paralleling
the axis of La Jolla Canyon during an ebb tide
(Figure 5). Both changed directions several times
over La Jolla Canyon and made a complete coun
terclockwise rotation before moving northward
nearly parallel to shore. Note that the rotational
motion and major changes in direction occur over
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DATE TIM[ I-£IGHT,cm
MAR, 12 0654 9

1306 95
1736 64

13 0024 159
0818 18
1542 82
1736 79

14 0124 146
1006 19

15 0306 140
1130 9
1906 107
2248 9!:i

'-/800

DATE TIME I-£IGHT,cm

APR 4 0754 177
1406 -18

05-1800 2018 186
5 0230 -18

0836 171
1436 -6
2048 195

FIGURE G.-Trajectories of drogues during studies on 12-15 March and 4-5 April 1970. Observed
positions of the drogues are indicated by open circles, triangles and squares, and the date and time of
the triangulation are indicated by the one-four or two-four digit sequence of numbers near the
symbols. The respective dates and predicted times (Pacific standard time) and heights of tides in
centimeters are given in each inset.

or near La Jolla Canyon. The surface tides as
sociated with the commencement of the rotational
motion were slack ebb tides, and completion ofthe
loops during rotation occurred during flood tides.
From 1800 h 3 November until 2300 h 4 November
wind speeds were less than 3 mls with variable
direction. From 0240 h 5 November until 0600 h 6
November the winds increased to a steady 3-5 mls
from the south southeast to south southwest. The
northward drift of the drogues after 0400 h 5
November may have been a response to changes in
the wind velocity. Some changes in direction oc
curred on the northward drift of the drogues once
they Were beyond the submarine canyon complex,
but these were relatively slight. While the
drogues were over shallow water, the mean drifts
W~re slightly onshore during flood tides and
slIghtly offshore during ebbs. The net eastward
drift was about 0.3 km and the westward drift
about 1 km relative to a line true north at 0400 h 5
November.

During two other drogue studies on 12-15
March and 4-5 April 1970 drogues were tracked
for 1 to 2 days. The study of March 1970 provided
the best information associating the surface tides
with changes in direction (Figure 6). A drogue set
in the axis of La Jolla Canyon drifted slowly to
ward the southeast along the canyon axis until
flood tides changed its direction to northeasterly.
On the following slack flood tide the drogue slowed
and then moved offshore toward the west on the
next ebb and smaller flood. The onshore-offshore
motions occurred during the following
flood-slack-ebb sequences but are not as well as
sociated with the surface tide as in the first cycle.
During this drogue study the weather was foggy,
especially in the early morning hours, and the
winds were less than 3 mls during the day from the
northwest. At night and in the early morning
hours offshore winds were about 2-4 mls. Note
that the east-west horizontal translation during a
tidal cycle is on the order of 1-2 km. This effect will
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FIGURE 7.-Trajectories offour drogues during the study of 22 May to 1 June 1970. Observed positions of the drogues are indicated by
circles and triangles for each pair ofdrogues, and the date and time of the triangulation are indicated by the one-four or two-four digit
sequence ofnumbers near the symbols. Reset drogues indicated by primes refer to other drogues placed into the water after ones placed
earlier either ran aground or broke down. Refer to the text for further details.

be considered below as one of the physical vari
ables which may affect the offshore distribution of
Pleurobrachia and present a bias in the sampling
program for estimates ofctenophore abundance in
the coastal waters. In the study during April 1970
three drogues set in a line about 1 km apart in a
north-south direction moved southeast toward
Point La Jolla on flood tide and changed direction
on ebb tide, moving west or southwest (Figure 6).
After moving beyond Point La Jolla all drogues
continued toward the south. Note that after 0800 h
the two drogues closest to the shore apparently
became detached from their surface floats in kelp
beds, because only the floats were recovered at the
end of the study, 1800 h 5 April. No dramatic
changes in direction occurred with changes in the
surface tide for the drogues off Pacific Beach.
Wind data were not recorded for this study, but the
weather reports for 4-5 April indicated easterly
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winds at 6 mls in the morning becoming westerly
at 4-7 mls in the afternoon.

The current velocities measured with drogues
in La Jolla Bight for periods up to a week
confirmed the presence of a counterclockwise gyre
over or nearby the La Jolla Canyon complex (Fig
ure 7). The four drogues moved northward, gener
ally paralleling the shore and finally ran aground
or broke down near Encinitas and Carlsbad, sea
sonal sampling stations 3 and 2, respectively.
Drogues which ran aground or lost the subsurface
parachute or vane were reset nearby the other
drogues. Drogues no. 2 and 3 were reset about 5
km from shore, and they continued to move
northward parallel to shore until they were lost.
Drogues no. 1 and 4, however, tended to move
offshore. Drogue no. 1 made a large counter
clockwise loop about 16 km long and returned to
cross its original path about 5 days later. Mean



HIROTA: NATURAL HISTORY OF PLEUROBRACHlA BACHEl IN LA JOLLA BIGHT

1
1'(-1

~t!J , c ,.~Jrr!l{JI :
MAY ALGUST S£PT£M8E~ OCToeER NOVEMBER DECEMBER JANUARY FEBRIJARY MARCH JUNE
19m 1971

FIGURE B.-Distribution of water temperature during the seasonal study at stations
located 1.6 km from shore.

wind velocities during the study were: southwest
erly at 3 mJs from 23 to 26 May, northwesterly at
5 m/s from 27 to 28 May, and northwesterly at 3
m/s from 29 May to 1 June. The range on any
given day was 0-7 mls. No clear pattern of the
effect of wind velocity on drogue trajectory waf'
observed.

From these studies the limited data for
"near-surface waters" indicated predominantly
northerly flow near the coast with some counter
clockwise rotational motion in La Jolla Cove and
off Oceanside. Some data also showed small scale
onshore-offshore motion associated with the sur
face tidal cycle. South of Point La Jolla the cur
rents on one occasion indicated southerly flow and
little east-west motion associated with tidal cy
cles. The larger scale rotational motion off Ocean
side was not associated with a promontory and a
submarine canyon complex and remains to be ex
plained by other means.

The water temperature in the upper 50 m for the
period from May 1970 to June 1971 was measured
by BT casts at stations 1-5. Since the stations
were located in water of different depths, only the
upper 20 m values were represented by averages
for all stations. Data at 30 m were from stations 2,
3, and 5; data at 50 m were only from station 5.
Thermal stratification began in May and June
and reached maximal development in August and
early September (Figure 8). The 12.5°C isotherm
rose to the surface in January, and at this time the
smallest gradients were found. Note that the an
nual temperature range at the sea surface was
almost identical to the range of temperature in
mid-August between the surface and 20 m.

The vertical distribution of P. bachei on 3-6
November 1969 (Figure 9) showed three main fea
tures: 1) very low abundances below 50 m for those
profiles which sampled that deep, 2) the pattern of
vertical distribution indicates that P. bachei

NUMHf: R Pt.R m \

"}/ i"J!' 'FfT'~71
6e .~(J ~.,

~'"" - ,
50

FIGURE 9.-The vertical distributions of Pleurobrochia bachei
and temperature during the study of 3-6 November 1969. The
scale ofnumerical abundance is given at the top, and the scale of
temperature and the time interval required to sample each
profile are given at the bottom ofthe figure. Note that the depth
is given with a change of scale below 100 m. The hatched lines
below each profile indicate the sea bottom and the numbers at
the last sample depth give the approximate numbers of
ctenophores per square meter of sea surface. The dashed line
between successive profiles connects the centers ofgravity ofthe
distributions.

occurred nearer the surface during the day and
deeper at night, and 3) the extent of the "vertical
migration" as measured by diel vertical displace
ment of the center ofgravity of the population was
less than 20 m. The modal class ofctenophore sizes
at all depths was 8 mm with a range from 4 to 12
mm. Neither larvae nor eggs were found in these
bongo net samples. Vertical separation of differ
ent size classes of ctenophores was slight, the 20
to 40-m depth interval consisting of a modal size
class at 9 mm and the 0- to 5-m interval consist
ing of a modal size class at 6 mm. Note that the
relatively small vertical movements of P. bachei
enabled these animals to spend part of the day in
or above the thermocline near 17°C and part ofthe
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Thermal stratification was more pronounced than
in November 1969, and these ctenophores experi
ence a 7°C average temperature differential dur
ing the course of diel migration.

The horizontal, offshore distribution ofpostlar
val P. bachei, as deduced from three field studies,
indicated higher abundances at the shoreward
stations and lower abundances offshore (Figures
11 and 12). Note that: 1) data are presented on
semilogarithmic plots to the same linear scale of
distance offshore, 2) there is a tenfold lower abun
dance scale shift for stations located south of
Scripps Institution in Figure 11, and 3) breaks
occur in the scale of abundance to account for

o+'---l_-L-L-
o 10 0 10 0 10

DISTANCE OFFSHORE, km

FIGURE ll.-The horizontal, offshore distribution of Pleuro
brachia postlarvae on 6 November 1969 at stations along six
transects perpendicular to shore. Note the tenfold greater abun
dance off Del Mar and Torrey Pines and the break of scale in
order to account for absence data. The vertical bar represents the
range of values for the replicate samples, and dots indicate that
the range is less than the size of the dot; the open symbols off
Point Loma without any vertical bar are single observations.
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FIGURE 10.-The vertical distributions of Pleurobrachia and
temperature during the study of22 May to 1 June 1970. Profiles
are during the evening of26 May and the following morning. The
times of sampling, the depth of the water, and the numbers of
ctenophores per square meter of sea surface are also indicated.

night at about 13°C. In addition, individuals may
have been displaced from each other horizontally
during the migration by currents moving at dif
ferent velocities at different depths (Hardy, 1935).
A physical process of this nature superimposed on
the biological activity of diel vertical migration
may help account for the observed variations in
numbers ofctenophores per square meter. Profiles
taken from 0900 to 1530 h 5 November and from
0155 to 0350 h 6 November indicated abundances
threefold or fourfold higher than at other times. It
is apparent that following a target population
with drogues will have limited success over in
creasingly longer time periods, even for cases in
which vertical migration is restricted to shallow
depths.

The vertical distribution of Pleurobrachia on
the evening of 26 May 1970 and the following
morning (Figure 10) showed patterns similar to
those observed in November 1969, but with more
clearly defined vertical migration from about 40 m
at night to about 10 m the next morning. Note that
very low abundances occurred below 65 m day or
night. The size frequency distribution of
ctenophores in these samples was more rectangu
lar than in the previous November, with a range of
1-12 mm and the 5-9 mm sizes being most fre
quent. Again no larvae or eggs were found in these
bongo samples, and it is suspected that these smal
ler, more delicate stages may have been broken
during sampling or they did not occur in sufficient
abundance to be counted in small subsamples.
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FIGURE 12.-The horizontal, offshore distribution of
Pleurobrachia postlarvae on 28 August 1969 (circles) and 29-30
May 1970 (triangles and·squares). The profile indicated by the
triangles is off Scripps Institution and that indicated by squares
is off Encinitas, about 20 km to the north. Note that both dis
tributions are plotted to the same scale of distance as in Figure
11 and that the scale of abundance is broken in order to account
for absence data. The vertical bar representa the range ofvalues
for the replicate samples, and solid symbols indicate that the
range is less than the size of the symbol; open symbols without
any vertical bar are single observations.
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FIGURE 13.-Seasonal variation in abundance ofPleurobrachia
postlarvae from 8 March 1970 to 2 June 1971 at stations located
1.6 km from shore. The solid line connects the medians of each
sample date. Note the break ofscale to account for absence data.
Each type of symbol represents a different station, except for
those sample dates prior to May 1970. Refer to the text for details
of the field sampling.

represent the slack flood tide onshore movement of
water and ctenophores, while the ebb and slack
ebb tides at Torrey Pines and Scripps Institution,
respectively may have caused offshore movements
of surface water and ctenophores such that the
maximal abundances occurred at 3.2 km. Mter
sampling the outer stations off Scripps Institu
tion, a strong southerly wind about 10 m/s gener
ated short period swells 1-2 m high. Increased
wind stress and turbulence may have altered the
current pattern south of Point La Jolla and added
considerable variation to the expected pattern of
the distribution. The presence ofhigh abundances
ofsalps in the net tows at stations offOcean Beach
and Point Lorna, which were not present north of
Scripps Inf"titution, indicated that the water to the
south was different in faunal composition than the
normal coastal assemblage. On 28 August 1969
and 29-30 May 1970, the offshore distributions
indicated a tenfold decrease in abundance in the
first 10 km from shore (Figure 12). The maximal
abundances between 1 and 2 km were associated
with slack flood or flood tides nearing slack flood.
The secondary peak at 5 km on 28 August oc
curred during sampling on midebb tide, and it may
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samples with absences. Shifts were found in the
offshore locations of the highest ctenophore abun
dances at different positions along the coast (Fig
ure 11). All sampling over the six lines of stations
was completed between 0700 and 2300 h, 6
November. At the northernmost station at Del
Mar, highest values were closest to shore and de
creased over tenfold by 6.4 km. Off Torrey Pines,
Scripps Institution, Pacific Beach, and Point Lorna
the observed maxima were located between 3.2
and 6.4 km. The exceptional case was the max
imum abundance observed beyond 10 km off
Ocean Beach. The surface tides associated with
these six lines of stations were slack flood tide at
Del Mar and Ocean Beach, slack ebb at Scripps
Institution, flood at Pacific Beach and ebb at Tor
rey Pines and Point Lorna (refer to the inset of
Figure 5 for the times and heights of tides). The
nearshore maximal abundance at Del Mar may
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FIGURE 14.-Seasonal variation in abundance of Pleurobrachia eggs and larvae from 8 March 1970 to 2
June 1971 at station 5 located 1.6 km offshore at Scripps Institution. The solid line connects the mean of
the replicate samples for each sampling date. The vertical bar represents the range of values for the
replicate samples, and solid symbols indicate that the range is less than the size of the symbol; open
symbols without any vertical bar are single observations.

represent the offshore movement of the high
ctenophore abundance while field sampling was
taking place. Note the secondary peak in abun
dance which was 25 km from shore. Deviations
from an exponential decay function are perhaps
the result of coastal water eddies (Figure 7),
which move offshore with their surface-living
species and give rise to offshore aggregations in
moderate abundance. An important question to
resolve is whether or not the expatriated or ad
vected aggregations are able to survive, grow,
and reproduce as well in offshore areas as they do
in the coastal waters.

Seasonal variations in abundance of P. bachei
postlarvae, larvae, and eggs on semilogarithmic
plot indicated different patterns between these
stages in life history (Figures 13 and 14). Recall
that egg and larval abundances are based on sam
ples from station 5 only, whereas those ofpostlar
vae are based on the replicate tows of three to five
stations. Note the wide range for the median in
abundance of postlarvae (Figure 13), which usu
ally was on the order of one-fifth to five times the
overall median. In several instances the values
from different stations were closer to each other
than they were to their respective replicate sam
ple at the same station. This indicates that spatial
heterogeneity within a station on the scale of 100
m was often as large as the spatial plus temporal
heterogeneity between stations on the scale of 8

km apart in distance and 1 h apart in time to 32
km apart in distance and 5 h apart in time. The
95% confidence limits for the mean of replicate
samples at one station is the mean multiplied and
divided by 2.15 (determined by tWlr-way analysis
of variance estimate of the mean square error
using 90 pairs of replicate samples at five stations
from 18 June 1970 to 2 June 1971). The 95%
confidence limits for the mean ofall stations at one
sampling date is the mean multiplied and divided
by 6.23 (also determined by the two-way ANOVA
referred to above). The ratio of the 95% confidence
limits for the mean of all stations at one sampling
date to that for the mean of replicate samples at
one station is 8.4 (the ratio is equal to 6.232/2.152).

This latter residual variability is comprised of
time-dependent physical variations plus spatial
variation and is 1.8 times larger than replicate
sample error (1.8 = 8.4/2.152). The seasonal pat
tern of postlarvae showed high abundances in
May to October 1970, low values in Novem
ber-January and moderate densities in Feb
ruary-June 1971. Note that median abundances
in March-June 1970 were one or two orders
of magnitude higher than the same interval in
1971. The seasonal distribution of larval abun
dance was 180c out of phase with that of postlar
vae for most of 1970 (Figure 14). In 1970 larval
numbers were low during the summer maximum
ofpostlarvae and highest in November when post-
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FIGURE I5.-The relationship between abundance ofpostlarval
Pleurobrachia bachei and the tidal height. The abundances are
in number per square meter of sea surface (Y), and the heights
are in centimeters (Xl for samples at all stations located 1.6 km
from shore. The data are for all stages of the tide.

more accurate measure of variations in abun
dance with distance offshore should be found in
the seasonal comparisons, but more carefully
planned sampling could now be carried out to bet
ter sort out variations due to small scale tidal
motions, larger scale "true" spatial variations
offshore, and the effect ofother types ofmotion and
the wind on patterns of abundance.

When all of the 180 samples for the seasonal
study (15 samples on five sampling dates are ex
cluded from the analysis as five or fewer
ctenophores occurred in all samples lumped per
date) are plotted against predicted tidal height in
centimeters for all tidal stages (Figure 15), the
resulting least squares regression is Y = 0.89X +
88.36. Y is the number of ctenophores per square
meter andX is the tidal height in centimeters. The
slope ofthe line is significantly different from zero
in a two-tailed t-test (P<O.OI), It is surprising to
find a significant positive regression coefficient.
The strength of the test is in the many degrees of
freedom and the removal of 15 samples which
might otherwise tend to pull the line down toward
a zero slope because of frequent absence data at
any tidal height. This result is unexpected be
cause the tidal currents are probably not the same
at different locations along the coast. Variations
exist in depth, bottom topography, exposure to
wind, strike of the beach, etc. The pattern ofcircu
lation will also be differentially affected by spatial
and temporal variations in the wind field. The
results suggest that over an annual average,
abundance at anyone time and place of sampling
could be affected by as much as a factor offour due
to tidal variations alone at locations 1.6 km from
shore. This average range due to tidal effects is
about the same magnitude as the annual average
difference between mean abundances ofstations 5

larvae were in very low abundance. The abun
dance of eggs was generally the same as that for
larvae, except for the absence ofeggs in April 1970
and the high abundances ofeggs relative to larvae
in August-September. There were about
1,000-10,000 eggs/m2 in August-September,
which are presumed to be spawned by the high
abundance of postlarvae. The hatching time of
eggs is about 24 h at 15°C, so that the low densities
oflarvae during this time were the result oflarge
seasonal changes in hatching success, increased
mortality rates of larvae, or both, assuming that
the observed abundances were not determined
mainly by physical processes. The data on sea
sonal variation in length frequency distributions
of postlarvae considered below will provide some
information to support the interpretation of in
creased larval mortality. From the abundance of
eggs, larvae, and postlarvae at station 5 it was
calculated that on 13 March, 1 May, 31 July, 21
August, 5 November, and 27 January the eggs and
larvae made up 89-99% of the numbers of indi
viduals per square meter. On 13 August the eggs
and larvae constituted 69% ofthe total population.
The sample dates in which the eggs and larvae
made up a very low percentage of the population
are those in June 1970 and April-June 1971.

During the seasonal study 18 pairs of replicate
samples were taken between 31 July 1970 and 2
June 1971 at both stations 5 and 6, 1.6 and 10 km
off Scripps Institution, respectively. The mean
abundance ofpostlarvae per cubic meter was cal
culated at each respective station on each sam
pling date, and a U-test was performed on these
means to determine whether or not medians of
mean abundance over time were significantly dif
ferent at stations 5 and 6. The null hypothesis is no
significant difference, with a one-tailed alternate
hypothesis that the median of station 5 is greater
than that of station 6. Results indicate sig
nificantly greater median abundance at station
5 than at 6 (P<0.025). The median difference is a
factor of 4.2 and the mean difference is a factor of
4.8. This result supports the three offshore dis
tribution studies which indicated decreasing
abundance with increasing distance from shore.
However, the observed decrease in abundance in
the first 10 km from shore was about tenfold for
the offshore distribution studies and about half
this for the seasonal study. The discrepancy of a
factor oftwo is probably real and may be caused by
sampling bias in relation to stage ofthe tide and to
seasonal changes in the patterns of currents. The
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MEAN DIAMETER, mm

FIGURE 16.-Seasonal variations in the size frequency distribu·
tions of Pleurobrachia bachei captured by the O.363-mm mesh
O.5-m net, expressed as the percentage in each size class oftotai
numbers of all sizes on each sampling date. Each histogram is
based on all sample data from each respective sampling date.
The date and number of individuals measured are given with
each histogram.
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bility of the 0.363-mm mesh to retain larvae
quantitatively. At sporadic intervals the
size-frequency distributions show drastic
changes, and these are attributed to immigration
of individuals in advected water. Between 14 July
and 21 August 1971 note the decline in proportion
of 1 and 2 mm sizes and a shift in modal class from
1 to 7 mm. During this same period the occur
rences of eggs and larvae showed that while up to
9,000 eggs/m2 were present in the water, seven of
eight samples for larvae indicated none present
(Figure 14). Assuming that these changes in
size-frequency distribution over the 4-wk period
are the result of biological activity rather than
sampling error and advective change, it is con-
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FIGURE 17.-Seasonal variations in standing stocks of postlar.
vae, larvae, and eggs at station 5. Each type ofline connects the
respective mean values for the replicate samples at each sam.
piing date. The vertical bar represents the range ofvalues for the
replicate samples, and solid symbols indicate that the range is
less than the size of the symbol; the open symbols without any
vertical bar are single observations.
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and 6, whose difference should be less influenced
by tidal currents and represents the order of true
spatial variation within the first 10 km from
shore.

The size-frequency distributions of postlarvae
for the 8 March 1970--2 June 1971 period indicate
that most of the year the 1- to 2-mm size classes
made up the highest proportion of all postlarvae
(Figure 16), The lower abundance of the 0.25-mm
class relative to the 1-mm class is the result of
sampling gear mesh selectivity caused by the ina-
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FIGURE lB.-Seasonal variations in numerical abundance of
postlarval Pleurobrachia bachei and attached (endoparasitic)
and unattached (free-living) Hyperoche mediterranea at station
5. Values are expressed as number per square meter of sea
surface in logarithmic scale, and the lines connect respective
means at each sampling date. The vertical bar represents the
range of values for the replicate samples, and solid symbols
indicate that the range is less than the size of the symbol.
Hyperoche was absent after December 1970.

15-20 m3 each. Maximal abundance ofHyperoche
occurred about a week after the ctenophore
maximum, and may represent an "overshoot"
phenomenon in a density-dependent, para
site-host system. Note that the larger am
phipods occurred in highest abundance when most
postlarval ctenophores were at 6-8 mm sizes. Lit
tle concerning the dynamic aspect of this
parasite-host interaction can be deduced from the
data because of uncertainties in immigration and
emigration over time. In August and September
1969-72 the occurrence ofHyperoche in and onP.
bachei has been noted during plankton sampling.
The co-occurrence and relative abundance of
these two species is predictable and should follow
the same pattern from year to year, with temporal
shifts in the maxima and minima, depending on
the type of "meterological year" and the sequence
of events that occur in the plankton during the
increase and decline of the ctenophore
summer-fall maximum. The important problems
to resolve are where the amphipods occur in the
winter-spring months, and whether the observed
seasonal pattern of co-occurrence is determined
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Coincident with seasonal variations in the
abundance and size frequency distribution ofpost
larval P. bachei are variations in abundance ofthe
hyperiid amphipod, H. mediterranea (Figure 18).
The data shown are from station 5 off Scripps
Institution, but patterns in the seasonal distribu
tion 16 and 32 km to the north (stations 3 and 1,
respectively) are essentially the same. Plots of
abundance per square meter on a semilogarithmic
scale are for postlarval ctenophores, attached en
doparasitic larvae and early juveniles of H.
mediterranea, and unattached free-living late
juvenile and adult H. mediterranea. The appear
ance of Hyperoche in the plankton is associated
with P. bachei when the abundance of hosts ex
ceeded about 100 ctenophores/m2 , which was
May-June to November 1970. Prior to June 1970
and after January 1971 H. mediterranea was
sparse enough to be absent in 6 to 10 samples of

eluded that the ctenophore population was releas
ing eggs into the water but that the larvae were
eaten or died from other causes as fast as they
were hatching from eggs. A feedback control
mechanism which can account for the presumed
high mortality of.larvae, high abundance of eggs,
and rapid growth ofpostlarvae is discussed below.

The calculated development rate from 1.5 to 6.5
mm in 30 days from field sample data is about 10
days slower than the growth rates in laboratory
cultures at both 15° and 20°C.

Patterns in the seasonal distribution of stand
ing stocks of postlarvae, larvae, and eggs at sta
tion 5 (Figure 17) are similar to the respective
seasonal variations in numerical abundance.
Postlarval values in 1970 increased from March to
a seasonal maximum of 1,500 mg organic
matter/m 2 in August, then decreased to a
minimum in December. The range over the year
for standing stock of postlarvae was about four
orders ofmagnitude. Note that the mean standing
stock oflarvae was high relative to that ofpostlar
vae in April and November 1970 and the following
winter months. Except for a few instances in Au
gust and September, the mean standing stock of
larvae was about twofold to tenfold greater than
that for eggs. The crops for postlarvae were about
equal to those of the larvae, except from May to
October when they were much greater.

Seasonal Variations in Parasites, Predators,
and Prey
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FIGURE 19.-Seasonal variation in the percentage ofpostlarval
Pleurobrachia bachei parasitized by Hyperoche mediterranea at
five stations located 1.6 km from shore. The line connects the
mean value at each sampling date, and the various types ofopen
symbols represent different stations.

by a periodic convergence of water types contain
ing Hyperoche and Pleurobrachia.

Data from all stations during the seasonal study
were plotted as the percentage of postlarval
Pleurobrachia containing one or more Hyperoche.
The mean percentage over time shows that Au
gust was the month of highest percentage hosts
parasitized (Figure 19); at this time over one in
three postlarvae were infected. The rate of in
crease of percentage infection appears to be faster
than the decrease, although the range of 3 mo
time around the maximum was the same for both.
The very large variability on some sample dates
was more a result of differences in percentages
between stations than an artifact of sample size,
since several hundred ctenophores were ex
amined per sample date.

The frequency distributions of the percentages
of total occurrences and of total numbers of para
sites for single and multiple infection and for dif
ferent sizes of hosts show two interesting results
(Table 4). First, there is a central tendency in the
percentages of total occurrences of parasites, and
in the total number of parasites, with 6--8 mm
sizes being the most frequently infected. This re-
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suit is caused by the seasonal distribution ofpara
sites in relation to the seasonal distribution of
length frequency of postlarval Pleurobrachia (see
Figures 16 and 18). Note that the 6--8 mm sizes
with highest frequency of infection are at the size
range for beginning reproduction as adults indi
cated by results from laboratory cultures. Also
notice that only about 1% of all postlarvae in the
1- to 2-mm size classes were parasitized. These
are the sizes of ctenophores which reproduce at an
early age with small numbers of eggs. Secondly,
the distribution of percentages of total occur
rences and total numbers of parasites for single
infection and multiple infection show a decreasing
occurrence of multiple infection, such that over
90% of the occurrences and numbers of parasites
are as one, two, or three parasites per host.

Seasonal variations in abundance ofBeroe sp.,
a known predator of other ctenophores, show a
pattern very similar to that of P. bachei (Figure
20). The data plotted are numbers per 2 m2 (the
sum of numbers per square meter of each repli
cate sample) at station 5. The distributions show
seasonal maximum values in July-October with
secondary high abundances in winter months.
This pattern of seasonal co-occurrence is similar
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FIGURE 20.-Seasonal variation in the numerical abundance of
postlarval Pleurobrachia bachei and postlarval Beroe sp. Rt sta
tion 5. Values are expressed for simplicity as the numbers per 2
m' (the sum of numbers per square meter in the replicate sam
ples). The range for the mean of replicate samples has been
indicated previously (e.g., Figures 13 and 18).
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TABLE 4.-The frequency distribution ofthe number ofparasites per host for 14 size
classes of postlarval Pleurobrachia bachei, the percentage of total occurrences (A)
and of total numbers (B) ofparasites for each size class, and the percentages of total
occurrences (C) and of total numbers (0) of parasites for single and multiple
infections. The blank spaces indicate absences.

Mean Number of parasites per host

diameter
(mm) 2 3 4 6 8 A B

1 1 0.10 0.14

2 9 2 1.09 0.92

3 42 10 7 1 596 6.19

4 100 30 8 1 1380 13.37

5 82 35 9 3 12.91 13.94

6 147 29 11 7 1966 20.63

7 145 31 10 3 18.87 18.21

8 119 36 7 4 16.48 1622

9 58 14 1 1 7.35 6.61

10 20 6 1 268 2.49

11 4 3 0.70 0.71

12 1 0.20 0.36

13 1 0.10 0.07

>13 1 0.10 0.14

C 72.29 19.66 5.36 2.09 0.30 0.10 0.10 0.10

D 51.78 28.16 11.52 5.97 1.07 0.43 0.50 0.57

to that of P. bachei and H. mediterranea, except
that Beroe persists through the year rather than
being absent for the winter and spring months.
The patterns in the seasonal distribution of Beroe
andP. bachei at station 3 were much the same as
at station 5, except that the abundance of Beroe
was fourfold lower at station 3, and the secondary
high abundances of Beroe in the winter and
spring months at station 5 was not as well de
fined at station 3.

The partially digested stomach contents of P.
bachei captured at the surface in tows of short
duration (60 s duration, 95 s maximum period at
risk to feeding in the net) showed that the same
species groups occur as in tows of fivefold longer
duration. These species are: 1) copepods-L. tri
spinosa, A. tonsa, P. parvus, C. anglicus, E.
acutifrons, and 2) c1adocerans-Evadne nord
manni, E. spinifera, E. tergestina, and P. avi
rostns. The results provide evidence to support
the contention (see results of stomach contents
below) that the prey in stomach contents of P.
bachei captured in tows of short duration are
those which were ingested and digested in nature
prior to capture by the net. The same species
would probably occur in stomachs ofP. bachei if
the ctenophores were pipetted from the sea sur
face and preserved immediately. Seven species
of zooplankton, which were retained quantita
tively in the O.363-mm mesh net as adults, were

considered in calculations of electivity indices. In
the Ivlev electivity index, E = (r - pJj(r + p), r
and p being the proportions of a food item in the
stomach and in the environment respectively.
Paracalanus parvus, C. anglicus, and E. acuti
frons, which occurred frequently in the stomachs
but passed through the net, were not included in
the calculations. The results on the basis ofnum
bers show moderate positive selection for Acartia,
Labidocera, andE. tergestina; high positive selec
tion for E. nordmanni and E. spinifera; and mod
erate and strongly negative selection for Penilia
and Sagitta (Table 5). The indices on the basis of
organic weight show the same trends, but the
values for both copepods and Evadne are in
creased somewhat, and that for Penilia
decreased, due to differences in bodily weights.
Penilia has a negative electivity and was a slowly
digested prey species (Table 1), whereas
Labidocera and Acartia have positive electivity
indices and were more rapidly digested. Prey
selection by Pleurobrachia is more complex than
dependence on prey digestibility alone. Data on
the stomach contents ofP. bachei during the sea
sonal study and observations in the laboratory of
avoidance behavior and prey protective
mechanisms will be discussed below in the con
text of prey selection.

In the study of diel variation in feeding, differ
ences in the percentage of ctenophores with
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TABLE 5.-Electivity indices for seven species of zooplankton
which are retained by the O.363-mm mesh net as adults. The
range for the mean is caleulated from the replica te samples from
the proportion of the numbers and the proportion of the calcu
lated organic weight present in the sample and in the stomach of
the ctenophores. Refer to the text for further details.

On a numbers basis On an organic weight basis

Prey Species E range E E range E

Acartia tonsa 0.191 0.118-0.264 0.464 0434-0.495

Labidocera
trispinosa 0.130 0.099-0.160 0.413 0.408-0.419

Evadne
tergestina 0.244 0.183-0305 0.506 0430-0.582

E. nordmann; 0806 0748-0.864 0.953 0.936-0.970

E. spinifera 0.770 0.748-0792 0.776 0.659-0.893

Pen ilia
avirostris -0.345 -0300to -0.391 -0.055 -0.14310 +0.033

Sagitta
euneritica -1.000 -1.00010 -1.000 -1.000 -1.00010 1.000

TABLE 6.-Diel variation in the percentage ofctenophores which
have empty stomachs. The numbers in parentheses are the
numbers of specimens examined per sample.

Replicate
Midnight station Midday station

sample A B C A B

70 62 75 69 62
(27) (40) (8 ) (16) (32)

2 76 76 57 77 64
(38) (41) (46) (13) (14)

3 71 90 62 71 67
(55) (10) (26) (24) (18)

empty stomachs at midnight and midday were
small, the medians being 71% and 68%, respec
tively (Table 6). These medians are not
significantly different as determined by a two
tailed U-test (P> >0.20). It is concluded that no
day-night differences exist in the proportion of
the postlarval ctenophores feeding, at least at the
time of this study.

The prey categories most frequently found dur
ing the diel study in both day and night stomach
contents were copepods and cladocerans-A:
tonsa, unidentified copepods, P. parvus, copepod
nauplii, Clausoealanus spp.,E. tergestina, C. ang
lieus, Oithona spp.,E. acutifrons, Oncaea spp., and
unidentified material. In these samples A. tonsa
was over 50% of all prey by numbers. The species
which were present in stomachs of P. baehei
captured at night include the same groups cap
tured during the day, the larger and deeper-living
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copepods, euphausiids and other crustaceans
being absent in the stomachs. Ifredundancy in the
presence of prey species day and night (a qualita
tive aspect) occurs at other times of the year, then
the prey species of Pleurobrachia could be ade
quately described by stomach analyses of
ctenophores captured during the daytime. How
ever, in quantitative aspect diel variations ofper
centages of each species may vary. For two of the
species most frequently present, A. tonsa and P.
parvus, the results are different. As determined by
a two-tailed U-test, there is no significant differ
ence in median percentage Acartia of the total
number ofprey for day vs. night samples (P>0.20);
however, the same test for Paraealanus indicates
significant day-night differences (P<0.05), there
being more frequent occurrences at night than
during the day. Further investigation of prey
selection by Pleurobrachia in relation to
time-space distributions of prey and predators is
important for understanding the ecology of P.
baehei but beyond the scope of the present study.

The stomach contents (on the basis of numbers
and mass of organic carbon) of postlarval
Pleurobrachia in 10 size classes over the period 8
March 1970 to 2 June 1971 indicated some pat
terns in the frequency distribution of prey
categories (Table 7). The patterns or trends exist
as four types: (I) decreasing frequency with in
creasing ctenophore size, (II) increasing frequency
with increasing ctenophore size, (III) little change
in frequency with increasing ctenophore size, and
(IV) non-systematic change and low frequency of
occurrence for all ctenophore sizes. Examples of
each pattern type are: (I) E. acutifrons, copepod
eggs, E. spinifera; (II) A. tonsa, L. trispinosa; (III)
Oithona spp., C. anglieus, P. parvus, copepod
nauplii; (IV) Rhinealanus nasutus, euphausiid
calyptopis, brachyuran zoea, Sagitta euneritiea.

These results are subject to several sources of
bias, three of which are: 1) the occurrence of the
stomach contents of ctenophore prey in the
stomachs of ctenophores, 2) the numbers of obser
vations per ctenophore size category and the
number of total occurrences per prey category, and
3) seasonal variations in the length
frequency distributions of ctenophores and their
co-occurrences with prey. The diatom and dino
flagellate prey categories may be biased toward
higher frequencies of occurrence if some of these
types oforganisms which occur in the stomachs of
herbivores are released into the gut of a
ctenophore during digestion. Fortunately, these
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TABLE 7.-Stomach contents over the period 8 March 1970 to 2 June 1971 for 10 size classes of postlarval Pleurobrachia bachei. Data
are the percentage by numbers (upper value) and by carbon mass (lower value) ofeach prey category in the stomachs for each size class
of ctenophore calculated separately. The first 10 prey categories are given in ascending order of body mass; thereafter the order is by
taxonomic group (e.g., copepods, cladocerans, crustaceans, chaetognaths, etc.). The numbers indicated in parentheses below each size
class are the number ofctenophore stomachs examined per size class. Total numbers and total carbon refer to values ofall prey in each
ctenophore size class. Carbon mass is not calculated for protozoans.

Size class, mean diameter (mm)

Prey category

Euterpina %N
acutifrons %C

Githona spp.

Oneaea spp.

Corycaeus
anglicus

Paraca/anus
parvus

Acartia
tansa

Ca/anus
helgolandicus

Labidocera
trispinosa

Metridia
pacifica

Rhinea/anus
nasutus

Clausocalanus spp.

Ctenocalanus
vanus

Tortanus
discaudatus

Copepod eggs

Copepod nauplii

Unidentified
eopepods

Evadne
nordmanni

Evadne
spinifera

Evadne
fergesfina

Evadne spp.

Penilia
avirostris

Podon
po/yphemoldes

Euphausiid
ealyptopls

Cirnped nauplii

Mysids

Brachyuran
zoea

1
(189)

20.85
9.15

6.81
2.18

0.85
050

4.26
258

1.70
2.40

10.64
39.59

a

o

o

o

o

o

a

14.47
6.12

11.91
0.78

426
5.60

596
16.47

2.13
588

0.85
235

o

0.42
056

o

o

o

a

o

2
(211)

18.33
556

333
0.47

2.33
0.91

9.33
9.76

300
2.22

21.67
48.04

a

a

a

0.33
0.05

a

a

a

10.67
3.20

6.67
0.25

4.00
303

7.00
11.12

1.00
1.59

1.33
2.12

2.67
4.24

067
0.50

0.67
106

a

a

a

o·

3
(235)

15.36
2.98

5.03
0.24

a
a
9.50
5.25

4.47
2.01

25.14
3694

0.28
3.18

2.51
29.33

a

a

056
0.37

a

a

838
1.66

3.35
0.08

2.79
1.27

670
6.42

0.56
0.54

1.96
1.87

391
3.75

2.51
1.15

0.28
0.27

0.28
0.46

o

a

a

4
(190)

15.58
3.05

3.43
0.14

1.25
0.13

8.41
4.44

3.43
1.23

29.91
39.21

1.25
7.83

2.49
28.44

a

a

062
0.27

a

0.31
0.45

4.36
070

4.05
0.08

3.12
1.26

5.61
4.77

0.31
026

2.80
239

3.43
2.92

2.18
0.88

1.25
1.06

a

a

a

a

5
(158)

7.41
0.80

4.04
0.27

o
a
9.76
3.45

6.40
2.11

36.03
33.66

1.01
10.14

3.37
30.60

a

0.34
4.78

0.67
0.36

a

0.34
0.17

269
0.33

9.43
0.13

2.02
0.57

1.01
0.60

0.67
0.40

1.68
1.00

a

3.03
086

1.35
0.80

o

0.34
002

a

0.34
0.96

6
(150)

5.54
0.71

0.98
0.06

033
0.06

456
180

3.91
1.16

47.23
43.17

0.65
2.85

2.93
3724

a

a

0.33
0.17

0.33
009

a

1.30
0.07

4.89
007

2.28
064

489
2.90

0.33
0.19

6.84
406

a

293
083

0.33
019

033
0.33

a

a

0.65
1.84

7
(105)

4.05
0.40

0.40
0.01

1.21
0.15

5.26
160

486
1.24

55.87
37.49

0.81
4.61

4.45
3750

a

a

a

a

a

0.81
005

5.67
0.06

1.21
0.25

5.26
2.24

a

4.45
1.90

a

0.40
0.08

a

a

a

0.40
t2.34

a

8
(68)

4.00
0.23

4.67
0.12

1.33
006

7.33
0.77

6.00
0.67

4933
1680

067
3.26

533
21.96

1.33
4.89

a

067
0.06

0.67
0.06

a

2.00
0.09

4.67
0.02

1.33
0.13

1.33
0.27

o

0.67
014

a

1.33
0.13

o

o

o

a

133
130

9
(24)

a

5.17
0.58

a

3.45
1.43

5.17
1.07

60.34
53.78

a

1.72
1052

a

1.72
2390

a

a

o

345
0.49

3.45
0.05

3.45
096

862
5.02

a

a

a

1.72
0.48

a

1.72
1.72

a

a

a

>10
(22)

7.06
1.00

2.35
0.17

a

14.12
4.46

7.06
2.17

47.06
37.62

1.18
6.97

2.35
25.08

1.18
13.94

a

a

a

a

a

a

a

8.24
4.10

a

1.18
0.58

a

4.71
1.11

a

a

a

a

1.18
279

(Continued)
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TABLE 7.-Continued

Size class, mean diameter (mm)

1 2 3 4 5 6 7 8 9 >10
Prey category (189) (211) (235) (190) (158) (150) (105) (68) (24) (22)

Unidentitied 3.83 167 112 156 1.35 0.98 040 200 0 0
crustaceans 2.52 0.63 0.25 0.32 0.19 0.14 0.04 010

Sagitta 0 033 0 0 0.34 0 040 0.67 0 0
euneritica 2.14 6.10 0.01 48.88

Oikopleura spp. 042 0 1.12 0 1.01 130 0 0 0 0
2.02 1.83 103 1.32

Echinopluteus, 0 0 0 0 0 0 0 0 0 2.36
doliolids

Fish eggs 0 067 0 0 034 0 0 0 0 0
2.77 0.53

Sarcodina 0 0 0 031 034 0.65 0 0 0 0

Noctiluca 0 0 0 0 0 0 040 0 0 0
scintillans

Dinoflagellates 0.85 0 1.12 031 067 195 0.81 0 0 0

Diatoms 0 0 0 0.62 0 0 1.62 0 0 0

Unidentified 9.79 4.33 3.07 343 4.04 358 1.21 3.33 0 0
material 1.29 033 0.14 0.14 0.11 010 0.02 0.03

Total nu mbers 235 300 358 321 297 307 247 150 58 85

Total carbon, I1g 178.47 39648 78476 791.93 1045.87 1087.39 121587 153441 209.17 35880

taxa made up less than 2% ofanyone category by
numbers and less on a mass basis because of their
small size. The number of observations per
ctenophore size category are similar for classes
1-6, but thereafter they decrease sevenfold. There
are few observations in the last two size classes,
because these sizes are relatively infrequent and
occur in high numbers only during July-August.
Some of the larger copepods (e.g., Calanus, Met
ridia, and Rhincalanus) occur relatively infre
quently in stomachs, perhaps because oftheir rel
ative rarity and spatial separation from the
ctenophores. Other infrequent groups such as fish
eggs, cirriped nauplii, euphausiids, etc., may not
be spatially separated but are perhaps rare, not
selected as prey or are unavailable because of
temporal separation during different seasons.
Whatever the reasons for the infrequent occur
rence of these groups in the stomachs of
Pleurobrachia, the data for these prey are much
less reliable and many more observations are re
quired to establish patterns of occurrence with
size of the ctenophore predator. The potential ef
fect of seasonal variations in size-frequency dis
tribution ofctenophores and co-occurrence ofprey
on patterns ofstomach contents is suggested when
the annual data are examined separately by sea-
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sons. The results indicate that some prey are very
seasonal in occurrence, while many are present
throughout the year. The seasonal data are given
(Table 8) for only those categories which showed
strong seasonal variations. The first two prey
were most frequent in summer-fall, E. tergestina
in summer-winter, the next four in fall and the
last one in winter-spring. Note the differences in
occurrence of three species of Evadne regarding
seasonal separation and predation by different
sizes ofPleurobrachia.

When all stomach content data are grouped to
include all sizes of postlarval Pleurobrachia and
prey categories are ordered by rank of occurrence,
the results show that A. tonsa and E. acutifrons
account for nearly one-half of all prey items
(Table 9). Thereafter, the percentage contribu
tion from each category decreases to less than 1%
by the sixteenth category, at which point the
cumulative percentage is 94.2%. On a mass basis
Calanus, Labidocera, and Sagitta join Acartia as
the main large prey items. While these larger
items may afford good growth to a few individu
als, most of the ctenophore population is being
nourished by A. tonsa, E. acutifrons and sev
eral other species of copepods and cladocerans.

Variations in the standing stock of food avail-
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TABLE B.-Seasonal variations in the stomach contents ofctenophores
for eight prey categories. All values are expressed as the number of
occurrences per 1,000 stomachs. The seasons spring (SP), summer
(SU), fall (F) and winter (W) are groups of three months starting with
February 1970 and ending in January 1971; the following spring 1971
is also included. The dashed lines indicate absence of data.

Size class, mean diameter (mm)

Prey category 3 4 6 8 9 >10

Paraca/anus SP 0 100 154 0 200 0 0 0
parvus SU 46 50 52 44146 67 91 91 91 300

F 0 22 85 55 79 98 125 26 111 0
W 33 0 0 182400 0 125 429 500
SP 0 0 0 83 0 0 0 3.000 333 250

Lab/docera SP 0 0 0 0 0 0 500 0
trispinosa SU 0 0 21 0 49 0 45 318 91 100

F 0 0 66 77 79 88 125 26 0 250
W 0 0 0 91 0 0 0 0 0
SP 0 0 0 0 125 0 0 0 0 0

Evadne SP 0 0 0 0 0 0 0 0
tergestina SU 0 0 21 44 0 100 0 0 0 0

F 42 0 47 55 56 167 139 26 0 250
W 0 364 0 91 0 91 125 0 0
SP 0 0 0 0 0 0 0 0 0 0

Ca/anus SP 0 0 0 0 0 0 0 0
helgo/and/cus SU 0 0 0 0 0 33 0 0 0 100

F 0 0 9 44 34 10 28 26 0 0
W 0 0 0 0 0 0 0 0 0
SP 0 0 0 0 0 0 0 0 0 0

Evadne SP 0 0 0 0 0 0 0 0
spinifera SU 0 8 0 0 0 0 0 0 0 0

F 21 43 18 11 22 10 0 0 0 0
W 33 0 0 0 0 0 0 0 0
SP 0 0 0 0 0 0 0 0 0 0

Penilia SP 0 0 0 0 0 0 0 0
Bvirostris SU 0 8 0 0 49 100 0 45 0 300

F 21 22 85 77 79 59 14 26 111 250
W 0 0 0 0 0 0 0 0 0
SP 0 0 0 0 0 0 0 0 0 0

Podon SP 0 0 0 0 0 0 0 0
polyphemo/des SU 0 8 0 0 0 0 0 0 0 0

F 0 22 9 44 45 10 0 0 0 0
W 0 0 0 0 0 0 0 0 0
SP 0 0 0 0 0 0 0 0 0 0

Evadne
nordmann;

SP 0 0 0 0 0 0 0
SU 0 58 72 59 0 0 0
F 62 22 19 0 0 29 14
W 30 1.000 1.333 909 0 364 1.500
SP 111 143 5383333751.600 0

o
000
000

286 0
o 1.667 1.750

able toPleurobrachia from 18 June 1970 to 2 June
1971 showed a twentyfold range, with high val
ues in May to early November and low values
from mid-November to mid-March (Table 10).
The food concentrations were about 10-30 mg
C/m3 during the summer-fall maxima in num
bers and standing stocks of Pleurobrachia
postlarvae. The decrease in abundance of
Pleurobrachia during November and December
(see Figure 13) was associated with a fivefold de
crease in the standing stock of prey. The winter
increase of P. bachei occurred while food con
centration doubled from the minimum in De-

cember. The higher food concentrations in May
and June do not seem to cause increases in
ctenophore abundance.

DISCUSSION

The vertical distribution ofP. bachei in La Jolla
Bight is related to the dieI light-dark cycles, but
in reverse to the pattern for most migrating zoo
plankton; the pattern is the result of one or more
causes of differing selective advantage to the tem
poral persistence of this species. Four potential
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TABLE 9.-Rank order in frequency of occurrence by numbers of
all developmental stages per prey category in all sizes of
Pleurobrachia postlarvae and the corresponding estimates of
total carbon mass per prey category.

Prey category Frequency Percent I1g C Percent

Acartia tonsa 815 3456 2,644.23 34.78
Euterpina acutifrons 270 11.45 114.04 1.50
Corycaeus anglicus 180 7.63 225.73 2.97
Copepod nauplii 139 5.89 6.95 0.09
Copepod eggs' 129 5.47 49.47 0.65

(1,649)
Evadne nordmanni 122 5.17 25620 3.37
Paraca/anus parvus 101 4.28 10880 1.43
Unidentified 89 3.77 8.90 0.12
Oithona spp. 83 3.52 1599 0.21
Unidentified copepods 62 2.63 62.00 0.82
Evadne tergestina 61 259 12810 1.68
Labidocers tfispinosa 58 2.46 2.085.54 27.43
Penilis avirostris 45 191 45.00 0.59
Unidentified crustaceans 34 1.44 1700 0.22
Evadne spp. 33 1.40 69.30 0.91
Oneaea spp. 19 0.81 8.86 012
Dinoflagellates 17 072
Calanus helgo/andicus 14 059 355.00 467
Evadne spinifera 14 059 29.40 0.39
Podon polyphemoides 12 0.51 2520 0.33
Oikopleura spp. 12 051 43.20 0.57
Clausoealanus spp. 8 0.34 1174 0.15
Brachyuran zoea 6 025 60.00 0.79
Diatoms 6 025
Sagitta euneritica 4 0.17 822.4 10.82
Sarcodina 4 0.17
Metridis pacifica 3 0.13 125.0 1.64
Rhincalanus nasutus 3 013 1002 1.32
Euphausiid calyptopis 3 0.13 10.80 0.14
Fish eggs 3 013 16.50 0.22
Granaea/anus vanus 2 0.08 2.00 0.03
Tortanus discaudatus 2 008 5.40 007
Cirriped nauplii 1 0.04 02 0.003
Mysids 1 0.04 1500 1.97
Echinopluteu5 1 0.04
Doliolids 1 004
Noetiluca scintillans 1 004
Total 2,358 7,603.15

'The frequency value refers to the number of groups of copepod eggs
and the value in parenthesis below it refers to the total number of eggs.

advantages of migration toP. bachei are the abil
ity to: 1) seek locations and depths with favorable
food types and concentrations, 2) seek locations
and depths with few predators and parasites, 3)
avoid lethal or near-lethal surface temperature
after the downward migration at night and in
crease the rate of development by living in
warmer water during the day, and 4) maintain the
pattern of high abundance close to shore and de
crease the chance of drifting offshore. No data
have been collected on quantitative changes in the
abundance of prey and predators with P. bachei
during vertical migration; such information
would enable qualitative evaluation of the effect
of these changes on the pattern of vertical dis
tributions. Limited data from the study of diel
changes in the species composition of prey in
stomachs of ctenophores indicated no major
changes between day and night, although
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TABLE lO.-Seasonal variations in the calculated standing
stocks of prey for Pleurobrachia at station 3.

Mean Range
Sample date (mg G/m') (mg Clm')

18 June 1970 10.9 108-11.0
14 July 10.7 10.4-11.1
13 August 15.5 60-250
29 August 17.8 16.4-19.1
22 September 27.8 202-35.4

5 November 15.7 134-179
18 November 58 3.4- 8.1
16 December 2.7 2.6- 2.8

11 January 1971 6.8 37- 9.9
8 February 6.0 2.2- 9.7

12 March 5.2 5.1- 5.3
4 May 58.4 52.2-64.6
2 June 93 93- 9.4

Paracalanus occurred more frequently in
stomachs of ctenophores captured at night.
Another major study would be required to quan
tify changes in the temporal and spatial
co-occurrence of Pleurobrachia with their prey
and predators. The data on vertical and seasonal
distribution of P. bachei and the thermal
stratification of water; the failure of laboratory
cultures at 20°C; and growth experiments in the
deep tank facility at 14.5° and 19SC are inter
preted to indicate that vertical migration for this
ctenophore is beneficial for survival and would
optimize the rates of development and increase of
bodily mass. A constant temperature of 20°C was
detrimental to survival and growth of bodily
weight (Figure 1), relative to conditions at 15°C. It
is suspected that in August when the ctenophore
abundance is highest and the maximum thermal
stratification occurs, vertical migration from the
surface to 20-m depth increases the chance of
survival by lowering the ambient temperature at
night by nearly lOoC. In addition, the detrimental
effect of high temperature on somatic growth may
be decreased and the ctenophores develop at some
rate intermediate to the rate at 12° and 22°C.
Growth experiments using the deep tank facility
in which stratification of temperature is made to
simulate conditions in nature might support some
of these speculations. Alternatively, laboratory
growth experiments could be made in which
temperature is varied with a semidiurnal period.
Another complication in these experiments, if
they are to simulate conditions in the field, is the
co-occurrence of the parasite Hyperoche and its
possible temperature-dependent effect on the
growth and survival of P. bachei.

A consequence of diel vertical migration in the



HIROTA: NATURAL HISTORY OF Pl-ElJROBRACHIA BACHEI IN LA JOLLA BIGHT

coastal waters off southern California is the po
tential effect on the horizontal, offshore distribu
tion of a species. Stevenson (1958)4 summarized
some wind data for the Newport Beach to Los
Angeles Harbor area, which show that in the sea
breeze-land breeze dieI variation of wind velocity
there is a stronger sea breeze component from the
west-northwest quadrant during the afternoons
and a more variable and weak wind in the morn
ings. Robert Arthur has suggested that a possible
result ofthe diel variation in wind velocity and the
observed pattern of vertical migration in P.
bachei may in part account for the maintenance of
high ctenophore abundances close to shore. By
living in the wind-mixed layer during the day
with a westerly-northwesterly sea breeze,
ctenophores are moved shoreward. At night
through the early morning hours the weaker land
breeze moves the surface waters offshore, but by
living deeper at night the net offshore movement
of ctenophores should be relatively smaller than
the shoreward displacement. The frequent strand
ing or grounding of drogues nearshore suggests a
net onshore movement of water. One mechanism
of horizontal, seaward transport is the rip cur
rents, but these are probably important only a few
hundreds of meters seaward of the surf zone and
are dependent on the size of sea swells. It is not
known how important stranding is as a source of
mortality to Pleurobrachia, but in summer
months Pelagia (Scyphozoa) are frequently
stranded on La Jolla beaches and are broken apart
in the surfzone. Other macrozooplankton, such as
saIps and Velella, periodically occur on the beach
and in waters near the shore. It is not clear what
cues or mechanisms the ctenophores use to main
tain their distribution to within 1 km of shore
without most being washed into the surf and
killed. A number of net tows taken near the end of
Scripps Institution pier and just seaward of the
surf zone indicate absence of P. bachei.

The estimates ofabundance ofP. bachei at fixed
stations located alongshore 2-3 km from the
shoreline are subject to variability in time and
space from several causes. At a single station the
abundance will be affected by: 1) spatial
heterogeneity and patchiness on the scale of
lOO-m horizontal distance and 20- to 50-m depth
over the course sampled during a tow, 2) the stage

'Stevenson. R. E. 1958. An investigation of nearshore ocean
currents at Newport Beach. California. Unpubl. Rep. to Orange
ety. Sanit. Dist.. 108 p.

of the tides and the tidal current velocity (see
Figure 15), and 3) the water temperature
stratification and near-surface drift due to the
wind. The magnitude of replicate sample error is
one-half to twice the mean, and the variability in
abundance due to the presumed horizontal motion
generated by the tides and wind for the annual
average is about the same as replicate sample
error.

For estimates ofabundance on a given sampling
date at stations 1.6 km from the shore at different
locations along the coast, "true spatial" variabil
ity exists in addition to replicate sampling error
and aliasing due to physical effects oftides and the
wind. It is difficult to sort out quantitatively the
separate error cumponents due to physical effects
and true spatial effects alone, because the time
period for the physical effects to bias sampling
(about 6 h) is about the same as that required to
move through space and sample different stations.
Variability around the mean of all stations at one
sampling date includes variations due to replicate
sampling error, variations due to physical effects,
and variations due to true spatial differences. The
relative magnitudes of these components ofvaria
tion estimated from the 95% confidence limits of
the two-way analysis of variance and the regres
sion of abundance on tidal height are: 1) the 95%
confidence limits about the mean of all stations at
a given time of sampling is the mean multiplied
and divided by 6.23, 2) the 95% confidence limits
about the mean of replicate samples is the mean
multiplied and divided by 2.15,3) the range of the
expected abundance from the regression equation
over the observed values of tidal heights is four
fold, or a range of about one-half to twice the
overall annual mean, and 4) the residual true spa
tial variation calculated by difference is the mean
multiplied and divided by 1.45 (i.e., 6.232 = 2.152

X 22 X 1.452). In terms of the relative contribution
of these three components to the total variability,
the values are 2.2: 1.9: 1 for replicate sampling
error, physical effects, and true spatial variation,
respectively. The relative contribution ofreplicate
sampling error vs. physical plus true spatial vari
ations to the total variability ofall stations on one
sampling date is 1:1.8. These results from a sam
pling program not designed specifically to sepa
rate each effect suggest that physical effects on
sampling bias and the replicate sample error are
important relative to real spatial differences of
abundance between stations equidistant from
shore. A synoptic sampling program with two or
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more ships would better enable separation of the
total variability into variations from
time-dependent physical effects, true spatial dif
ferences, and replicate sample error. It is indeed
discouraging that confidence limits for the mean
of replicate samples could not be reduced below
about one-half to twice the mean, even with a t

value based on 90 degrees of freedom. Zooplank
tologists may continue to be plagued with the ina
bility to reduce field sampling variability much
below this level, given reasonable time and man
power limitations and no significant changes in
sampling methodology. Because oftheir large size
and lack of rapid escapement, postlarvalP. bachei
are as easy to sample accurately as any zooplank
ter is likely to be.

Seasonal changes in abundance of P. bachei
postlarvae observed in La Jolla Bight during my
study (Figure 13) agree with the earlier work of
Esterly (1914) off San Diego and work by Parsons
et al. (1970) in the Strait of Georgia, British Co
lumbia (the values reported in the Strait of Geor
gia work are numbers of Pleurobrachia plus
Philidium per cubic meter). These two studies
showed that seasonal maxima occurred in July or
August; high densities were from June to Sep
tember and lower values and absences were ob
served from October to March. Esterly (1914)
noted that P. bachei were more abundant at tem
peratures above 18°C than below; they were espe
cially abundant at about 19°C in August. He also
noted that although P. pileus and P. bachei are
similar in morphology, their distributional pat
tern and temperature optima are widely different.
In the Atlantic P. pileus was abundant at lower
temperatures during the year « 15°C); in the
Pacific the reverse seemed to be the case.

Seasonal studies of P. pileus in Wellington
Harbor, New Zealand (Wear, 1965) and the North
Sea region (Russell, 1933; Fraser, 1970; Greve,
1971) show that it differs from P. bachei in the
season of maximal abundance. In Wellington
Harbor P. pileus was dominant in the winter
plankton, and it was the most variable plank
tonic species. P. pileus was absent in February
March, rare (1-10/20-min tow) in April-May, and
December-January, common (20-100/tow) in
June and September-November and abundant
(500-1,000Itow) in July-August (note that this is
the winter in New Zealand). Critical temperature
for the occurrence of P. pileus was between 15°
and 16°C. When the temperature fell below this
level, P. pileus occurred in great abundance; in
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early summer at temperatures above 16°C they
were rare or absent. In the North Sea off
Plymouth, P. pileus occurred in a bimodal sea
sonal distribution with early summer
(May-June) and fall (October) maxima (Russell,
1933). In the North Sea near Helgoland P. pileus
occurred with a May-June maximum at 10-15°C
and a less distinct fall peak (Greve, 1971).
Long-term mean seasonal distributions in the
Scottish North Sea showed a clear November
maximum with a less distinct secondary mode in
June (Fraser, 1970); however, the month of the
seasonal maximum can be as early as
July-August in "abnormal" years compared to
the expected fall maximum of normal years.
Highest numerical abundance of postlarval P.
pileus in the North Sea was on the order of
10-20/m3 (Fraser, 1970; Greve, 1971). This is
about the same as the maximum of 401m3 I found
for P. bachei postlarvae, but through most of the
year the population of P. bachei was dominated
by numbers of larvae and eggs. Contrary to the
annual or biannual spawning patterns of P.
pileus in the North Atlantic (Fraser, 1970), P.
bachei produced eggs throughout the year except
for spring and some summer months.

Important differences exist betweenP. pileus
and P. bachei in addition to the pattern of sea
sonal distributions and the surface temperature
at the season of maximum abundance. Patterns
in the seasonal co-occurrence of Beroe with
Pleurobrachia and the parasitism of each
Pleurobrachia species are different for P. pileus
and P. bachei. In the North Sea, P. pileus
occurred in patterns of seasonal abundance which
were 180° out of phase with the abundance of
Beroe <Russell, 1933; Greve, 1971). In La Jolla
Bight abundances ofP. bachei and Beroe sp. gen
erally increased and decreased in phase without
time lags. The seasonal patterns for the co
occurrence of Beroe with P. pileus and P. bachei
suggest that Beroe and other predators may over
exploit P. pileus temporarily to decrease the
population abundance seasonally, whereas Beroe
and P. bachei appear to co-occur in a less intense
predator-prey association. In the North Sea, P.
pileus were parasitized by nematodes (Greve,
1971) and cercaria of Opechona, a trematode
(Fraser, 1970). In La Jolla Bight, P. bachei were
parasitized by H. mediterranea. Farther to the
north Hyperoche mediterranea is replaced by H.
medusarum (Bowman, 1953), and P. bachei is
parasitized by this species in waters off northern
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California (Brusca, 1970).
Off southern California, the strongest equator

ward surface flow occurs during spring and sum
mer, and south of Point Conception the semiper
manent cyclonic eddy produces a northward in
shore circulation (Wyley, 1966). Beneath the
California Current, the undercurrent is a sub
thermocline poleward flow of water of relatively
high temperature and salinity; for example in Au
gust 1966 the undercurrent at lat. 31°N, long.
177°W was close to the continental slope, being
about 20 km wide and 300 m thick (Wooster and
Jones, 1970). This undercurrent below 200 m sur
faces well inshore of the main stream in late fall
and early winter when northerly winds are weak
or absent (Reid et aI., 1958).

The seasonal distributions of P. bachei in La
Jolla Bight showed some features which are con
sistent with seasonal changes in the vertical
movement of the California undercurrent (also
called the Davidson Current). Postlarvae de
creased by over two orders of magnitude from the
end ofOctober through December, and reappeared
at moderate abundance in late January and Feb
ruary. For larvae and eggs, the timing and mag
nitude ofthe winter decrease were about the same,
but the frequency of absences was less than for
postlarvae (see Figures 13 and 14). Another vari
able associated with the presumed winter shoal
ing of the undercurrent is the fivefold decrease in
prey standing stock from early November to the
middle of December (Table 10). A subsurface cur
rent which rises to the surface in winter is ex
pected to contain relatively low crops of animals
and plants, and poleward advection of water from
the south should cause decreases in abundance of
Pleurobrachia.

Studies of stomach contents of P. pileus in the
Scottish North Sea (Fraser, 1970) and in Kaneohe
Bay, Oahu (Rowe, 1971) indicate that this
ctenophore is predominantly a crustacean feeder,
especially of copepods, cladocerans, and cirriped
nauplii. In the Scottish North Sea, P. pileus fed
about 80% of the time on Acartia, Calanus,
Evadne, invertebrate eggs, Temora longicornis,
Oithona, unidentified copepods, cirriped larvae,
Spiratella, andPodon. In Kaneohe Bay 75% of the
prey were nauplii of barnacles and copepods and
the appendicularian Oikopleura longicauda
(Rowe, 1971). The evidence indicated that
Pleurobrachia very rarely fed on fish eggs and
larvae. The North Sea study included seasonal
and annual data, the differences between which

Fraser attributed to differences in the composition
of the plankton rather than prey selectivity by
Pleurobrachia.

The gut contents ofP. bachei in La Jolla Bight
generally agree with the results for P. pileus in
that they fed: 1) predominantly on crustaceans,
especially copepods; 2) very rarely on fish eggs and
larvae; and 3) on a broad spectrum of organisms
some of which appear seasonally for only limited
periods. The major difference between the results
from the three study areas is that in Kaneohe Bay
Pleurobrachia fed on relatively few prey
categories, the number being about one-fifth that
in my study and the North Sea study. The three
most frequent foods on a numerical basis were: 1)

barnacle and copepod nauplii, Oikopleura and
other copepods in Kaneohe Bay; 2) Acartia,
Calanus, and Evadne in the Scottish North Sea,
and 3) Acartia, Euterpina, and Corycaeus in La
Jolla Bight. Both studies ofP. pileus gut contents
considered the postlarvae as a homeogeneous
group. I have treated the postlarvae of P. bachei
as being made up of 10 separate size classes to
show that some changes do occur in prey fre
quency during ontogeny (Table 7). All studies of
ctenophore gut contents have been inadequate to
describe quantitatively the developmental stages
of prey species eaten by different life history
stages of ctenophores, including the larvae. Great
difficulties and amounts of work would be re
quired for such a study (each copepod species has
13 developmental stages counting the eggs). Many
important biological interactions probably occur
during different developmental stages during on
togeny, yet we know very little about them.

Feeding rate experiments with 9- to 10-mm
diameter P. bachei (Bishop, 1968) have shown
differences between mean ingestion rates of
copepodids of Epilabidocera amphitrites and
Pseudocalanus minutus; P. bachei also fed at a
faster rate on copepodids and adults ofP. minutus
than on their nauplii. These results showed that
rates of feeding depend on prey size and other
differences between the same stages of different
prey species and between different developmental
stages of one species. The study of feeding be
havior of P. pileus indicated that this ctenophore
regulates its feeding rate by changing the average
size of the tentacles in response to different con
centrations of Artemia nauplii (Rowe, 1971 l.

During laboratory culturing and rate of diges
tion of prey experiments, differences were ob
served in: 1) the avoidance and escape behavior of
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prey, 2) the protective spination ofvarious species,
3) the strength and sensory acuity of larger zoo
plankters, and 4) the active search patterns of
"setting out" tentacles by the ctenophore. Each of
these four factors in addition to other variables,
which are determined by the relative abundance
and movement of species in nature, have some
bearing on the selection of prey by Pleurobrachia.
The first consideration is time-space co
occurence of prey with the ctenophore. Since
the ctenophores are neritic and mostly live close to
shore in the upper 50-60 m, they will occur with
surface-living holoplanktonic and meroplank
tonic species, only coexisting with deeper-living,
migratory species at night. Secondly, the
ctenophores will most frequently encounter the
most abundant organisms in numbers per unit
volume. Size and swimming activity of the prey
are also important to determine the chance of en
counter with the tentacles. Bodily length deter
mines the likelihood of retention of a given or
ganism by the tentacle net, and swimming activ
ity determines how often the prey will encounter a
given ctenophore if swimming in a random man
ner. Rowe (1971) has shown, using Artemia
nauplii, that the instantaneous feeding rate ofP.
pileus follows the form for effusion ofan ideal gas;
this requires the assumption that prey move about
randomly. However, I have seen P. bachei make
at least three different types of settings of its ten
tacles in apparent attempts to alter the pattern of
search for prey: 1) a double helix set like two
interwoven corkscrews perpendicular to a level
surface with the body at the uppermost end, 2) a
pair of spirals parallel to a level surface with the
ctenophore body at the outer end of the spiral, and
3) linear and curved sets which are placed at dif
ferent angles with respect to the vertical and with
the ctenophore body either heading up or down.
The types of tentacle settings may be adaptive
responses to the nonrandom swimming patterns of
different zooplankton species, some ofwhich move
more in a horizonal or a vertical plane. It is at this
point that animal behavior becomes very impor
tant. Species which co-occur with Pleurobrachia
and are relatively abundant (up to several
hundred per cubic meter) are not necessarily
eaten by this ctenophore, because these potential
prey probably use their sensory acuity and
locomotive power to avoid danger. One outstand
ing example is S. euneritica, a species which is
very fast and difficult to catch compared to most
zooplankton; it had a highly negative electivity
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index (Table 9). Assuming that a prey organism
has just made contact with the ctenophore tenta
cles, three possible outcomes have been observed
in the laboratory for different species: 1) the prey
is too strong and breaks away from the tentacle
hold; 2) the prey provides a strong escape re
sponse, becomes further entangled and is eaten;
and 3) the prey provides little or no escape re
sponse, remains nearly motionless and "plays
dead," often being dislodged from the tentacle hold
and not eaten. A species which is too powerful for
P. bachei to capture is H. mediterranea. The
adults of this amphipod can break away from the
entanglement and also have the ability to exploit
the ctenophores as a predator. Prey which provide
a strong, "calanoid escape response" are almost
always further entangled by swirls of the tentacle
branches and are eaten. The immediate strug
gling and pulling away appears to signal the
ctenophore of a successful prey capture, much as I
would expect that a spider detects the impact and
vibrations of the prey struggling on its web. The
copepods such as Acartia, Labidocera, Calanus,
etc., exhibit strong escape responses when stimu
lated by contact or approaching danger. Two prey
species were observed to exhibit the motionless or
"play dead" response. These are C. anglicus and
P. avirostria. Penilia is also one of the species
which has a negative electivity index or is taken
less frequently than in proportion to abundance in
the water. Once the prey is brought to the mouth of
the ctenophore, the next limitations are the
configuration of the prey body and appendages
plus the protection from external spination. Bodi
ly shapes such as those of Sagitta and zoea larvae
of Porcellanidae (a family of crabs) create difficul
ties for their ingestion by Pleurobrachia. Large
Sagitta must be bent in half and ingested at the
middle section first (observations are from the
laboratory work; gut contents from field sampled
ctenophores show that this event is very infre
quent). The long anterior and posterior spines of
the porcellanid zoeae prevent full ingestion and
digestion entirely, although the prey probably do
not survive the capture. Many other decapod lar
vae possess stout spines and very thick exoskele
tons (e.g., Emerita larvae), which prevent inges
tion and would retard digestion as well. Some
brachyuran zoeae which have dorsal and lateral
spines have been observed to cut open the
ctenophore gut wall during ingestion. Recall that
brachyuran zoeae only make up 0.25% of the total
number of prey in ctenophore guts (Table 7).
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DEMOGRAPHY AND NET
PRODUCTION

Methods

Computations of stage-specific instantaneous
mortality rates (hereafter referred to as mortality
rates or mortalities) were made in order to use
these values in other calculations to estimate
population parameters and rates of net produc
tion. Mortalities were calculated using field data
on stage frequencies treated as a composite of all
samples taken on each sampling date and labora
tory data on rates of development, with tempera
ture and food concentrations being similar to aver
age values observed in the field study area. The
growth or development rate data are from
laboratory cultures at 15°C and 35 /1g C/liter food
concentration. The mortalities were computed by
a computerprogram (Fager, 1973) which solves an
equation to fixed level or error by a specified
number of iterative calculations.

Nx + 1 I Nx = t x (1 - e -Mt x + 1 )It x + 1 (e Mt x-I). (1)

The variables tx and t x + 1 are the duration of
development in days for stage x and x +1, respec
tively; variablesNx andNx + 1 are the numbers of
each stage in the composite divided by the respec
tive duration of development. The mortality rate
on a per day basis from stage x to stage x + 1 is M;
for an organism with continuous growth, such as a
ctenophore, a "stage" is a size category. Positive
mortalities can be calculated only when Nx ex
ceeds N x + 1. Implicit in the calculation are the
assumptions that: 1) successive stages of the or
ganisms were born during a period of constant
recruitment and 2) successive stages have lived
together in spatial proximity, or emigration is
balanced by immigration in the water parcel.

The life table calculations were based on the
estimated mortalities for different time periods of
field sampling and the mean schedule of live
births from laboratory cultures at 15°C. The equa
tions used to calculate population parameters and
stable age distributions are from Birch (1948).

The rate of net production per day of each de
velopmental stage is a function of the numbers
and weights of the animals and their instantane
ous rate of tissue growth and of mortality on a per
day basis; the rate of net production by a species
population of a given age structure is simply the

sum of the rates for each stage. These rates are
calculated from the equation of Ricker (1958),
which relates the rate of net production to the
mean daily standing stock and the rates ofgrowth
and mortality.

NP, = O,B, (1 - eO, - M ')/(M, -0,) = oJi, .(2)

In this equation 0 i and M i are the mean exponen
tial coefficients or mean instantaneous rates of
growth and mortality of the ith stage on a per day
basis. The variables B, and B, are the calculated
standing stocks per sample in milligrams organic
matter per square meter of the ith stage at the
beginning of the day (B I) and the average over a
24-h period (B,). This function equates the rate of
net production per day for the ith stage (NP, has
units of milligrams organic matter per square
meter over a 24-h period) to the instantaneous
rate of tissue growth times the standing stock at
the beginning of the day (the beginning of the day
is the time a field sample is taken) corrected for
differential increases due to tissue growth and
differential decreases due to mortality. For
further details refer to the work of Ricker (1958)
and Mullin and Brooks (1970). Note that the rate
of net production per day is actually an average
value, because it is calculated using means for
growth and mortality rates.

The rates of net production for postlarvae and
larvae of P. bachei were calculated according to
Equation (2) above. No values for mortality rates
of eggs were calculated, but the hatching time of
eggs at 15°C is about 24 h. In calculation of the net
production of eggs per day, it is assumed a steady
state in the standing stock of eggs with a hatching
time of 24 h. This is equivalent to the assumption
that the rate of net production of eggs per day is
equal to the standing crop at the time of sampling
the eggs.

From calculations of the net production per day
of postlarvae for each replicate sample at each
station, the mean value and the variance of the
mean are calculated according to standard
parametric statistics. At a given station, the total
amount of organic matter produced over some in
terval of time, i\t, equals the product of the mean
rate per day and the time interval in days. For
calculations of the annual net production (ANP),
it is assumed that the mean rate per day on a given
sampling date at one station applies linearly over
an interval of time equal to the sum of one-half
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the period between the given sampling date and
the previous sampling date plus one-half the
period between the given sampling date and the
next following sampling date.

The ANP equals the sum of all net production
increments over the year.

t n =n
ANP = SUM NP tn(t n+1 -t" - 1 )/2. (3)

t,,=1

In the equation t" refers to the nth sample date,
NPtn refers to the mean rate ofnet production per
day on the nth sample date, and ANP is the mean
value of the annual net production for any life
history stage being considered. For the first and
last sampling dates ofthe year, the mean rates per
day were applied over one-half the following
sampling date interval and one-half the previous
sampling date interval, respectively. Calculations
using Equation (3) were carried out separately for
postlarvae, larvae, and eggs at station 5 off
Scripps, and the total for all life history stages is
the sum of the annual values for the eggs, larvae,
and postlarvae at that station. ANP was also cal
culated at stations 1,3, and 6 for postlarvae only.

The variance of the mean value ofthe ANP at a
given station was calculated as the product of the
variance of the mean rate of net production per
day and the square ofthe time interval over which
it was applied, summed for all time intervals dur
ing the year. The equation was derived from the
variance formula of a dependent variable which
equals the product of two independent variables
(net production over a time interval, Ii t, equals
the product of the mean net production per day
and lit), by solving for the square of the differen
tial of net production over a time interval 6t. The
covariance term is zero since the daily net produc
tion and time interval between sampling dates are
independent. The term for the square of the mean
daily net production multiplied by the variance of
6 t is presumed to be small, because sampling dur
ing the year was within a few hours at the same
time of the day for all sampling dates.

t n =n
Var(ANP)= SUM Var(NPtn)(tn+1- (,,_1)2/4. (4)

" =1

The symbols are as given above in Equation (3),
and Var (ANP) and Var(NPt n) refer to the var-
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iance of mean annual net production and the var
iance of mean daily net production on sampling
date tn, respectively.

Results

During the field study from 8 March 1970 to 2
June 1971, 100 mortality values were obtained for
postlarvae and larvae. On anyone sampling date
it was not possible to calculate mortality values
for all size classes, especially with small sample
sizes in older stages. Therefore, the mortalities
from all sample dates were grouped into seven
time periods and seven size classes (excluding
eggs) in order to obtain an estimate of mortality
for each class over time. The mortalities were
grouped according to the subjective criterion that
medians of a group would differ from any other by
at least 50%. The mortalities for size classes were
set by the comparisons of mean numbers per class
between successive classes.

For the time period of 1 May to 18 June 1970 a
life table calculation is given in Table 11. The
mean hatching success of eggs is 94%. The Lx
values are the probability that an individual born
will survive to the beginning of each age interval.
The instantaneous mortality rates which were
used to construct the l x schedule are as follows: 1)
0.170for larvae ofage 1-19days, 2) 0.021 for stage
1-2 mm postlarvae of age 19-45 days, 3) 0.150 for
stage 3-4 mm postlarvae of age 45-53 days, 4)
1.047 for stage 5 mm postlarvae ofage 53-54 days,
5) 0.572 for stage 6 mm postlarvae of age 54-55
days, 6) 0.378 for stage 7-8 mm postlarvae of age
55-63 days, and 7) 0.260 for stage 9-13 mm post
larvae of age greater than 63 days. These mortal
ity rates were applied equally for each age inter
val overthe duration ofthe respective stages. Note
that up to age 53 days (4.5 mm) the first 45 live
births give a net reproduction of 1.0405 (60% ofthe
total), enough to replace the population. The next
53 live births add 23% of the total net reproduc
tion. The enormous potential reproductive capac
ity at age 61-63 days and older is not fully realized
because of the miniscule numbers which survive
to this age. These results show the great impor
tance of early reproduction in size classes 1-2 mm
toward the net reproduction.

The population parameters and stable age dis
tributions in May-June and three other time
periods, each with its own schedule ofsurvival and
the mean schedule of births, are shown in Table
12. For the 1 May to 18 June period, the observed
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TABLE ll.-The life table for Pleurobrachia bachei during 1
May-18 June 1970 based on laboratory growth and reproduction
data at 15°C and calculated mean rates of mortality for this
period. The symbols dx, 1x' bx andx represent the age interval in
days, survival to the beginning of the age interval, the numbers
of live births during the age interval, and the pivotal age, respec
tively.

mean age distribution in field samples was 66.7%
eggs, 20.0% larvae, 8.7% 1- to 2-mm postlarvae,
and 4.7% all other stages. The field age distribu
tion is unlike the stable age distribution in that
the proportions of eggs and larvae are reversed
and the proportion of late stages is sevenfold

RO = 1.7481

dx Ix

0-1 1.0000
1-3 .9400
3-5 .6691
5-7 .4762
7-9 3390
9-11 .2413

11-13 .1717
13-15 .1222
15-17 .0870
17-19 .0619
19-21 .0441
21-23 .0423
23-25 .0405
25-27 0388
27-29 .0372
29-31 .0357
31-33 .0342
33-35 0328
35-37 .0315
37-39 .0302
39-41 .0290
41-43 .0277
43-45 0266
45-47 0256
47-49 .0189
49-51 0140
51-53 .0103
53-55 .0077
55-57 .00152
57-59 .00071
59-61 000336
61-63 000158
63-65 .000074
65-67 .000044
67-69 000026
69-71 .000015
71-73 .000009
73-75 .000006
75-77 .000003
77-79 000002

bx

1
o
o
1
o
o
o
o
o
6

15
3

13
4
2

53
102

8
53

353
325
302
204
557
298
960

1026
1319

1xbx

00405

0357

.1662

.3990

.0768

.2457
0560
0206
.4081
.1550
.0057
.0178
.0558
0240
.0133
.0053
.0084
.0027
0058
.0031
.0026

Ixbxx

0.9720

1.0710

69804
17.5560

3.5328
11.7936

2.8000
1.0712

22.0374
8.6800

3306
1.0680
3.4596
1.5360

8778
.3604
5880
.1944
4292
.2356
2028

85.7768

higher than in the stable age distribution. The
population growth rates (r) in other time periods
predict decreases of population abundance from 8
March to 2 April (r = -0.105) and increases in 14
July to 21 August (r = 0.020) and in October (r =
0.0115). Eggs and larger ctenophores were again
more frequent, and larvae less frequent in the field
during July-August than calculated for the stable
age distribution.

For postlarvae the mean rate of net production
per day for all stations located 1.6 km from the
shore (Table 13) followed the seasonal variation in
the standing stocks. The maximum rate ofnet pro
duction on 13 August, 212 mg organic matter m- 2

day', was about 200/0 of the standing crop. About
two-thirds of ANP occurred during August. The
variance of the mean ANP is quite large, but since
the confidence limits for the mean are determined
by standard deviations, the 95% confidence inter
val for the mean ANP is 4,200-6,280 mg organic
matter m- 2 yr'.

Mean ANP of postlarvae at stations 1, 3, and 5
(1.6 km from shore) and at station 6 (10 km from
shore) are given in Table 14. Note that "annual"
net production at the stations 1, 3, and 5 are for
0.956 yr and at station 6 for 0.84 yr; these values
were not corrected to a full year by proportion,
because statistical tests based on variances would
not be valid. Tests for differences of variances
(F -ratio) and means (t-tests) between stations 1,
3, and 5 were made. The variance of station 3 was
significantly different from that ofstations 1 and 5
(P<O.OI), but the variances of stations 1 and 5
were not different from each other (P>0.05).

The difference between means of all pairs of
contrasts for stations 1, 3, and 5 are significant
(P< <0.01). The net production at station 6 located
10 km from shore offScripps Institution was about

TABLE 12.-Summary ofpopulation parameters for P. bachei during four time periods in 1970. The
symbols R 0, r, T, B, b, d and ex refer to net reproduction, instantaneous rate ofpopulation growth,
generation time, finite birth rate, instantaneous birth rate, instantaneous death rate and stable
age distribution respectively. The percentages of eggs (E), larvae (L), 1-2 mm, and .. 3 mm stages
are given in that order for the stable age distribution.

Time period Ro T B b d ex

8 Mar.-2 Apr. 0.0058 -0105 49.0 02485 0.2617 0.3667
1 May-18June 1.7481 0.0115 486 0.2348 02328 0.2213 233 E

69.0 L
7.01-2 mm

0.7 ? 3 mm
14July-21 Aug. 29271 0020 537 0.248 0.248 0.228 24.6 E

69.3 L
5.61-2 mm
0.5 ? 3 mm

8-22 Oct. 1.7565 00115 49.0 0.2348 0.2328 0.2213 Same as 1 May-18 June
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TABLE 13.-Seasonal variation of the mean rate of net produc
tion per day (NPt n is in mg organic matter rD' day') for postlar
val Pleurobrachia bachei at stations located 1.6 km from shore in
La Jolla Bight. The mean annual net production is given as the
sum of the mean rate per day multiplied by the appropriate time
interval, 6 t; the variance of the mean annual net production is
also given. Note that the sum is for 0.956 yr.

sevenfold lower than that at station 5 (1.6 km off
Scripps Institution) and fivefold lower than the
mean for all stations located 1.6 km from shore.
For these comparisons, the production at station 6
was extrapolated to 0.956 yr. The net production of
larvae and eggs at station 5 contributed only
about 3% of the sum of net production of eggs,
larvae, and postIarvae at that station.

For stations 1,3, and 5 the annual mean ratio of
the net production per day of postIarvae to their
mean daily standing stock (iii of Equation (2)) are
0.197,0.196, and 0.211, respectively. The mean
ratios are based on 32, 43, and 54 observations for
stations I, 3, and 5, respectively. There are no
significant differences between the variances
(F-ratio tests) of all paired contrasts of stations
(P>0.05). There are no significant differences be
tween all paired contrasts of station means
(P>0.50). The overall annual mean ratio at these
three stations is 0.202, with 95% confidence limits
for the mean being 0.187-0.217. Thus, the ratio of
production to biomass on the day of maximal pro
duction was no greater than the annual mean.

In order to estimate the food chain efficiency
(defined for any trophic level L as the steady state
ratio of yield to predators at level L + 1 to the net

NPtn(l\t) Var (NPtn)/\t'

TABLE 14.-Summary of"annual" net production (ANPl values
(in mg organic matter m' time- 1

) ofPleurobrachia bachei. at four
stations in La Jolla Bight. The value at station 6 is for 0.84 yr; all
other values are for 0.956 yr. The standard deviation ofANP for
each respective value is also given. Values are for postlarvae
unless otherwise specified. The mean production for larvae and
eggs at stations 1-5 were calculated assuming that the same
fraction ofproduction would be as larvae and eggs at all stations
as at station 5.

504

504

SD

104
377
125
18
6

85

Number of
Station sample dates ANP

1 24 2.320
3 24 4.320
5 25 7.650

144 Larvae

6
111 Eggs

17 950

Mean of 24 5.240
station 1-5

Mean of 24 5.240
station 1-5 99 Larvae
plus eggs and 76 Eggs
larvae

5.415

production of trophic level L - 1) of the transfor
mation of materials or energy by trophic levels,
the two parameters stated above must be known:
1) the net production of potential food at level L-1
and 2) the yield to predators from the level L,
which in steady state is the total net production of
level L minus losses to decomposers. This concept
can be extended to include more than three trophic
levels, e.g., the square root ofthe ratio of ingestion
by secondary carnivores to net primary production
might be termed the equal transfer efficiency of
herbivores and primary carnivores.

In practice it is very difficult to accurately
"measure" the secondary production of the entire
herbivore trophic level in the sea, and such data
are not available in my study area. Further, the
estimates of net production by P. bachei could not
be partitioned into the fractional losses to decom
posers and as yield to predators. Therefore, two
simplifying assumptions were made in calculat
ing the transfer efficiency for the macrozooplank
ton of La Jolla Bight: 1) all ofthe net production by
P. bachei resulted in yield to predators and none to
decomposers and 2) the efficiency was constant
and equal from the primary producer level
through the first-order carnivore level of P.
bachei. Given these limiting assumptions, the
efficiency calculated is referred to as the "equal
transfer efficiency." Thus, if net production data
were not available for trophic levels between
primary producers and the trophic level of in-

2705065
216.5228
639.0759

35,286.5025
102.152.1706

11.169.1520
2,370.3264
2.824.7200
7,217.9748

91,135.2960
141.4260

74322
0.7291
00003

144207
87.1612

102.6440
4.9306

221.5584
48.4800

2.8978
01764
01051
0.0004

253.914.2097

36316
69.628

131660
575940

2.229.014
563.632
295.256
428.320
195.174
586.348

23.962
4.725
1.596
0.006
6.741

13468
25.302

3.840
24.108
20.360

2727
0.854
0.638
0.015

5,239.63

5188
5356
9.080

38.396
212.287

70454
22.712
21416
10.843
41.882

1.775
0.350
0.114
00003
0.321
0962
1.745
0.240
1.148
1.018
0.202
0.061
0.044
0.002

10
10
10
10
10

8
10

6
6
6
6
6

10
10

6
6
8
6
6
6
6
6
6
6

Number of
samples

Sampling
date

18 June 1970
2 July

14 July
31 July
13 Aug.
21 Aug.
29 Aug.
16 Sept.
8 Oct.

22 Oct.
5 Nov.

18 Nov.
2 Dec.

16 Dec.
11 Jan. 1971
27 Jan.

8 Feb.
25 Feb.
12 Mar.

7 Apr.
20 Apr.

4 May
18 May
2 June

SUM
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terest, a general equation to calculate equal trans
fer efficiency for n transfers is

In the equation ETE is the equal transfer
efficiency, NPL is the net production of trophic
level L (which is equal to ingestion by level L +1),
NPP is the net primary production, and n is the
number of transfers from primary producers (the
zeroth trophic level) through trophic level L. This
equation was derived from the works of Schaefer
(1965) and Ryther (1969). The equal transfer
efficiency calculated in this manner for n >2 says
nothing about the efficiency of a given trophic
level, but only the equal efficiency of all trophic
levels from primary producers through trophic
level L.

The equal transfer efficiency from primary pro
ducers through P. bachei was calculated using es
timates of annual net primary production in the
coastal waters of southern California, ANP of P.
bachei, and the weighted mean number of trans
fers from primary producers through P. bachei,
The mean number of transfers was calculated
from the percentage contribution from each of 21
prey categories to the total numbers ofprey (these
21 categories are 98% of the total numbers of prey
in the stomachs ofP. bachei over a year) and best
guesses as to the number of transfers from prim
ary producers to each of the 21 prey species. The
mean and range of ANP by all stages of P. bachei
extrapolated to 365 days (5,700 and 8,300-2,500
mg organic matter) were converted from units of
organic matter into organic carbon by taking 50%
ofthe organic matter as organic carbon. The mean
and range of annual net primary production (400

-2 -1
and 600-200 g C m yr ) were estimated from the
mean and range of the rates per day in southern
California coastal waters (Eppley, Reid, and
Strickland, 1970; W. Thomas, pers. commun,) and
multiplication by 365. The expectation of the
number of transfers from primary producers
through P. bachei is 2.3 with an upper limit of the
estimate equal to 2.5. These fractions occur be
cause species of animals often do not fall into a
single trophic level, and this is in fact the case
with P. bachei; some of its prey organisms are
herbivorous and some are themselves carnivor
ous. The equal transfer efficiency was calculated
and presented in a matrix for the means and
ranges of the three variables stated above (Table

ETE =(NPLINPP) I In (5)

TABLE 15.-Calculations of the equal transfer efficiency in per
cent for different numbers of transfers from primary producers
through Pleurobrachia, given the observed range and mean of
annual net production of P. bachei and the estimated range and
mean of annual net primary production in g C ri'i2 yr~l. In each
group of three values, the first is for the highest value of
ctenophore net production (4.1 g C ri'i2 yr I), the second is for the
mean (2.8 g C Iii2 yi") and the third is for the lowest value (1.2 g C
Iii2 yi' ,),

Net primary Number of transfers
production

20 2.25 2.5

200 14.3 17.8 21.1
11.8 15.0 181

7.7 103 12.9

400 10.1 13.0 16.0
84 11.0 13.7
5.5 7.6 98

600 8.3 10.9 13.6
68 9.2 11.7
4.5 63 83

15). Note that the range ofequal efficiency is found
on the diagonal from the lower left to the upper
right of the table. The overall central value is an
equal efficiency of 11%. This efficiency of transfer
involves phytoplankton, herbivores, and those
primary carnivores on which P. bachei feeds, P.
bachei, and the predators and parasites of P.
bachei. This efficiency equals the nth root of the
ratio of ingestion by predators ofP. bachei to net
primary production.

DISCUSSION

Life table parameters of P. bachei show adap
tive value in the interdependence of the schedule
of births and the rates ofdevelopment and mortal
ity on population growth. Early reproduction
makes a very important contribution to net repro
duction and population growth rate, but only in
relation to the rates ofdevelopment and mortality.
The larvae have relatively high rates of mortality
and lower rates of growth compared to other
stages. The 1- to 2-mm postlarvae have the low
est rate of mortality and grow slowly, but they are
able to reproduce at an early age and thereby
contribute an important fraction of net reproduc
tion. The 3- to 7-mm stages have very rapid tis
sue growth (instantaneous rates of 0.21-0.47) but
do not contribute many young to the population.
Instead, these larger stages are important to net
production of organic matter because of their
rapid growth and high abundance in summer. The
stages larger than 8 mm are able to produce
enormous numbers of young, but few survive to
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this size in nature. Regulation of population
growth rate would be very sensitive to changes in
mortality rates during production of the first
50-100 young and again during the production of
the several hundred young by later stages.

The seasonal occurrence ofH. mediterranea and
the frequency distribution of single and multiple
infections and of the percentage ofcases for differ
ent stages ofhosts show two kinds ofpatterns that
are related to life history episodes: 1) the parasites
do not often attack the 1- to 2-mm stage postlar
vae which are important to net reproduction as
discussed above and 2) the parasites occur mainly
as one or two individuals per host and most fre
quently in 6- to 8-mm postlarvae. The early
stages of parasites infect the larger hosts more
frequently than the smaller hosts because of sea
sonal availability and perhaps also because of the
ability of the larger hosts to better accommodate
the extra metabolic burden. The "strategy" of the
parasites appears to be infection of larger hosts
with few young to provide sufficient food and shel
ter during their development, but not overexploit
each host with too many parasites. The larger
stages of hosts are buffered against local extinc
tion by adult parasites, because suitable hosts be
come more difficult to locate the faster they die.
The total ctenophore population has some protec
tion from overexploitation of postlarvae by para
sites and other predators in the presence of rela
tively large numbers of eggs and larvae and the
ability ofyoung postlarvae to reproduce soon after
development to 1-mm size.

The calculated population growth rates of P.
bachei indicate that the minimum time for a popu
lation doubling is about 35 days (0.693/0.02). This
suggests that rapid increases of Pleurobrachia
observed on a time scale less than a month are
probably due to gross advective change if refer
ence ofa "bloom" is made to total abundance of all
stages. However, the growth in bodily size of
Pleurobrachia from 2 mm to 6-7 mm diameter
may occur in about 2 wk, and this may account for
the visual impression of a bloom. Regarding indi
vidual and potential population growth rates the
salp Thalia democratica as another macrozoo
plankter, is much faster than P. bachei (Heron,
1972a, b).

The statistical treatment of variances for mean
net production per day describes precision of the
estimates, which probably is not the same as inac
curacy in the estimates. For example, it is ques
tionable whether growth rates in the laboratory
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under constant temperature, food concentration,
and food type are accurate estimates ofthe rates in
nature. Variation during a day in ambient condi
tions appear to be at least as important or more
important than the average condition (e.g., temp
erature). The rates of tissue growth and mortality
both depend on the duration of development
within a stage, and they are not fully independent
variables although they are treated as such in
Equation (2). Another error ignored in the statis
tical treatment is the variance of the standing
stock calculated for each replicate sample. I as
sumed in the calculation of the net production per
day for each replicate sample at one station that
the variance for the best estimate of the crop is
negligible compared to the deviations between the
best estimates from the regression equations for
each sample. The net production per day for each
replicate sample is based on the mean rates of
growth and mortality and the best single estimate
of the standing crop.

The variance for the mean value of the ANP
depends on the variance of the mean net produc
tion per day and the square of the time interval
over which the rate is linearly applied (Equation
(4)). Assuming that the data on net production per
day would have a Poisson distribution (variance
equals the mean), reasonably small 95%
confidence limits for the annual net production
(ANP±ANP/10) are obtained with replicate sam
ples if each of ten sampling dates is spaced
evenly during the year. The limits are relatively
insensitive to whether the seasonal distribution of
production is rectangular and continuous, rectan
gular and discontinuous, or triangular and discon
tinuous. The important considerations to
minimize the confidence limits for the mean an
nual production are: 1) the number ofobservations
per sampling date, 2) the number of sampling
dates, and 3) the time interval between sampling
dates in relation to the seasonal maximum abun
dance and rate of production. The number of ob
servations per sampling date is determined by the
number of replicate samples and the number of
stations. More stations and replicate samples im
prove the accuracy in estimating the mean and
should decrease the variance of the overall mean
for a given sampling date. The number of sam
pling dates minus one is the number of degrees of
freedom for the t-statistic which is multiplied by
the standard deviation ofthe mean to give one tail
of the confidence limit. The time interval between
sampling dates will affect the variance for the net
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production over a given period as the square ofthe
interval; therefore, sampling should be carried out
on a regular basis without long intervals between
dates unless previous information is available on
the seasonal distribution of production and the
relationship between means and variances.

Three parameters can influence the magnitude
of net production by P. bachei in addition to errors
in the estimation ofabundance: 1) water tempera
ture, 2) food supply, and 3) parasitism. In the first
two cases, it would appear that for the observed
range of temperature and food supply in the study
area temperature is more important than food
supply. A 10°C range of surface temperature over
the year or the temperature change experienced
during a postulated 20-m vertical migration in
August (see Figure 8) should affect the rate of
growth in length and weight and survival. Data
are not sufficiently good for quantitative state
ments about the effect of vertical migration dur
ing August on rates of tissue growth, net produc
tion, and population growth. The case for the effect
of food supply on rates of net production is some
what better than for temperature. Rates ofgrowth
in the laboratory at 15°C are essentially the same
for ctenophores cultured on Acartia at 35 !1 g
C/liter and 500 pg C/liter. The rates of growth in
length and weight at 14.5c C and 1-2 pg C/liter of
mixed natural food organisms indicated that the
postlarvae grow about as well as at tenfold higher
food concentrations. From field samples in which
the calculated food concentration was about 10 pg
C/liter growth rates in the laboratory and from
the field size frequency distributions agree within
± 20% of the mean rate. It appears therefore that
P. bachei postlarvae are very efficient at the ex
traction of prey from the water at very low con
centrations. The estimates of gross growth
efficiency showed that over one-half of the food
ingested was incorporated into somatic tissues.
Perhaps the "passive" feeding mode of these car
nivores allows them to have a very low threshold
for the commencement of feeding activity, espe
cially since the area of the tentacles is very large
in relation to the bodily size of the ctenophore, and
relatively low metabolic expenditure is generated
while waiting for prey to contact the tentacles.

The estimates of ANP by P. bachei are also
inaccurate, because no corrections were made for
effects of parasitism by Hyperoche on rates of tis
sue growth and duration of development. Since
the occurrence of parasitism and high rates of
production both were in August (two-thirds ofthe

ANP was in August), correction may not be triv
ial. It is not possible to make a quantitative esti
mate ofthe error based on any data, but the follow
ing sources of error must be considered: 1) the
standing stock, B" was overestimated by the
amount of ctenophore tissue in the volume that
the parasites occupy; 2) the instantaneous rate of
tissue growth, G" was overestimated by the dif
ference between the instantaneous growth rates of
nonparasitized and parasitized ctenophores; 3) the
instantaneous rate of mortality, M" was overes
timated by the difference between the durations of
development of nonparasitized and parasitized
ctenophores (see Equations 1 and 4) the total loss
of ctenophore tissue (due to mortality of all types
and to ingestion of tissue by parasites that does
not result in mortality) in one time increment was
underestimated by that fractional amount of tis
sue removed from the mean standing crop during
the time increment by parasitism. Overestima
tion of the standing stock of ctenophores due to
presence of parasites is believed to be negligible,
especially since only one or two parasites were
present in 92% of all cases (Table 4). For given
values of standing stock and rates of growth and
mortality (e.g., B, = 100 mg/m2 , G, = 0.2, and M,
= 0.5), the effect of additional tissue loss due to
parasitism on the rate of net production is rela
tively small (ca. 10'';) for instantaneous rates of
parasitism up to 5ifll of the rate of mortality. The
mean net production per time interval was overes
timated. The actual extent ofthe overestimate can
not be evaluated without more information on the
effect of parasitism on ctenophore growth.

The ratio of net production per day to mean
standing crop during the day for all postlarvae is
the biomass-weighted mean instantaneous rate
of tissue growth (Allen, 1971), assuming that
growth and mortality rates are exponential. The
similarity of mean values between stations 1, 3,
and 5 is due partly to the bias of having used only
the growth rates at 15°C throughout the year, but
the range between stages of the mean exponential
growth rate is at least tenfold. Some of the consis
tency in ratios of production to mean standing
stock is due to similarity in the length frequency
distributions between stations and relative con
tribution of different stages to the total crop. The
overall annual mean production to standing stock
value of 0.202 indicates that net production per
day is 20% of the mean daily standing stock. This
value is within the range ofvalues summarized by
Mullin (1969), but is quite high considering the
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relatively large size ofpostlarvae (e.g., over 10 mg
organic weight).

The 11% overall mean in the equal transfer
efficiency is surprisingly close to the values of
ecological efficiency measured in the laboratory
(Silliman, 1968; Slobodkin, 1968); food chain
efficiency is the same as ecological efficiency if all
food available to a consumer level is ingested (the
range for ecological efficiency is generally ac
cepted to be 5-20%). The stability and con
vergence characteristics of these efficiencies must
be set by two boundary conditions: 1) the
minimum net production and food required to just
replace the component species within a trophic
level and 2) the age-structure weighted max
imum gross growth efficiency of the component
species within a trophic level. The upper limit is
set by the physiological maximum gross growth
efficiency of each developmental stage weighted
over all stages and species in proportion to their
relative abundance. In this regard the adults ofP.
bachei are very efficient (60%) at converting food
ingested into somatic tissues, and this is probably
near the upper limit of gross growth efficiency.
Low ecological efficiency is found in species popula
tions dominated by older, slowly growing indi
viduals with low growth efficiency and low rates of
mortality (Mann, 1965). In nature it would seem
unlike ly that food chain efficiency through several
successive trophic levels could vary widely. For
example, a low efficiency through producers to
herbivores means that less net herbivore produc
tion would be available to first-order carnivores,
all else being equal. Under these circumstances
the efficiency through herbivores to first-order
carnivores should also be low, because the carni
vores must search a larger volume or area to feed
and this decreases growth efficiency. Conversely,
a high efficiency through producers to herbivores
should perpetuate a high efficiency through her
bivores to carnivores, unless the age or size dis
tributions ofherbivores which yields high net pro
duction from producers is not conducive to max
imize the efficiency through herbivores to
first-order carnivores (i.e., the herbivores are
predominantly younger stages which are not avail
able to those stages of carnivores which possess
the highest growth efficiency).

There is some evidence from lakes and from
theoretical considerations of growth patterns that
food chain efficiency is at least in some cases de
termined by growth efficiency of component
species in a food chain and their metabolic
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flexibility in response to size and abundance of
prey (Kerr and Martin, 1970; Kerr, 1971). In com
plex marine systems considerable effort must be
expended before the predator-prey interactions
are described and the metabolic rates and
efficiencies are measured. Meanwhile, an expla
nation based on sound theoretical grounds is
needed to show why the food chain and ecological
efficiencies tend to converge on 10% and have a
relatively small range from about 5 to 20%.

SIGNIFICANCE OF P. BACHEI IN
THE PLANKTON

The coastal waters of southern California rep
resent an ecotone which includes the boundary of
land and sea. It is influenced strongly by physical
processes and the biota in the water from several
sources. The relatively shallow depths within the
first 2-3 km from shore emphasize the inter
dependence and coupling of the benthic and
planktonic communities. The benthic community
depends on the planktonic community for some of
its food supply and for removal of the least fit
individuals of those meroplanktonic larvae re
leased by benthic animals. The plankton commun
ity receives some of its food in the form of mero
planktonic larvae, and the benthic community re
turns the materials removed from the water in the
form of regenerated nutrients, detritus, and de
composing tissues. It is not surprising, therefore,
that Euterpina and Oithona are the prey of young
stages of newly settled juvenile garibaldi, Hyp
sypops rubicunda (Clarke, 1970) and also of P.
bachei.

The pattern of high standing stocks of different
trophic levels and intense biological activity
within the first 5-10 km from shore is probably
associated with the high regeneration rates of
nutrients and high productivity in shallow water
(Anderson and Banse, 1961) and life history adap
tations of coastal water species to exploit highly
productive zones. The short generation times of
microcopepods, parthenogenesis in cladocerans
and spined eggs ofAcartia are some adaptations to
enable rapid exploitation of favorable conditions
in the plankton. The coastal waters may be com
pared to a chemostat. The rates of dilution by
physical forces vary in time and space, but the
specific growth rates of the organisms plus their
refugial seed stocks and immigrants enable them
to persist over time. The quasi-continuous change
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in the physical-chemical habitat of the coastal
waters prevents the formation of a stable,
time-independent assemblage of organisms, al
though the system appears to be basically com
posed of the same recurrent species in seasonally
varying proportions. Occasionally expatriates
from oceanic, southern waters, and northern wa
ters appear (e.g., Candacia, Eucalanus attenuatus,
Tortanus discaudatus, Velella, etc.). The tran
sients are joined by some organisms which appear
seasonally in this area during spawning migra
tions (e.g., gray whale, squid, grunion).

The regulation of population size in Pleuro
brachia is postulated to be through density
dependent feedback meahanisms proposed
by Greve (1972), in which the prey of larger
ctenophores (e.g., adult stages of copepods) are
detrimental to survival of the small ctenophore
larvae. Balance in the abundance ofpredators and
prey is conferred by selection oflarger copepods by
the larger ctenophores (Bishop, 1968), but with
dependence ofctenophore larvae on copepod naup
Iii for food supply and low abundance of adult
copepods for their survival. A high density of
copepod nauplii and low density of copepod adults
would favor occurrence of ctenophore larvae and
early postlarvae. As both prey and predators grow
the roles of predator and prey become reversed to
some extent. The large ctenophores may nearly
deplete the water oflarge copepods to satiate their
metabolic demands, but this condition is unstable,
because the larger ctenophores will become food
limited. The population size will not increase
greatly because few adult copepods are available
to produce eggs, and the nauplii which are hatched
from eggs are needed for food of larval
ctenophores. If the abundance of postlarvae
should increase and some threshold is exceeded,
the ctenophore population also becomes vulnera
ble to density-dependent predation by Beroe and
other predators and infection by parasites.

All organisms in nature consume food, recycle
materials through excretion (and exuviation), and
are themselves consumed. In this regard the func
tional role or ecological significance of a species
population is closely related to its relative abun
dance and rates of turnover. Pleurobrachia bachei
is a dominant carnivorous zooplankter during
summer and fall in the coastal waters off San
Diego. Its functional role can be divided into three
parts: 1) a predator which regulates the abun
dance of small crustaceans (copepods and cladoce
rans) and removes least fit individuals, 2) a vehi-

cle which provides shelter and nutrition for para
sites such asHyperoche, and 3) an organism which
transfers and transforms material and potential
energy in the planktonic food web. As a predator,
the role of selective removal of prey is an impor
tant factor for both the evolution of size, shape,
behavior, etc. in the coastal water species and for
regulating the abundance and species composition
of prey. Pleurobrachia bachei is not unique as a
planktonic form in providing shelter and nutrition
for co-occuring species; saIps are exploited in a
similar manner by copepods, except that details of
the life histories differ (Heron, 1969). As a season
ally dominant carnivore, P. bachei is also un
doubtedly an important species which transfers
organic matter and potential energy to higher
trophic levels in the food web of La Jolla Bight.
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