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ABSTRACT

The amount of food eaten by copepods of three genera (estimated from chlorophyll and pheophy-
tin in the guts of the animals) was measured to determine the depth and also the time of day at which
the maximun and minimum intensity of feeding occurred.

Copepods were obtained with a large volume (800 liters min—1) pumpig system at five depths
(0 to 85 m) and twelve samplig intervals (every 4 hours) at three stations in the Peruvian upwelling
system. Results indicate that Eucalanus could withstand periods of 12 hours in anoxic layers, but
Calanus and Centropages tended to be found in waters having more than 0.8 and 0.2 ml liter~! respec-
tively, that in situ filtration rates could be derived which were in accord with filtration rates obtained
from laboratory studies, that individuals of the three genera migrated in and out of the 5 m surface layer
when food was abundant but did not show a coherent diurnal vertical migration when food was scarce,
and that the three genera maintained different feeding strategies that were amplified when food was
scarce. The results are consistent with the concepts of resource allocation and separation of niches by
species. :

RESUMEN

Se midi6 la cantidad de alimento ingerido (mediante la estimacion de la clorofila y la feofitina
encontrada en el tracto intestinal) para tres géneros de copépodos con el fin de determinar la profun-
didad y la hora del dfa en que se dan el maximo y el minimo de actividad alimentaria.

Los copépodos se obtuvieron de cinco profundidades (entre 0 y 85 m) y a intervalos de muestreo
de 4 horas (12 intervalos) mediante un sistema de bombeo de gran volumen (800 litros por minuto) en
tres estaciones en la zona de afloramientos del Peri. Los resultados indican que Eucalanus podria resis-
tir periodos de 12 horas en ambiente andxico, que Calanus y Centropages tienden a encontrarse en am-
bientes con mas de 0.8 y 0.2 ml 07 por litro respectivamente, que puede derivarse tasas de filtracion
in situ muy de acuerdo con las tasas obtenidas en el laboratorio, que individuos de los tres géneros
salieron y entraron a la capa superior de los S m cuando el alimento fue abundante pero que no mostra-
ron coherentemente ninguna migracién vertical cuando el alimento fue escaso, y que los tres géneros
mantuvieron diferentes estrategias de alimentacién que se acentuaron cuando el alimento fue escaso. Los
resultados son consistentes con los conceptos de asignacién de recursos y separacion de nichos por es-
pecies.

Feeding by herbivorous copepods has been
extensively studied in the last decade in an attempt
to understand energy exchanges in the aquatic
environment. A great deal has been learned about
feeding behavior by capturing copepods of interest,

bringing them into the laboratory, and allowing
them to feed under controlled conditions. The
studies of Mullin (1963), Frost (1972), Paffenho-
fer (1971), and others have established the transfer
funtions that relate rates of food ingestion to con-

1 Present Adress: Brookhaven National Laboratory, Upton, New York 11973.
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centrations of food available to the animals, and have
stimulated interest in studies of diurnal feeding
rthythms, mechanisms of food retention, and strat-
egies of feeding of marine copepods.

While these laboratory studies have elucidated
many components of feeding by copepods, they are
limited by the artificial constraints of the laboratory
experiment wherein animals that have been brusque-
ly captured by a plankton net are kept in an ab-
normal light regime, in containers that restrict ex-
cursions, and are fed phytoplankton species that are
often unknown to them. Other workers have
attempted to remove the element of unfamiliar food
by allowing animals to feed in the laboratory on
particles that occur coincidently with the copepods
in nature (Poulet 1974, Cowles 1979). The crit-
icism and virtues that derive from bringing animals
into the laboratory still pertain to this type of study.

It is difficult or impossible to answer several

very interesting and important questions with
existing laboratory techniques: Do animals eat more
at the surface than at depth in keeping with some
current ideas concerning vertical migration? Do
animals eat all the time or intermittently? Do ani-
mal synchronize their feeding activity according to
diumal rhythms? Are the vertical excursions of
copepods associated with the availability of food
and/or other environmental characteristics? Do
animals partition their environment? These ques-
tions have important consequences in interpreting
the biology of copepods, and served as focal-points
in this study.

Attempts to study feeding in situ have been
made by Haney (1971) who measured ingestion of
prepared food by zooplankters trapped for a short
period in a large water bottle, and by Mackas and
Bohrer (1976) who measured the quantity of chlo-
rophyll and pheophytin in the guts of selected
species of copepods taken from plankton samples.

The procedure proposed by Mackas and Bohrer
has the advantage that all elements that might
regulate feeding of the individual are uninfluenced
by man or his experimental design up to the instant
the animal is captured. With some qualifications, the
quantity of chlorophyll and its degradation products
in the gut of a copepod is an indication of how much
phytoplankton the animal has recently ingested
and should be correlated with its grazing rate.
Chlorophyll serves as a naturally occurring label,
and it can be used conceptually as if it were a
radio-isotopic label. Among the limitations of the
technique are that only feeding on particles contain-
ing chlorophyll or its degradation products will be
measured ; if the animal had been feeding on detritus
devoid of these compounds, no feeding would
be measured, and if the animal were feeding carniv-
orously, only the chlorophyll products that might
have been in the gut of the prey species would
be detected. It is therefore necessary to limit
the use of this technique to those species whose
feeding characteristics are to some extent known.

We used the technique of Mackas and Bohrer

(1976) in a study of grazing by four species of
calanoid copepods in the region of upwelling off
the coast of Peru at about 1508 as part of the Coas-
tal Upwelling Ecosystems Analysis, expedition .
JOINT II during April, 1977. The four species chos-
en, Calanus chilensis Brodsky, Eucalanus inermis
Giesbrecht, Eucalanus subtenuis Giesbrecht and
Centropages brachiatus Dana were abundant cope-
pods in the system (Heinrich 1973); Calanus and
Eucalanus are believed to be predominantly herbiv-
orous genera, and Centropages an omnivorous
genus.

Samples were taken from three locations at
five depths; sampling was repeated at 4 hour inter-
vals for 44 hours at the following stations:

Midshelf: water depth = 118 m; 150 5.0’
S, 750 30.5° W; 12, 13, 14 April 1977; surface
water temperature = 16.30C; at 85 m = 15.00C.

Shelfbreak: water depth = 480 m; 150 10.0’S,
750 35.0'W; 15, 16, 17 April 1977; surface water
temperature = 16.39C; at 85 m = 14.50C.

Offshore: depth = 3100 m; 150 51.5°S, 760
25.0°W; 21, 22, 23 April 1977; surface water tem-
perature = 2100C; at 85 m = 14.00C,

The tree areas were separated by 8 and 64
nautical miles (15 and 119 km) respectively; the
fundamental difference was proximity to the coast-
line and a gradation in effects of coastal upwelling,

This project was carried out as part of the
Coastal Upwelling Ecosystems Analysis study Joint
II in March and April of 1977 off the coast of Peru.
The cooperative aspects of CUEA gave us access
to data, equipment, and samples that would rarely
be available in a smaller study. Dr. David Judkins,
of the Brookhaven National Laboratory, provided
us the opportunity to collect plankton samples
from the large pumping system and Mr. Warren
Keith of Scripps Institution of Oceanography (R.V.
Melville) helped us in sample collection and analy-
sis. We are especially indebted to Ms. Olga Gomez of
the Instituto del Mar de Peru for assitance in sorting
the copepods. The CUEA study and the research of
two of the authors (S.L.S. and T.J.C.) were funded
through the U.S. National Sciences Foundation;
S.L.S. was also supported by a Killam Postdoctoral
Fellowship. The research expenses of C.M. Boyd
were funded by grants from the National Research
Council of Canada and the North Atlantic Treaty
Organization.

Animals were collected with a pump-system
having a 12.6 cm i.d. hose which was lowered ver-
tically to depth. Water was discharged by a centrif-
ugal pump on the ship through a fine mesh conical
plankton net (202 um) at volumes of about 800
liters min—1. Samples were collected as the inlet
of the hose was lowered from one depth to another
over an interval of about five minutes, yielding a
sample from about 4 m3 of water for each stratum;
1:5 m, 10 -15 m, 15-20 m, 25-35 m, and 65-84 m.
Sampling intervals chosen represent a compromise
between a desire for total vertical coverage and the
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practical constraints imposed by frequent sampling
during a 44 hour time series. We left a large interval

between 35 m and 65 m since very few copepods

were found within this oxygen-poor zone. Plank-
ton samples were examined immediately under a
dissecting microscope, and twenty specimens of
each of four species (when available) were pipetted
into vials containing a smail amount of 0.22 um
filtered seawater. These specimens included adults
and late copepodites. The contents of the vials
were filtered onto 25 mm Gelman type A-E glass-
fiber filters and ground with 10 ml 909/o aqueous
acetone. The operation, from collection of the sam-
ples to extraction, required only a few minutes.
The slurry containing filter fibers, acetone and ex-
tracted pigments was filtered through a Gelman A-E
filter, and the fluorescence of the filtrate was mea-
sured before and after acidification with 59/o vol/
vol HC1 with a Turner Designs 10-050 fluorometer.
Chlorophyll and pheophytin concentrations in the
guts of the four species of copepods were calculated
from fluorescence of pigments extracted from whole
bodies of the copepods. The following formulae give
concentrations of pheophytin a and chlorophyll a
in ng-animal=!.

K [ (RFa)—Folv

n

pheophytin a (ng animal—1) =

K (Fo—Fa)v
chlorophyll a (ng animal—1) = —————

»

The constant K (75.4 during this study) was derived
from instrument calibration and is normally used
to express concentration of pigments in pg per li-
ter of sea water. The value v is the volume in ml of
909/o acetone in which the pigments werg extract-
ed,n is the number of animals in the sample (usually
20), Fo and Fa are the fluorescence readings before
and after acidification with two drops of 59/o
vol/vol HC1. The acidification ratio (R) was 2.08.
These formulae depart from those used by Mackas
and Bohrer (1976) and express pheophytin a
and chlorophyll a in absolute units (ng pigment
per animal). Jeffrey (1974) points out that digestion
of clorophyll by copepods results in pheophorbide,
the double-decomposition product of chlorophyll,
and that very little pheophytin occurs in fecal
pellets. We were not able to carry out chroma-
tographic separation required to distinguish be-
tween pheophorbide and pheophytin, and conse-
quently group the two compounds as ‘‘pheophy-
tin”. .
Fluorescence of organic compounds and pig-
“ments other than chlorophyll and pheophytin
would add an. error to these measurements. To
assess this potential error, we measured fluores-
cence of copepods that had been starved in filtered
seawateg for 24 h, and found low concentrations
indica;ifl'g“-fthat background levels of fluorescence
where generally not a significant component of the

Table 1. Mean background levels of gut contents of starved
copepods (ng. animal'l) relative to midrange levels of
gut contents of animals captured at the shelfbreak station.

Starved Natural levels

ng. animal”!
pheophytin  chlorophyll

ng anima1”!
pheophytir  chlorophyll

Calanus
chilensis 0.098 0.226 3.935 0.445

Gentropages
brachiatus 0,203 0.143 3.610 1.005

—————

Eucalanus

inermis 0.276 0.132 9.340 0.980

A0SERIS

fluorescence of animals taken recently from the
ocean. The background levels are compared to
fluorescence levels from fed animals in Table 1.

Water samples drawn from the discharge of the
pump were analyzed for chlorophyll a and pheophy-
tin a (Lorenzen 1966) and nutrients (Dugdale, et
al. 1977); oxygen samples were drawn fron Niskin
bottles lowered to depth.and were analyzed by the
Winkler technique according to Strickland and
Parsons (1972).

The technique of extraction of fluorescent
pigments adapted itself well to the analysis of 20
pooled copepods, and we used that number as an
index of abundance of each species. Generally
this quantity was readily available in the sample
of four m3, but at some times or depth we were
unable to find sufficient numbers for analysis.
We have considered 20 or more animals in a sample
‘to be the indicator of “‘presence’ at a given depth;
when fewer than 20 but more than four were found
we regard that species as “rare”, and when fewer
than four (1 animal m—3) were present we regard
that species as “absent”. While quantitative aspects
are lost by this procedure, it is useful for genera-
lization concerning the influence of environmental
parameters such as depth, oxygen, and food con-
centrations on distribution.

Even though the study was made in the Peru-
vian coastal upwelling system where chlorophyll
concentrations occasionaily exceed 40 ug liter—1,
the highest concentrations of chlorophyll measured
during the collection of. these data was 2.1 ug
liter—1. Physical and chemical measurements made
along the cost as part of this study indicated that
our mid-shelf and shelf-break stations were located
in a plume of upwelling water and suggest that this
water had not been at the surface long enough for
algal populations to proliferate. The plume supplied
nutrients to the band of water along the coast that
supported the high concentrations of phytoplank-
ton well-known in Peruvian waters. The upwelling
water, although sparse in phytoplankton, had high
concentrations of pheophytin (3.5 pg liter—1)
which we believe originated from fecal material and
senescent algal cells. These cells had precipitated
from the surface waters into the upwelling source
waters as they moved underneath regions of high
phytoplankton biomass. Consequently, animals
living in the near-surface waters in the upwelling
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plume were frequently exposed to higher concen-
trations of non-living organic matter than of living
phytoplankton.

Because the midshelf and shelfbreak stations
were located in the plume of upwelling water,
they are similar in many respects and the pair
of them can be contrasted with the offshore sta-
tion, which was typical of a “blue water” station.
Figure 1 indicates that inshore stations had (rela-
tively) high chlorophyll concentrations, low oxy-
gen concentrations, and high concentrations of pheo-
phytin. In contrast, the offshore station had very
little chlorophyll ( < 0.5 ug liter—1), virtually no
pheophytin ( < 0.1 upg liter—1), and was well-
oxygenated down to our lowest sampling point
(85 m). The two inshore stations could not be dis-
tinguished from each other (p > 0.5) on the basis
of plant material in the guts of copepods, but
those animals living at the offshore station had
significantly less food than their congeners at the
two inshore stations. We have accordingly assessed
the responses of the copepods in the analysis that
follows within the context of the “two inshore
stations™ relative to the “offshore station™.

Figure 1.

Oxygen concentrations, food concentration and
distribution of copepods — One of several notable
features of the Peruvian upwelling system is the
occurrence of water with very low concentrations
of dissolved oxygen within layers normally occupied
by surface-living species of copepods. Figure la and
b indicates that water on the shelf had less than 2
ml 07 liter—1 (~380/o saturation) even at the
surface and was often virtually oxygen-free at depths
below 35 m. Based on our criterion of at least
20 adult animals in 4 m3 of water, Calanaus chi-
lensis was limited to the upper 35 m at the two
inshore stations (Fig. 2a and b), suggesting that its
vertical distribution was limited by the low 07
concentrations at greater depths. At the offshore
station, where oxygen concentratios were higher
at all sampling depths, Calanus ranged from the
surface to our maximum samplig depth of 85 m
(Fig. 2¢).

Centropages brachiatus ranged slightly deeper
at the two inshore stations than did Calanus, and
occasionally was found in waters having as little
as 0.2 ml 0z liter™' (Figs. 3 and 5). Centropages

Concentrations of chlorophyll (;.lg.liter'l),

pheophytin (Ug . liter—1) and oxygen (ml . liter—1) from
surface to 85 m at three stations in the Peruvian upwelling
zone, 1508, a, the midshelf region; b, the shelfbreak; c,

offshore.
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Figure 2. Occurrence with depth and time of Calanus,
Centropages and Eucalanus at (a) the midshelf station,
(b) the shelfbreak station, and (c) the offshore station.
Darker crosshatching indicates locations where the animals
were found abundantly (classed as “present’ in the text; >
4 animals m—3), the lighter stippling indicates where
animals were “‘rare”” (14 animals m*3); unshaded indicates

animals were “absent” ( <1 animal m—3).
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occurred at depth of 65-84 m only when the surface
layer with higher concentrations of chlorophyll and
oxygen warped down from 35 to 85 m (Figs. 2a
and b). In the offshore area where oxygen concen-
trations were higher at all depths sampled, Centro-
pages was found primarily in the surface layer (0-35
m) where chlorophyll was most abundant (Figs. 2c).

Eucalanus is the most remarkable of the genera
examined in this study. These animals existed
in water virtually lacking in dissolved oxygen,
(Figs. 2a and b) and underwent obvious diurnal ver-
tical migrations. This genus was represented by
two species in our study area: Eucalanus inermis
was the more abundant member of the genus at
the two inshore stations, while E. subtenuis was
the more abundant member of the genus at the
offshore station.

Comparison of Figs. la and 1b with Figs.
2a and b shows that Eucalanus generally migrated

LY
400

R L
1200 2000

N R s o L L
400 2000 400 1200 2000 400

21 APRIL 1977

to the surface each night and descended to anoxic
waters during daytime ‘at the two inshore stations.
We assume the animal existed via anaerobic meta-
bolic processes while in the anoxic zone, and per-
haps used its residence in the oxygenated surface
waters at might to discharge any accumulated
oxygen debt.

Diurnal Vertical Migration - Migrational
patterns for the three genera at the inshore stations
differed from patterns at the offshore area. The
presence or absence of the animals in the top 5 m
during the day versus the night was tested by the
2x2 constingency method (model II, Sokal and
Rohlf 1969); the results indicate that all three
genera tended to leave the surface 5 m during the
day at the inshore stations (p < 0.05; all genera) but
all forms occurred at the surface indiscriminately
during the day and night at the offshore station (no
‘significant day: night differences). When the obser-
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vations from the two inshore stations are pooled,
the analysis indicates that Calanus and Centropages
left the upper 5 m during the day but were present
in the 10-15 m stratum, hence the vertical range of
the migration was not great. The amount of sus-
pended material at these stations, however, was such
that the intensity of light at 10-15 m was generally
less than 50/o0 of the surface intensity. Eucalanus
ranged to greater depths than Calanus or Cen-
tropages at the inshore stations and often was
present only at depths greater than 65 m (Figs. 2a
and b).

Migrational patterns were greatly modified at
the offshore station. No trends were apparent for
Centropages or Eucalanus, and only Calanus exhi-
bited a day: night pattern; individuals were concen-
trated in the upper 35 m during the day but were
dispersed through the water column during the
night, showing what might be called “midnight
sinking” in absence of any daylight cues.

Our criterion of presence or absence would
indicate only migrational patterns that were synchro-
nous between individuals, It is quite possible that
individual animals at the offshore station migrated
in and out of the upper 5 m stratum independently
of the time of day and of each other. We cannot
assess this, and can only say this migrational pattern
existed in the inshore areas (where food was abun-
dant) and did not exist in the offshore area (where
food was scarce).

Food and feeding responses — the amount of
food available to an animal from the water surround-
ing it is known to relate to the quantity of ingested
food (Mullin 1963, Frost 1972), and one would
secondarily expect a correlation between avail-
able food and the degree of fullness of the gut. In
Figure 3 the concentration of plant material available
to the animal as food (expressed as pheophytin,
chlorophyll, and a summation of the two) at
the point where the animal was captured, is plotted
against the quantity of pheophytin and chlorophyll
in the gut of the animal. Correlation coefficients
and F statistics from analysis of variances of the
data shown in Figure 3 are presented in Table 2.

Most of the chlorophyll-like pigment in the gut
existed as degradation products of chlorophyll,
here called pheophytin. Chlorophyll was always
less abundant than pheophytin in the guts of these
species, averaging 13.00/0 for Calanus, 23.69/0
for Centropages, and 11.49/0 for Eucalanus of the
combined concentrations of chlorophyll and pheo-
phytin. This reflects the abundance of particles
containing pheophytin and also indicates that
the decomposition of chlorophyll is rapid relative
to the time required for the copepod to clear its
gut. We have used the sum of chlorophyll and

* pheophytin in the guts of the animals as our index
_of fullness of guts in Figure 3.

Data collected concurrently in Peruvian waters
as part of the CUEA exercise indicated significant
relationships between chlorophyll and carbon

[carbon ug liter™ = 41.86 + (43.10 ug chl liter™?)

PHEOPHYTIN
+

GUT CONTENTS -

{ng-animal™)

CHLOROPHYLL

Figure 3. Gut contents of Calanus, Centropages, and Euca-
lanus from the three stations expressed as ng chlorophyll
plus pheophytin animal—1. These concentrations are plotted
relative to the amount of plant material available to the
amimals at the point where the animals were captured,
expressed as (a) chlorophyll, (b) pheophytin, and (c)
(\hlorophyll plus pheophytih, all expressed in g liter—1,
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r* = .85] pheophytin and carbon [carbon =
68.46 + (70.34 up pheophytin liter™!); r*> = 43],
and summed chlorophyll and pheophytin [carbon
= 37.80 + (29.8 ug chlorophyll + pheophytin H--
ter1); r? = .77). The samples taken for these
analyses were all from the upper 50 m over the Pe-
ruvian shelf. The chlorophyll/carbon regression is
in keeping with that of Lorenzen (1968) calculat-
ed from samples from the same region. The re-
gressions imply that the animals we were studying
generally had access to less than 150 ug carbon
liter—1 at all three stations.

DISCUSSION

In figure 3 the food ingested by copepods is
shown relative to the amount of food available
to them, and the figures are in a format similar to
curves of ingestion presented by Mullin (1963)
and Frost (1972). Our data, however, represent
plant food ingested and retained, and as such are
not identical to the feeding curves described by
other workers. With this caveat in mind, one notes
that gut contents are generally higher at high
food concentrations and that the figures give some
insight into the feeding behavior of these copepods,
In order to compare the relationships shown in
Figure 3 we have carried out simple statistical
analyses (Table 2) which express correlations be-
tween gut contents and concentrations of pheophy-
tin and chlorophyll in the water. The poor cor-
relations between gut contents and available chlo-
rophyll are out of keeping with known responses
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Table 2. Regression equations, correlation coefficients,
coefficients of determination (r2), and F statistics of
regressions. The equations predict the amount of plant
material (pheophytin plus chlorophyll; ng. animal_l) in
the guts of the copepods relative to the amount of plant
material (X; chlorophyll and/or pheophytin; ug . h'ter_l)
at the point the animal was found. Significant regression

(p <0.01) are marked with an asterisk (*).

Coefficient

Available plant Correlation of .
] 1 determination
material (ug.liter ™) coefficient r2 F

Calanus Chlorophyll: y = 1.86 + 1.32X .256 6.5% 7.49%

Pheophytin: y = 1.41 + 1.61X .619 38% 66.3 *

Chlorophyll +

Pheophytin: y = 0.50 + 1.49X .660 447 82.8 *
Centropages Chlorophyll: y = 2.05 + (-.415X) -.127 1.6% 1.91N.S.

Pheophytin: y = 0.971 + 0.908X 493 247 37.6 %

Chlorophyll +

Pheophytin: y = 0.796 + 0.595X .376 147% 19.3 =*
Eucalanus Chlorophyll: y = 4.09 + (-.055X) -.003 .001% 0.0 N.S.

Pheophytin: y = 0.69 + 3.53X . 715 517% 111.74%

Chlorophyll +

Pheophytin: y = -0.38 + 2.89X .648 427%, 77.3 *

of copepods to increasing food concentrations, but
the correlations more nearly follow the anticipated
positive slope when pheophytin is included as an
indicator of food, at least for Calanus and Euca-
lanus. These results indicate that in field studies
it is essential to consider concentrations of both
chlorophyll and pheophytin as indicators of food
availability.

The best correlation as indicated by ther r2
and the F test was associated with the gut fluo-
rescense of Eucalanus and available pheophytin, and
the weakest was between gut fluorescence of
Eucalanus and the concentration of chlorophyll
(presumably indicating live phytoplankton cells)
in the water. These statistics suggest that Eucala-
nus was feeding to a large extent on particles of de-
composed algal cells and fecal material, and to a
lesser extent on cells containing chlorophyli. Since
Eucalanus had access to both living and nonliving
algal material, it is tempting to postulate an accep-
tance: rejeciton of individual food particles. The

analysis of feeding periodicities discussed below,
however, shows that such a pattern is not required:
Eucalanus did most of its feeding during the day

when it had access to high concentrations of de-
trital plant material at depth. When it migrated to
the surface at night, leaving behind high detrital
concentrations and entering the layers containing
a greater proportion of live cells, it was found to
have less material in its gut, suggesting that Euca-
lanus did not discriminate against what it ate,
but only against when and where it ate.

The relationships shown in Figure 3 indicate
that Calanus also fed to a large extent on parti-
cles containig decomposed algal material and that
particles containing chlorophyll were only a small
component of its diet. The best fit of a regression
occurred when gut contents of Calanus were related
to the summed plant material available to the ani-
mal; this relationship also accounted for the highest
amount of variance in the series (r2 = .44), and
is in accprd with the view that Calanus is a non-
selective filter-feeder.

Centropages is known to eat both plants and
animals, and we believe that this omnivorous feed-
ing behaviour is reflected in our data. There was
no indication that Centropages was feeding on live
cells in proportion to their abundance (2 =
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0.02) and the relationship between the quantity
of dead plant cells available to the animal and.
the material in the gut is weak (12 = 0.24). Centro-
pages certainly did ingest plant material but not
to a degree related to the quantity available; we
believe the animal was coincidently eating other
zooplankton in the water, and that its predacious
feeding habits obscured a relationship to associated
plant material.

The best feeding relationship found in this
study (Eucalanus feeding on particles containig
pheophytin) accounted for only 510/o of the va-
riance of gut contents data, indicating that factors
other than food concentrations acted to regulate

the amount of plant material in guts of these animals.

We believe that, aside from omnivory as it influ-
enced the feeding of Centropages, much of the scatter
of data points in Figure 3 results from intermittent
feeding. If the animals did not feed at a constant
rate (proportional to the amount of food available
to them) but ate and egested intermittently and
remained empty, we would expect results similar to
those obtained. In all species, data points close to
the abscissa of Figure 3 indicate that many ani-
mals were exposed to food concentrations in ex-
cess of accepted minimum thresholds (Front 1975),
and the conclusion must be that many animals
had not eaten for at least one hour prior to their
capture. Animals with little or no food in their guts
were captured during both day and night, suggesting
intermittent rather than continuous feeding and
egestion. The possibility exists that these “empty”
animals had been feeding camivorouusly and were,
in fact, full though not with plant pigments. We be-
lieve that Centropages was feeding in part car-
nivorously, and that the lack of correlation between
gut contents and available plant food can be attrib-
uted to this feeding behavior, but that the scatter
in the data for the more strictly herbivorous Calanus
and Eucalanus is indicative of intermittent her-
bivory. Recent experiments in which females of
Calanus finmarchicus were fed pure cultures of
Thalassiosira fluviatilis and were subsequently ana-
lyzed individually, indicate that most animals
were empty most of the time.These preliminary
experiments support field observationsby S. Schanck
(1975) and imply that intermittent feeding at high
rates for short periods of time followed by egestion
and periods of no feeding is commonplace.

By knowing the amount of plankton pigment
in the guts of these species in ng.animal—1 and
by knowing the amount of plant pigment in the wa-
ter in ug liter—1, we can calculate the volume of
water that the average animal must have filtered
in order to obtain the plant material found in its
guts:

quantity of Chl + pheophytin in gut (ng. animal ~1)

water filtered (ml) =
concentration of Chl + pheophytin (g .liter—1)

This measurement may be converted into an
estimate of filtering rate if the rate at which food

FILTRATION RATE (mi-h™")

FILTRATION RATE {ml-h™1)

is removed from the gut is known. Appropriate
values have been documented for copepods as
being between 0.5 and 2 h (Mackas and Bohrer
1976, Marshal and Orr 1955), and we have taken
an intermediate value of 1 h for our calculations.

While we have suggested above that the cope-
pods examined may have fed intermittently, it is
likely that our samples (containing at least 20
individuals) smoothed out a large portion of the
inter-animal variability in gut contents. We feel it
is useful to use calculated filtration rates to com-
pare our “instantaneous” rates within and between
species and locations. Use of these calculations does
not imply that the animals are necessarily filtering
at this rate all the time.

Estimates of filtration rates for the three
genera indicate that the animals were typically
filtering between 1 and 8 ml of water per hour
(Fig. 4). If the extremes of gut clearance times,

Figure 4. Filtration rates for Calanus (4a), Centropages
(4b), and Eucalanus (4c) calculated from the amount of
water (ml) that each animal would have had to filter in 1
hour to obtain the material found in its gut relative to the
quantity of plant material (pheophytin plus chlorophyll)
available to it.
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0.5 and 2 hours, are chosen, the rates would corre-
spondingly be doubled or halved. These values are
similat to those obtained for these species in ship-
board experiments (Cowles 1977) and in laboratory
experiments on Calanus helgolandicus by Muilin
(1963) and on C. pacificus by Frost (1972).

Diurnal Feeding Patterns — The manner in
which the plankton samples were taken (5 stratified
depths, 12 series over 44 hours, 3 stations) permits
us to analyze the gut-contents data for the three
genera to ask if feeding was more intense at depth

or at a certain period of 24h cycle. We have accord- -

ingly analyzed the data to detect trends of feeding
intensity of animals caught: a at the surface (0-15m)
vs. depth (15-85 m) and, b during the day vs. night.
Chi2 values and associated probabilities were calcu-
lated from 2 x 2 contingency tables, testing the

. frequency of samples with more or less than the

median value of gut contents in the relevant series
of samples. The median was chosen as an expression

~ of central tendency rather than the mean because

values of gut contents were not normally distrib-'

uted. As earlier noted, concentrations of food in
the guts of animals from the two inshore stations

‘were indistiguishable, and samples from these

ONSHORE

OFFSHORE

stations were pooled to be contrasted with samples
from the offshore station. The results of these
analyses are tabulated in Table 3; we have also
summarized these data in Figure S5 to illustrate
schematically the trends indicated by the statistical
analysis. All of the patterns shown on Figure 5 are
statiscally significant, and describe the behavior of
most (i.e. > 500/0) of the animals; the patterns
illustrate trends in the data that are superimposed
on scatter introduced by various factors which we
could not evaluate or were unknown to us. Sur-
prisingly, the overall picture of feeding intensity
versus time and depth was virtually identical wheth-
er one tested gut fullness or filtration rate (Fig.

6). The only differences were that Calanus showed
higher filtration rates in the upper 15 m relative to
the 15-85 m stratum at the inshore stations, and at
the offshore stations, Calanus showed uniform
filtration rates from surface to depth during the day
(Figure 6).

Figure 5. Feeding patterns based on quantity of food in
guts of copepods and on their vertical distribution. Dia-
grams are schematic and represent statistically significant
trends of behaviour of animals as indicated by the statisti-
cal analysis of Table 3.

GUT CONTENTS

DAY NiGHT pay

(< 8 ml 0,/1) f<-gml 0,/

CALANUS 0 CENTROPAGES

NIGKT

IO = PRESENT

Table 3. Result of 2 x 2 contingency table analysis of

feeding patterns.

Onshore Offshore’
Question Calanus Centropages Eucalanus Calanus Centropages Eucalanus

a, More gut contents in 0-15 N.S. N.S. absent from p=0.0019; N.S. N.S.

m layer in day or night? surface layer more feeding

during day

b. More gut contents in 15- N.S. N.S. p=0.012; more N.S. p=0.027; more p=0.043;

85 m lay?r in day or feeding at feeding at more feeding

night? day night during day
c. More gut contents at N.S. N.S. p=0.0016; more | p=0.013; more p=0.044; more p=0.055;

day or night regardless feeding during [ feeding feeding at -more feeding

of depth? the day during day night during day
d. More gut contents in N.S. N.S. p=0.168; more p=0.034; more p=0.0023; more p=0.0015;

upper layer (0-15 m) feeding at feeding at feeding at more feeding

or lower layer (15- depth depth depth at depth

85 m)?
e. Were animals present or p=0.001; p=0.0007 p=0.0012; N.S N.S. N.S

absent in surface avoided avoided sur- avoided sur-

layer (0- 5 w) in day surface face during face during

or night? during day the day

day
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Figure 6. Feeding patterns as in Figure 5 but based on
calculated filtration rates.
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One of the interesting trends suggests that
patterns of vertical migration were modified accord-
ing to the quantity of food available to the animals,
At the two inshore stations all the species examined
in this study avoided the surface 5 m during the day
but swam up into this layer after sunset. This
pattern disappeared at the offshore station where
no coherent vertical migration in and out of the
upper 5 m was noted in any of the species. This
change in behavior is in keeping with observations
of several authors who found that either the photo-
trophic response (Singarajah et al. 1967; Pearre
1973; Forward 1976), or the tendency to migrate
vertically (Mackas and Bohrer 1976; Dann and
Ringleberg, 1969) was associated with feeding sa-
tiety, and that satiated animals would migrate
while unsatiated animals would not migrate.

We believe the most important variable in
determining both the pattern of diumnal feeding
of these copepods and their migrational pattern
was the concentration of food available to them,
and that each of these species responded in a
manner that would amplify the differences be-
tween species when food became less abundant. At

the inshore stations, Calanus avoided the surface
during the day and fed evenly day and night; at
the offshore station it became more of a daytime

“grazer, and in both regions fed on both live and

dead particles with patterns expected of a non-
selective filter-feeder. We believe that Centropages
was feeding (Figure 5) carnivorously on other
zooplankters and also fed on plant material; at the
onshore stations it fed on plant material uniformly
day and night, but it became a night-time feeder
at the offshore station. Eucalanus also possesed
behavioural patterns that isolated it from the other
two genera; at the onshore stations it alone entered
the anoxic zone where it fed during the day on
detrital particles, and at night it swam to the surface
but reduced its intensity of feeding. It kept its
pattern of day-time feeding at the offshore station,
but minimized interactions with Calanus by living
at greater depth than Calanus.

The differing behavioral patterns of these
copepods fit into the concepts of niche separation
and resource allocation as advocated by Schoener
(1974a) and others. Schoener ( 1974b) argues that
when food is scarce animals will broaden their
habitat (in this case the copepod species will range
through greater depths of water) and will exhibit
a decreased specialization on food types; Cowles
(1979) has documented this latter modification of
feeding behavior for Calanus chilensis, Centropages
brachiatus and Eucalanus inermis. Schoener also
argues that temporal specialization of feeding is
unlikely to occur when food is relatively abundant
(inshore), but becomes increasingly likely as food
abundance decreases (offshore). Temporal speciali-
zation can occur when it becomes less expenssive
in terms of energy for an animal to wait out periods
of low food abundance. The uniqueness of these
behavioral patterns is perhaps a device by which
three kinds of apparently similar animals - Calanus,
Centropages, and Eucalanus — can co-exist during
periods of low food availability in an environment
that is superficially homogeneous.
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