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Abstract approved:

The relationship between the digestive enzyme activity of

laminarinase and ingestion rate of the copepod Acartia clausii at

five food concentrations of Thalassiosira weissflogil were investiga-
ted in a series of experiments using copepods collected from Yaquina
Bay, Oregon during 1982 and 1983. Copepods were acclimated to these
five food concentrations and filtered seawater for three days in the
laboratory. Following this interval, 24-hour grazing experiments
were performed to determine the ingestion rates of the copepods at
these food concentrations. Laminarinasé activities of the copepods
from all food levels and filtered seawater were determined following
the conclusion of these grazing experiments.

Ingestion rates for Acartia clausii increased approximately'

linearly with food concentrations below 2.5 x 106 um3/ml and reached
a maximum rate at food concentrations above this level. Ivlev equation
fits to the data were statistically the same for experiments conducted

with animals collected during fall and winter months, with a maximum



. iIngestion rate for the combined data of 10.5 x 106 uma/copepod/day.
The maximum ingestion rates increased by about a factor of 1,5 for
experiments conducted during spring and summer months.-

Copepod laminarinase activity in individual experiments remained
relatively constant at all food concentrations for five days, and
decreased only for starved individuals. There was no significant
correlation between laminarinase activity and ingestion rate in the
majority of experiments, Therefore, this enzyme does not appear to
be a useful index of ingestion rate in short-term experiments. The
level of copepod laminarinase activity was found to wvary seasonally,
The highest activities were found during spring months (April 1982)
and decreased to low levels during the fall and winter.

The maximum ingestion rate for A. clausii was positively
correlated with the level of laminarinase activity. Thus, this enzyme
appears to be an index of the maximum ingestive capacity of this
copepod. Presumably the level of digestive enzyme activity répresents
a physiological adjustment in the rate of food processing in response
to biological or physical factors operating over time intervals in
excess of five days for A. clausii. The time required for changes in
digestive enzyme levels may be related to the time required for
pProduction and rearrangement of specific enzyme-producing cells in

the mid-gut.
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Seasonal Relationship Between the Digestive Enzyme

Activity of Laminarinase and Ingestion Rate of Acartia clausii




Introduction

An understanding of trophic rélations among marine organisms
remains one of the fundamemtal goals of marine biologists. Because of
the enormous complexity of oceanic ecosystems and the large numbers of
species involved the trophic dynamics approach seeks to understand
this. system by grouping organisms with similar life histories and -
feeding habits into trophic levels and formulating certain
generalizations regarding rates and amounts of energy transferred
between these groups. Ultimately, given a sufficient comprehension of
these relationships, marine bioclogists would like to be able to
predict the production of species of interest and especially those'
organisms which have economic importance to man.

The initial input of energy into oceanic ecosystems is solar
radiation which is converted by phytoplankton into organic matter. As
this potential energy is passed to successively higher trophic levels
energy is lost from the system through respiration and the excretion
of organic compounds; thus the number of trophic levels supported at a
given location depends upon the efficiency of energy transport between
lower trophic levels and the magnitude of initial energy conversion by
the primary producers. Since species of interest to ﬁan frequently
occupy higher trophic levels, our ability to accurately determine
their production depends to a great extent on initial estimates of the
magnitude of energy transfer at lower trophic levels. Several
mathmatical models of marine communities, particularly the lower
trophic levels repfesented by plankton, have been formulated to

accomplish this task (e.g. Riley, 1963; Steele, 1974; Landry, 1976;



Steele and Frost, 1977; Steele and Mullin, 1977). Such models‘requife
accurate descriptions of the rates of feeding, growth, metabolism, and
production of dominant species within marine ecosystems and their
relationship to changes in enviromental factors. In oceanic food
webs, calanoid copepods constitute prominant pathways for energy flow
between primary producers and the larger predatory species of-
zocplankten and nekton (Frost, 1972). Copepods are one of the main
components of the plankten and are frequently the largest gréup, both
numerically and in terms of biomass, found in surface waters.
Therefore, a detailed knowledge of the grazing impact of herbivorous
copepeds is required before we can successfully apply the techniques
of trophic dynamics to oceanic ecosystems.

Many studies have been devoted to examining the feeding behavior
of marine planktonic copepodsg however, attempts to quantify the
grazing impact of these organisms on the phytoplankton community have
had only limited success. One reason for this difficulty is the
apparent complexity of the feeding response. Copepod species have
different mouthpart structures and feeding capabilities (Anraku and
Omori, 1963; Itoh, 1970; Nival and Nival, 1976; Schnack, 1981;
Vanderploeg and Ondricek-Fallscheer, 1982; Dexter, 1983), and thus it
has proven difficult to generalize on grazing activity;. Even within
the category of predominantly herbivorous copepods there appear to be
differences in feeding strategies regarding particle selectivity or
lack of it, and differences in the food capturé process (Alcarez et
al., 1980; Rosenberg, 1980; Koehl and Strickler, 1981; Paffenhofer
Eilil's 1982; Strickler, 1982; Yule and Crisp, 1983): The issue

of particle selection, in particular, makes generalization of particle



removal in herbivorous copepods extremely difficult. Particle
selection based on particle size, particle abundance, particle type
and/or 'taste' has all been documented (see Conover and Huntley, 1980;
Frost, 1980; and Kerfoot, 1980 for recent reviews of filter feeding
and particle capture in copepods).

“Another issue which hampers our ability to evaluate the grazing
impact of copepods on phytoflankton is the uncertainty involved in
extrapolation of laboratory-derived grazing rates to field situations.
There are many problems associated with estimating the natural rate of
ahy process from laboratory data and this is especially true for
feeding relationships., Factors known to affect the laboratory
measurement of grazing rates include temperature, the size of the
experimental container, the duration of the experiment, the
illumination levels, the concentration and age of the phytoplankton
cells used as food, the length of time animals are preconditioned to
the food source, and the method used to obtain the grazing rates (see
Anraku, 1964 and Mulliﬁ, 1967 for a discussion of these effects). 1In
recognition of these problems, several investigators recently have
attemptedvto obtain more 'nmatural' grazing ratesAby measuring the
consumption of natural particle assemblages by copepods collected
simultaneously with the particlés (Poulet, 1973; Boyd et al.,

1980; Dagg et al., 1980; O'Conners et al., 1980; Huntley,

'1981). These quasi-~field studies eliminate the problems of artificial
food sources and concentrations; however, they still retéin the
problems of confinement, illumination, and manipulation imposed on the
animals before and/or during the feeding period. These difficulties

point up the need for techniques of determining copepod feeding rates



which eliminate, or at least greatly minimize, the handling time and
geparation of animals from their food source.

One approach appears to meet the above critéria; measurement of
the activities of selected digestive enzymes and the concomitant
relationships of these activities to the amount of food ingested by
the animals. If the relatio#ship between digestive enzyme activity
and ingestion rate can be determined, the grazing rates of copepods in
" the field could easily be determined by measuring enzyme activities
from collected zooplankton samples. Such a technique would eliminate
all of the problems discussed above; that is, grazing rate
measurements would not occur under artificial conditions, and the need
for time-consuming feeding experiments and excessive manipulation of
the animals would be eliminated. This method would, however, still
leave unanswered the question of what the animals were feeding on, but
this could be determined by other techniques such as examination of
gut contents.

The enzyme approach to determining ingestion rates in marine
copepods had its beginnings with the work oerayzaud and Conover
(1976). These authors measured the activities of several digestive
enzymes in mixed zooplaﬁkton samples during the summer and fall of
1974, and examined the relationships of these enzyme activities to the
biochemical composition of the particulate matter on which zooplankton
were presumably feeding. They found that the activities.of amylase, o
and B glucosidases, B galactosidases, and acidic and alkaline
proteases were all significantly correlated with the variations in
abundance of the particulate matter. In a later paper, Mayzaud and

Pouiet (1978) found that over the course of a year five species of



neritic copepods exhibited a linear relationship between feeding rates
and néturally occurring particulate matter concenttations, and that
digestive enzyme levels of the copepod population also varied linearly
on a seasonal basis. This seemed to indicate that copepods acclimate
to changes in the biochemical composition and concentration of their
food supply and that grazing rates could be related to the activities
of digestive enzymes (the acclimation hypothesis). In support of this
relationship, Samain et al. (1981) found that the grazing rate of
Artemia on the same phytoplankton species was highly modified when
chemical composition of the cells was different. The different
observed ingestion rates, induced by the different chemical
composition of the cells, was balanced by the regulation of the
digestive enzymes amylase and trypsin; both enzymes varied directly
with the proportion of substrate ingested. In addition, Cox (1981)

and Cox and Willason (1981) showed for Euphsusia pacifica and

Calanus pacificus that the digestive enzyme laminarinase is

substrate-inducible in the grazers with a relatively short lag time;
that is, enzyme activities rise and fall over a period of a day or so
iﬁ proportion to the concentrations of chrysolaminarin (leucosin) in
the grazers diet. More recently, Cox et al. (1982) demonstrated a
positive correlation between estimated grazing rates and laminarinase

activity for Calanus pacificus in a region along the southern

California coast.

The results of these studies provided solid evidence for the
possibility of determining in situ grazing rates from measurements
of digestive enzyme activity, and prompted the study describled in this

thesis. To furthur quantify relationships between enzyme activity and



ingestion rate a series of experiments was initiated to elucidate

seasonal relationships between these variables, at different food

levels, for the neritic copepod Acartia clausii. Acartia

clausii is a small calanoid copepod, ranging from 0.9 to 1.4 mm in
length. It was chosen for this study because it is one of the
dominant-copepod species found within estuarine systems and along.the
Oregon coast. Within the Yaquina Bay estuary it is usually present
year round. Typical winter abundances in the lower portion of this
estuary are less than 10.per cubic meter, while mid-summer abundances
are 1000 to 10,000 per cubic meter (Frohlander et al. (1973). The
digestive enzyme laminarinase, or g~1, 3-glucanohydrolase, was chosen
for this study because it is apparently unique to herbivores #mong.
marine planktonic zooplankton, and its specific substrate,
chrysolaminarin (g-1, 3 glucan) is unique to phytoplankton (Cox,-
1981). Chrysolaminarin is not only unique to phytoplankton, but is
fairly widespread and abundant as a storage product in marine
phytoplankton {Beattie et al., 1961; Ford and Percival, 1965;
Percival and McDowell, 1967; Handa, 1969; Handa and Tominaga, 1969;
Handa and Yanagi, 1969; Hanﬁa, 1970; Allan et al., 19723 Haqg and
Myklestad, 1973). Chrysolaminarin occurs in both soluble and
insoluble forms, together comprising up to 90%Z of the ash~free dry
weight of phytoplankton (Myklestad, 1974). Although other types of
polysaccharide storage products are found in phytoplankton groups such
as the dinoflagellates and some Chlorophyceae (Stewart, 1974; Parsons
et al., 1977), these starch-like carbohydrates are usually minor
constituents in comparison with g-1,3 glucan concentrations from mixed

phytoplankton samples (Mayzaud and Mayzaud, 1981; Gaudy and Boucher,



‘1983).

The term laminarinase does not refer to a single enzyme, but
rather describes a group of carbohydrases which hydrolyse -D-1,3
glucans; the name arose because laminarin was used as the test
substrate by initial investigators (Bull and Chesters, 1966; Chesters
and Bull, 1963a). Polysaccharide degradation may be achieved by (1)
endwise removal of a monomer from the chain end; (2) endwise removal
of a shoft chained oligosaccharide (usually the disaccharide) from the
chain end; and (3) random cleavage of the molecule (Bull and Chesters,
1966). The terms exo— and endohydrolysis are applied to methods (1) -
(2) and to (3), respectively. Exolaminarinase is of type (1) gince it
removes terminal glucose units. The laminarinase complex can contain
different proportions of these exo- and endoenzymes in different
species of micro-organisms and fungi (Chesters and Bull, 1963b; Nelson
et al., 1963; Muchmore et al., 1969), and this results in
different pH and temperature optima for the activities of the enzyme
complexes in these species (Chesters and Bull, 1963c). Although the
various proportions of these enzyme components in marine copepod
laminarinases has not been investigated, differences among species may
explain the differences in pH optima reported bﬁ different
investigators. in this study tHe activity of the enzyme complex,
lahinarinase, was measured by the production of glucose from the
substrate laminarin, because although different organisms may differ
in the exact composition of the multienzyme system the endproduct of
substrate degradation is glucose in all cases.

Thus thelgoals of this study were to determine if a relationship

exlsts between ingestion rate and laminarinase activity for Acartia




clausii, and to determine if grazing rates can be predicted from

enzyme measurements as suggested by the acclimation hypothesis.
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Materials and Methods

Animal Collections

Acartia clausii were collected from the Oregon State

University Marine Science Center.dock on Yaquina bay, Oregon.

Sampling was usually begun a few hours before high tide and concluded
at or before low tide, depending on the apparent number of copepocds
captured. Prior tc June 1983 animals were collected using a
half-meter net with a 64 um mesh inner lining (500 um mesh outer
protective lining). After this time a 202 um mesh net with a 0.25 sq.
meter opening was used. The copepods were collected by pumping
seawater through a 5 cm diameter hose into the partially submerged
net, using a Pacer pump run by a three horsepower Briggs & Stratton
engine. After an appropriate interval the net was rinsed down while
still in the water and ﬁhe cod end placed immediately into a bucket of
seawater from the depth of sampling. The temperature of the water was
noted and the cod end removed from the net and all contents poured
into insulated 8 liter containers. The contéiners were cleaned of any
settled detritus, topped off with seawater, and tramnsported back to
the laboratory at Oregon State University. Once in the laboratory the
containers weres placed in a walk-in coldroom adjusted to the measured
ambient temperature of the bay. They were kept overqight, and animal
sorting was initiated the following day. The dates of animal
collections and the ambient temperatures recorded for the bay on these

dates are presented in Table 1.
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Table 1 Dates of animal collections from the Marine Science Center
dock on lower Yaquina Bay, Oregon and the ambient water
temperatures to the nearest 0.5 °C recorded for these dates.

Collection Date Ambient Temperature (°C)
March 19, 1982 10.0
April 7, 1982 | ' 10.0
June 23, 1982 10,0
July 22, 1982 10.0
September 20, 1982 10.0
October 8, 1982 - i3.0
November 9, 1982 13.0
December 16, 1982 12.0
February 28, 1983 11.0
June 6, 1983 10.5
July 5, 1983 14.0

September 29, 1983 10.0
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Experimental Setup

Groups of 70 adult Acartia clausii females were sorted into 7

cm diameter clear acrylic cylinders lined on one end with 232 um mesh.
These "cages" were placed inside one liter flasks containing 700 ml of
0.8~um filtered seawater. Sorting continued until 11 groups of 70

A. clausii had been placed in the experimental flasks. Throughout
this process the animals were kept at the temperature of the coldroom
by holding all flasks in a temperature-contfolled water bath. Upon
completion of the sorting the flasks were randomly assigned to five
groups (eventually to become five different food levels) and a
control: two flasks were assigned to each future food level and a
single flask to a zero food level containing only filtered seawater.

In all experiments the centric diatom Thalassiosira weissflogii

(= T. fluviatilis ) was used as the sole food source for the
copepods. This diatom was obtained from batch cultﬁres grown in F/2
nutrients and vitémiqs (Strickland and Parsons, 1972) under the same
temperature and light conditions at which the copepods were
maintained. The approximate food concentrations used in these
experiments are shown in Table 2. Prior to-July 1982 the food.levels
used were B - F; after this time all experiments were run at levels A
- E.

The food levels listed in Table 2 were obtained by diluting
portions of the batch cultures with 0.8 um-filtered seawater. The
system used to determine cell concentrations was a model ZBi Coulter
counter fitted with a 70 um aperture. A sensitivity setting of 32 and

a lower threshold setting of 7 were employed. The Coulter counter was
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Table 2 Experimental conditions used during the acclimation interval
- of these experiments. All experiments utilized Thalassiosira
weissflogii as the food source for the adult Acartia clausii
females. The food concentrations shown are the approximate
concentrations used. The actual food concentrations used
were within 5% of these values.

Food T. weissflogii flask Vol. # ' #
Level ‘(106 um3/m1) (ml) Copepods - Flasks
0 0.0 700 70 1
A 0.5 700 70 2
B 1.0 700 70 2
c 2.5 700 70 2
D 5.0 700 70 2
E 7.5 700 70 2

F 10.0 700 70 2
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interfaced to a Coulter P64 size-distribution analyzer and a PDP-8e
minicomputer and a teletype terminal. The Coulter counter determines
particle concentration by monitoring the interruption of am electrical
current conducted through the seawater as pafticles pass through the
aperture, and therefore measures particle volume displacement.
Particle number is also determined from the number of discrete
electrical pulses measured in a known volume of seawater. This system
determines the size of particles passing through the aperature by
calculating the diameter of a sphere with a volume equal to that
displaced by each particle (equivalent spherical diameter). Based on
the calculation of equivalent spherical diameter, the particle volumes
are assigned to one of 64 size channels by the Coulter P64
size-distribution analyzer. The mean particle size of these channels
was‘calculated as a linear multiple of the channel number and Coulter
sensitivity, and was based on a calibration using plastic beads of
known size for the aperture and sensitivity setting used. With the
Coulter setting used in this study, values in channels less than 7
were attributed to "electronic noise", and the total particle volume
in channels 7 through 64 was taken as the concentration of

pPhytoplankton in the sample measured.
Animal Acclimation Interval

This portion of the experimental protocol was initiated by
filling 10 one-liter flasks with 700 ml of filtered seawater and T.
weissflogii at the appropriate concentrations listed in Table 2. Two

flasks were used for each of the five food levels. The time was noted
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and the cages containing the copepods were transferred from the
filtered seawater into the food medium. The animals in thevcontrol
(zero food level) were transferred to an equal volume of filtered
seawater. All containers were then placed in a flow-through water
bath, in the walk-in coldroom, under constant cool-white fluorescent
lighting (approximately 60 uE/mzlsec). The cages in the flasks

were connected to a horizontal bar positioned above the flasks; this .
bar was connected to 2 small motor which raised and lowered the cages
through the water 6 to 7 times every 15 minutes. This motion provided
a well-mixed phytoplankton suspension and minimized sinking of the
cells. Initial tests of this system showed that sinking and
accumulation of cells on the mesh of the>cages were minimal in the
range of phytoplankton concentrations used in these experiments. Thé
copépods were kept in ;hese different food concentrations for three
days following this initial setup. During this acclimation period the
cell concentrations were measured in all flasks approximately every 12
hours with the Coulter counter, and the cages were transferred at this
time to 700 ml of fresh food medium containing the appropriate
concentration of T. weisgflogii. During the 12 hour intervals

between medium changes, grazing by the copepods reduced phytoplankton
concentrations in the flasks; however, the decrease in cell
concentration was usually less than 10 or 15% of the initial food
level and there was never any overlap between concentration ranges
among the five food levels. The food level for each of the flasks
during the acclimation period was calculated_in the following manner.
The mean of the measurements of initial cell concentrations in each of

the flasks was determined as well as the mean of the final cell
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concentrations before medium changes. The mean of these two values
for each flask was recorded as the concentration of phytoplankton to

which the animals were acclimated during this period.
Grazing Experiment

After the three day acclimation period a 24 hour grazing
experiment was performed to obtain ingestion rates for A. élausii at
each food level. The procedure followed in these experiments
consisted of the following steps. Initiallf, the concentration OfAZ'
weissflogii in a stock batch culture was measured with the Coulter
counter and eight liters of the highest food level (F or E) was
prepared by diluting the culture with 0.8 um filtered and autoclaved
seawater. An equal volume of filtered seawater to be used for
dilutions was placed in a separate container. One-gquarter-strength
nutrients and vitamins (F/8) was added to both of these containers.
In addition, 10 umoles/liter ammonia (as NH,NO,) were added to
both containers to eliminate or reduce the effects of ammonia excreted
by the copepods during the grazing experiment. Next, three 20 ml
samples from the highest food level (food stock) were placed in small
vials and 50 adult A. clausii females from each of the
highest-acclimation-level flasks were sorted into two of the vials.
After sorting was completed three separate samples were removed from
the food stock, the time was recorded, and the cell concentration in
each was measured on the Coulter counter by making at least five
replicate counts on each sample. Immediately after finishing these

counts three 700 ml aliquots from the food stock were placed in
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separate one-liter flasksf Next, three grazing cages were placed in
flasks containing 700 ml of filtered seawater and the vials with the
copepods were poured into two of the cages. The vial with no copepods
was added to the third cage. These cages were then carefully placed
into the flasks containing the same food concentration to which the
animals had been acclimated. The flask containing no animals served
as a control to measure cell growth during the experiment. The three
flasks were placed in the walk-in coldroom and the cages were
connected to the stirring mechanism as described earlier. All the
condiﬁions of temperature and lighting were identical to those used
during the acclimation period. The above procedure was then repeated
for the next food level by diluting the initial food stock with a
portion of the above prepared filtered seawater until the
concentration of the next food level was attained (either E or D).
This process continued until all five food levels had been set up.

Thus for each food level there were two replicate grazer flasks
containing 50 A. clausii and one control flask without animals.
For each of the five food levels the starting time of the experiment
was taken as the mean of the times at which the three samples,
containing the food stock, were run on the Coulter counter. The
initial phytoplankton concentrations for each food level were
similarly taken as the mean of the three measured cell concentrations
for these samples (expressed in terms of total cell volume, 10%
um3/m1).

After 24 hours the grazing experiment was concluded by measuring
cell concentrations on at least three samples from each flask with the

Coulter counter. After the counts from each food level were completed



18

the animals in each grazing flask were counted and any dead copepods
were removed. The data set for the grazing experiment, from which all
subsequent calculations were made, was thus composed of the number of
copepods alive at the end of the experiment, the volume of medium used
in each flask (700 ml), the particle counts (total cell volume/ml and
total cell number/ml) in the control and grazer flasks at each food
level, and the initial and final times of these measurements for each
flask. All cell concentration and time values were taken as the means
of at least three separate samples measﬁred for each flask. The cell
concentration in each sample was determined by making at least five.
replicate counts of the sample with the Coulter counter, using thé
same settings and methods described previcusly for the acclimation

period.
Ingestion Rate Calculations

The equations used to calculate ingestion rates for each grazer
flask are listed in Table 3. These equations were developed from the
basic production equation (Kremer and Nixon, 1978; Steele and Frost,
1977):

1/N(dN/dt) =a-T -e~w-g -8
where N = phytoplankton population size, t = time, and the
phytoplankton specific rates are as follows: a = assimilation, T =
respiration, e = excretion, w = dilution, g = grazing, and s = sinking
losses (Donaghay, 1980). Under the conditions used in these
experiments w and s were zero, and the (a ~ r - e} portion qf the

equation is set equal to k, the phytoplankton growth rate. Using the



Table 3 Grazing equations (from Donaghay, 1980).

Input Variables Symbol Equation

Initial Control Concentration ¢y
Initial Grazer Concentration G1
Final Control Concentration Cf
Final Grazer Concentration Gf
Initial Control Time TCO
Initial Grazer Time TGO
Final Control Time TCf
Final Grazer Time TGf
Volume of Food Medium v
Animal Number per Flask A

Output
Control Growth Rate kc = 1n{Cf/Ci)/(TCf - TCO)
Apparent Growth Rate ka = 1n(Gf/Gi)/(TGf - TGO)
Grazing Rate _ k§ = kc - ka
Mean Time in Grazing Period T = (TGf + T 0)/2
Exponential Mean Biomass BB = Gi(eka(? - TGO))
Total Grazing Flux Loss ' GFL = kg(EMB)V
Ingestion Rate IR = GFL/A

Units
um3/m1
um® /ml
um3/m1
um3/m1
day
day
day
day
ml

number

‘day—1

day'-1
daym1

day

um3/ml

um3/day
umalcopepod/day
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notation presented in Table 3, the measured growth rate in control
flasks (containing no copepods) was denoted kc. The apparent
growth rate in each grazer flask.was called k_, which included the
effects of copepod grazing as well as phytoplankton growth, The
difference between these two rates, kg, is the estimated grazing

rate over the duration of the experiment. The three equations used to

calculate these rates assume that phytoplankton growth and copepod

grazing are exponential processes over the course of an experiment.

This assumption has been tested previously with A. clausii under the

- same experimental conditions used in these experiments (Donaghay,

1980; Dexter, 1983), and appears to be valid providing the grazing
experiments are run with log-phase phytoplankton provided with
adequate nutrients under constant non-satutrating light levels, and
with copepods that have been acclimated to the phytoplankton

concentrations used in the experiment.

Laminarinase Activity and Protein Analysis

After the conclusion of the grazing experiment two groups of 20

A. clausii from each grazing flask and the flask containing

filtered seawater (zero food level) were sorted into small vials
containing: 20 ml of the remaining food medium. Each group of copepods
was collected on a 25 mm diameter Nuclepore filter and transferred to
a glass homogenizing tube with a pair of fine forceps. A 0.5 ml
volume of 0.25 M phosphate buffer, made isotonic with seawé;er by
adding NaCl, was added to the gfinding tuBe, and the mixtqre was

homogenized for two minutes. From the resulting homogenate, 200 ul
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was removed for analysis of laminarinase activity and an equal volume
for measurement of protein concentration. Both subsamples were plabed
in polypropylene test tubes and frozen at -20°C for 24 or 48 hours
before continuing the analysis. Preliminary tests had shown no loss
in enzyme activity in samples frozen at this temperature for 48 hours.

Prior to November 1982 (6 experiments) the phosphate grinding
buffer used was adjusted to a pH of 5.0. After this time (6
experiments) a pH 5.8 phosphate buffer was employed.. The initial
buffer pH was chosen to ailOW'comparisonS between this study and other
reports of copepod laminarinase activity in which a phosphate buffer
at pH 5.0 was utilized (Mayzaud and Conover, 1976; Cox, 1981; Cox et
al., 1983). The maximum enzyme activity of laminarinase from A.
clausii in this study occurred at pH 5.8. Therefore, in order to
increase the enzyme activity of the sample sizes used, especially that
of the starved copepods, a pH of 5.8 was adopted. To facilitate
comparisons between these groups of experiments a study was conducted
with A clausii to determine the ratio of laminarinase activity at
the two pH values. This ratio (pH 5.8/pH 5.0) was 1.863 (SD = 0.466,
n = 11} and was used to convert enzyme activities measured at pH 5.0
to equivalent pH 5.8 laminarinase activities. At present the gut pH
of live copepods is unknown. The pH of digestive juice from other
Crustacea varies between 5.0 and 7.5 (Bond, 1934; Mayzaud and Mayzaud,
1981), therefore, the choice of a pH within this range for digestive
enzyme work is somewhat arbitrary and the conditions producing a
maximum laminarinase activity were adopted for this study.

The procedures used to determine laminarinase activity were

adapted from Vacquier (1971). After 24 hours the aliquot for enzyme
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analysis, 200 ul, was thawed and mixed with 1 ml of laminarin (from

Laminaria digitata, CalBiochem) in 0.25 M phosphate buffer

adjusted to a pH of 5.0 or 5.8. The concentration of laminarin used
was 3.0 mg/ml, which is sufficient to saturate enzyme activity (Cox,
1981); thus, all measurepents represented a determination of Vméx'
After incubation of the mixture at 37°C for 100 minutes the reaction
was stopped by placing the sampies in an ice bath and by the addition
of 500 ul of 0.3 M Zo80, and 500 ul of 0.3 M Ba(OH),. The

samples were then centrifuged at 12,000 rpm for 15 minutes to
precipitate the protein, and 1 ml of supernatant was rémoved to a
Polypropylene test tube for determination of glucose concentration.
Glucose concentration was determined by incubating the samples at 37°C
for 30 minutes affer adding a glucose oxidase - peroxidase reagent
(Sigma Tech. Bull. No. 510) and meésﬁring the color development of the.
samples on a model 70 Bausch & Lomb spectrophotometer at a wavelength
of 420 nm_using 1 cm cells. The absorbance of the samples was
corrected for the absorbance of blanks run with the samples, and the
amount of glucose produced was determined by comparison with glucose
standards. Laminarinase activities were expressed as ug glucose
produced per copepod per minute at 37°C.

The aliquot for protein analysis, 200 ul, was thawed after 48
hours and analyzed for protein content using the method of Lowry et
al. (1951). The samples were incubated for 30 min at room
temperature following the addition of Folin - Ciocalteu reagent, and
the absorbances of the samples were measured on a spectrophotometer at
750 nm. The absorbances éf the samples were corrected by the

absorbances of blanks run concurrently with the samples. The protein
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concentrations were determined by comparison with bovine serum albumin
standards. The protein concentrations were exbressed as ug protein per
copepod and were>used to express enzyme activities on a per unit
protein basis (ug glucose produced/mg protein/hr at 37°C).

In addition to these experiments a singlé experiment was run to

follow changes in laminarinase activity with time at three food

concentrations and in filtered seawater. Acartia clausii females

were collected from Yaquina Bay during October 1981 and placed in the
cold room at 10°C, Three groups of approximately 200 adult A.
clausii females were Placed in one-liter flasks containing 900 ml of a

Thalassiosira weissflogii suspension adjusted.to cell volume

concentrations corresponding to levels C, D, and E (2.5, 5.0, 7.5 %

106 um3/ml). A fourth group of 200 individuals was placed in

a similar volume of filtered seawater. The food concentrations were
re-established every 12 hours as described above for the acclimation
interval. Every 24 hours for five days three groups of 10 copepods

were removed from each of the four flasks and the laminarinase

activity of the copepods was determined as described above.
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Resul;s

Ingestion Rates

Ingestion rates for the Acartia clausii females for each

experiment were calculated on a cell volume basis (106

um3/anima1/day) and plotted against the calculated exponential

mean cell biomass (10° wn?/m1) in each grazing flask. The

general shape of the functional response curves for these experiments

showed that ingestiqn rates usually became saturated at food

concentrations less than 2.5 x 106 um3/m1; therefore, a

curvilinear model was chosen to describe these results. Initially,

the Ivlev (1955) equation as modified by Parsons et al. (1967) was

fit to the data for each experiment. This equation takes the form:
I=1(1 - "),

where I is the ingestion rate, I, is the maximum ingestion rate, K

is a constant, x is the concentration of phytoplankton (exponential

mean biomass), and Py 1s the food concentration at which feeding

ceases ( the so~called threshold concentration), The three parameters

in this nonlinear equation (Im,K,pO) were found by using a

" program which employed the Gauss-Newton method of nonlinear regression

as modified by Hartley (1961). This method uses a Taylor series
expansion to approximate the nonlinear regression model with linear
terms, and then employs ordinary least squares to estimate the

parameters. Iteration of these steps generally leads to a solution
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for the nonlinear regression parameters. Convergence of parameters
was obtained for all experiments except for the experiment conductéd
oun April 7, 1982, and in this case convergence failed because of the
large increase in ingestion rates observed at the highest food level.
The results of this analysis showed that for ail experiments the
95% confidence intervals for the parameter P either included the
origin or were negative. Because a negativevthreshold food
concentratioﬂ is undefined for this model the parameter p0 was
eliminated and the standard Ivlev (1955) equation was fit to all

experiments (Figs. 1l - 6). The Ivlev equation has the form:
I= Im(l - E-Kx):

where all the terms are identical to those described above. The two
parameters (Im,K) were obtained uéing the modified Gauss-Newton
program described above. The values of these parameters for all
experiments and their 95% confidence intervals are presented in Table
4.

To determine if ingestion rate curves differed for these
experiments, the Ivlev fits for each experiment were compared using an
F test which tests for equality of the variances of two or more
regression models (Neter and Wasserman, 1974). If the error terms in
the regression models being compared had equal variances as determined
by the F test, then the regression models were from the same
"population" of models, and could be comapared. All experiments with
the exception of those in April 1982 and March 1982.had statistically

equal variances (p < .05) and were included in this analysis.



Table 4 Ivlev equation parameters for the ingestion rate data for each experiment and the standard
deviation and 95% conf%dence intervals for these parameters. I, is the maximum ingestion rate,
K i1s a constant, and r“ is the coefficient of determination for the Ivlev fits to the data for
each experiment. Equation parameters could not be determined for the April 7, 1982 experiment
(see text).

2 I 5td. Std,

Experiment Date T m Dev, 957 °C.I. K Dev. 95% C.I.

March 19, 1982 0.250 18,19 2.82 (11.69, 24.69) 0.62 0.39 (-0.28, 1.52)
June 23, 1982 0.590 16.77 0.55 (15,50, 18.03) 1.69 0.34 ( 0.91, 2,48)
July 22, 1982 0.649 13,71 1.07 (11.24, 16.,18) 1.70 0.50 ( 0.54, 2,86)
September 20, 1982 0.200 3.50 0.49 ( 2.36, 4.63) 1.17 0.62 (-0.25, 2,59)
October 8, 1982 0.762 10,72 0.59 (9,34, 12,09) 1.88 0.41 ( 0.93, 2,84)
November 9, 1982 0.815 10.28 0.41 ( 9.32, 11.23) 1.79 0.31 ( 1.08, 2,49)
December 16, 1952 0.274 10.95 1.04 ( 8.55, 13,36) 1.71 0.73 ( 0,02, 3,40)
February 28, 1983 0.955 11,09 0.27 (10.46, 11,72) 1.27 0.12 ( 0.99, 1.54)
June 6, 1583 0.850 19,74 3.34 (12,03, 27.45) 0.28 0.10 ( 0.04, 0,53)
July 5, 1983 0.910 v19.78 0.70 (18,16, 21.39) 1.46 0.20 ( 0.99, 1,93)
September 29, 1983 0.704 9.79 0.57 ( 8.45, 11,14) 1.61 0.42 ( 0.61, 2,61)

9T
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Figure 1 1Ingestion rates (106 um3/copepod/day) for adult Acartia
‘¢lausii females collected on March 19, 1982 and April 7,
1982. The centric diatom Thalassiosira weissflogii was
provided as the food source during these experiments. The
ingestion rates are shown versus the exponential mean
biomass (106 um3/ml) of cell concentration in each grazing
flask and were calculated using the equations shown in
Table 3. The data for the March 19, 1982 experiment was
fit using the Ivlev equation (I = I, - e'Kx). The values
of these parameters are shown in Table 4. The April 7,
1982 experiment could not be fit using the Ivlev equation
(see text for details).
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Figure 2 Ingestion rates (108 um3/copepod/day) for adult Acartia

clausii females collected on June 23, 1982 and July 22,
1982, The centric diatom Thalagsiosira weissflogii was
provided as the food source during these experiments. The
ingestion rates are shown versus the exponential mean
biomass (106 um3/ml) of cell concentration in each grazing
flask and were calculated using the equations shown in
Table 3. The data from each experiment were fit using the
Ivlev equation (I = I (1 - e~KX), The values of these
parameters are shown in Table 4. '
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Figure 3 Ingestion rates (100 um3/copepod/day) for adult Acartia
clausii females collected on September 20, 1982 and October
8, 1982. The centric diatom Thalassiosira weissflogii was
provided as the food source during these experiments. The
ingestion rates are shown versus the exponential mean
biomass (106 um3/ml1) of cell concentration in each grazing
flask and were calculated using the equations shown in
Table 3. The data from each experiment were fit using the
Ivlev equation (I = I (1 - e~¥X), The values of these
parameters are shown in Table 4.
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Figure 4 Ingestion rates (106 um3/copepod/day) for adult Acartia
- ‘¢lausii females collected on November 9, 1982 and December

16, 1982, The centric diatom Thalassiosira weissflogii was
provided as the food source during these experiments. The
ingestfon rates are shown versus the exponential mean
bitomass (108 um3/ml) of cell concentration in each grazing
flask and were calculated using the equations shown in
Table 3. The data from each experiment were fit using the
Ivlev equation (I = I (1 - e~KX), The values of these
parameters are shown in Table 4.
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Figure 5 Ingestion rates (100 um3/copepod/day) for adult Acartia
clausii females collected on February 28, 1983 and June 6,
1983. The centric diatom Thalassiosira weissflogii was
provided as the food source during these experiments. The
Ingestion rates are shown versus the exponential mean
biomass (10® um3/ml) of cell concentration in each grazing
flask and were calculated using the equations shown in
Table 3. The data from each experiment were fit using the
Ivlev equation (T = T,(1 - e~KX), The values of these
Parameters are shown in Table 4. :
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Figure 6 Ingestion rates (109 um3/copepod/day) for adult Acartia
- €lausii females collected on July 5, 1983 and September 29,

1983, The centric diatom Thaldssiosira weissflogii was
Provided as the food source during these experiments. The
ingestion rates are shown versus the exponential mean
biomass (106 um3/ml) of cell concentration in each grazing
flask and were calculated using the eguations shown in
Table 3. The data from each experiment were fit using the
Ivlev equation (I = I_(1 - e~KX), The values of these
parameters are shown in Table 4.
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Comparisons showed that ingestion rate curves for October 1982,
November 1982, December 1982, Fébruary 1983, and September 1983 were
Statistically the same (p < .05) and could be treated as a single data
set. However, the ingestion rate curves for June 1982, July 1982,
September 1982, June 1983 and July 1983 were statistically different
(p € .05) from each other and could not be combined. Thus it was
readily apparent that the ingestion rates for A. clausii at

identical food concentrations varied seésonally. With the exception
of the Septeﬁber 20, 1982 experiment, ingestion rates during the fall
and winter months remained relatively low and_constant; During the
summer months ingestion rates were more variable; however, the maximum
ingestion rates attained (Im) during these months were

consistently higher than fall and winter experiments by about a factor

of one and one-half or two.

Ingesticn Rate versus Laminarinase Activity

Laminarinase activities expressed on a per animal basis (LA = ug
glucose/copepod/minute) and total animal protein (LP = ug glucose/mg
protein/hour), are shown in Figs. 7 - 18 as functions of ingestion
rate. The Spearman rank correlation test (Steel and Torrie, 1980) was
used to determine if a significant correlation existed between
laminarinase activity and ingestion rate at the five food
concentrations used in this study (Table 5). A significant positive
correlation between LA and ingestion rate occurred in only three
experiments: June 1982, February 1983, and July 1983. There was no

significant relationship between these parameters for the remaining
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Table 5 Spearman rank correlation values for comparisons between
laminarinase activity and ingestion rate. LA refers to
laminarinase activity expressed as ug glucose produced/
copeped/minute. LP refers to laminarinase activity expressed
as ug glucose produced/mg protein/hour. The level of
significance is indicated as follows: 0.05 = (%), 0,01 =
(*¥*), 0,001 = (%*x),

‘Experiment Date LA LP
March 19, 1982 | .23 ~0.25
April 7, 1982 ' -0.28 -0.59
June 23, 1982 0.64% | -0.36
July 22, 1982 0.54 0.46
September 20, 1982 -0.38 -0.41
October 8, 1982 Q.52 0.17
November 9, 1982 -0.58 ~0,78%%
December 16, 1982 0.1 -0, 14
February 28, 1983 0.76% 0.48
June 6, 1983 0.24 ~(), 88%*%
July 5, 1983 0.77%* 0.89%*x*x

September 29, 1983 =0.40 ~0,50
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ingestiou rates (106 um3/copEpod/day) for adult Acartia

clausii females collected on March 19, 1982 versus the

laminarinase activity of the copepeds expressed as ug

~ glucose/animal/minute x 103 and as ug glucose/mg protein/

hour x 1072, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask., The point:
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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Figure 8 Ingestion rates (106 um3/copepod/day) for adult Acartia

- clausii females collected on April 7, 1982 versus the
laminarinase activity of the copepods expressed as ug

_ glucose/animal/minute x 103 and as ug glucose/mg protein/
hour x 1072, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask, The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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Figure 9 Ingestion rates (108 um3/copepod/day) for adult Acattia

: " €lausit females collected on June 23, 1982 versus the

laminarinase activity of the copepeds expressed as ug
- glucose/animal/minute x 103 and as ug glucose/mg protein/

hour x 10~2, The error bars shown are the standard devi-
atfons of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask. The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which fere starved in filtered seawater
throughout the experiment.
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Figure 10 Ingestion rates (106 um3/copepod/day) for adult Acartia

' '¢lausii females collected on July 22, 1982 versus the
laminarinase activity of the copepgds expressed as ug

~ glucose/animal/minute % 103 and as ug glucose/mg protein/
hour x 10~2, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of
20 copepods analyzed for each experimental flask. The
point nearest to the Y-axis in each plot is the enzyme
activity of copepods which were starved in filtered sea-
water throughout the experiment.
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Figure 11 TIngestion rafes,(105.um3/copepod/day) for adult Acartia.
" c¢lausii females collected on September. 2(, 1982 versus

the laminarinase activity of the copepods expressed as ag

. glucose/animal/minute x 103 and as ug glucose/mg protein/

hour x 102, The error bars shovn are the standard devi-
ations of the laminarinase activities of two samples of
20 copepods analyzed for each experimental flask. The
point nearest to the Y-axis in each plot is the enzyme
activity of copepods which were starved in filtered sea-
water throughout the experiment.
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Figure 12 Ingestion rates (10° um3/COPEpod/day)‘for adult Acartia
' " '¢lausii females collected on October 8, 1982 versus the

laminarinase activity of the copepods expressed as ug

~ glucose/animal/minute x 10° and as ug glucose/mg protein/

hour x 102, The error bars showm are the standard devi-
ations of the laminarinase activities of two samples of
20 copepods analyzed for each experimental flask. The
point nearest to the Y-axis in each plot is the enzyme
activity of copepods which were starved in filtered sea—
water throughout the experiment.



Activity

Laminarinase

Activity

Laminagrinase
{ug Glu./mg Prot./Hr. x10™2)

(ug Glu./An./Min. x103)

Figure 12

52

e r October 8 1982
54 |
36 |- |
I8 8 §:::
0 t i L 1 I
0 6 12 18 24
Ingestion  Rate
(108  um? /Capepod/Day)
180 r  October 8 1982
13.5 "
S.0
4.5 |- 8 %
7 O :) 1 | | J
0 6 12 18 24

Ingestion Rate

(106  um3 /Copepod/Day)



53

Figure 13 Ingestion rates (106 um3/copepod/day) for adult Acartia
‘€lausii females collected on November 9, 1982 wversus the
laminarinase activity of the copepods expressed as ug
glucose/animal/minute x 103 and as ug glucose/mg protein/
hour x 102, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of
20 copepods analyzed for each experimental flask. The
point nearest to the Y-axis in each plot is the enzyme
activity of copepods which were starved in filtered sea-
water throughout the experiment.
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Figure 14

33

Ingestioﬁ rates (106'um3/¢op2p0d/day) for adult Acartia

‘¢lausii females collected on December 16, 1982 versus the
laminarinase activity of the copepods expressed as ug

glucose/animal/minute x 103 and as ug glucose/mg protein/
hour x 10~2, The error bars shown are the standard devi-
tions of the laminarinase activities of two samples of 20
copepods analyzed for each experimental f£lask. The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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Figure 15

37

Ingestion rates (106 um3/copepod/day) for adult Acartia

‘clgusii females collected on February 28, 1983 versus the

laminarinase activity of the copepods expressed as ug
glucose/animal/minute x 107 and as ug glucose/mg protein/
hour = 107“. The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask. The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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" Figure 16

59

Ingestion rates (108 um3/copepod/day) for adult Acartia

‘clausii females collected on June 6, 1983 versus the

laminarinase activity of the copepods expressed as ug
glucose/animal/minute x 103 and as ug glucose/mg protein/
hour x 107“. The error bars shown are the gtandard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask. The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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Figure 17 Ingestion rates (10° um3/copepod/day) for adult Acartia
clausii females collected on July 5, 1983 versus the
laminarinase activity of the copepods expressed as ug
glucose/animal/minute % 103 and as ug glucose/mg protein/
hour x 10~2, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask. The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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Figure 18 Ingestion rates (106 um3/copepod/day) for adult Acartia
clausii females collected on September 29, 1983 versus the
laminarinase activity of the copepods expressed as ug
glucose/animal/minute x 103 and as ug glucose/mg protein/
hour x 1072, The error bars shown are the standard devi-
ations of the laminarinase activities of two samples of 20
copepods analyzed for each experimental flask. The point
nearest to the Y-axis in each plot'is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment.
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nine experiments. When laminarinase activity expressed iﬁ terms of
total copepod protein (LP) was compared with ingestion rate, a
somewhat different pattern was observed; The majority of experiments
had negative correlation coefficients (Table 5), but only two of these
negative coefficients were significant (for experiments in November
1982 and June 1983). One experiment (July 1983) showed a significant
pPositive correlation between LP and ingestion rate.

The different patterns of significance observed, depending on the
units used to express laminarinase activity, appeared to occur because
copepods acclimated to the lowest food levels (levels A and B) often
had lower protein concentrations than copepods acclimated to higher
food concentrations (levels C, D, E, and F). Spearman rank
correlation coefficients for copepod protein concentration versus
acclimation food concentration (Table 6) were positive in all but two
experiments and were significant for five of the experiments. The
Telatively low protein concentrations in animals at low food levels
yielded relatively high LP values. In addition, animals at low food
levels usually had the lowest ingestion rates {Figs. 1l ~ 6).
Conversely, animals at high food levels often had relatively high |
protein concentrations, relatively low LP values, and relatively high
ingestion rates. This combination of effects produced the many
negative correlations between LP and ingestion rates that were
observed for most of the experiments (Table 5). However, it must be
remembered that only two of these negative correlations were
statistically significant. Non-gignificance indicated no statistical
correlation betéeen LP and ingestion rate, an indication also borne

out by visual examination of Figs. 7, 8, 9, 11, 14, and 18.
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*

Table 6 Spearman rank correlation values for comparisons between
laminarinase activity expressed as ug glucose produced/
copepod/minute (LA) and acclimation food concentration, and
between the protein concentration of Acartia ¢lausii (PRO)
and acclimation food concentration. The level of signifi-
cance is indicated as follows: 0.05 = (*), 0.01 = (¥%),
0.001 = (k&%)

‘Experiment Date LA " _PRO-
March 19, 1982 -0.06 0.52
April 7, 1982 -0.36 O.fl*
June 23, 1982 0.65+ | 0.78%
July 22, 1982 0.41 0.72%
September 20, 1982 ~0,72% -0.61
October 8, 1982 0.85%% ' ©0.25
November 9, 1982 -0, 64% 0.45
December 16, 1932 . 0.14 ‘ 0.61
February 28, 1983 0.63 0.68%
June 6, 1983 0.25 : 0.91%**
July 5, 1983 0.90%%% 0.53
September 29, 1983 ~-0.49 -0.07
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There also were experiments which showed a negative correlation
between animal-based laminarinase activity (LA) and ingestion rate
(Table 5), but none of the negative correlation coefficients were
statistically significant. The three significant positive
correlations between LA and ingestion rate did not follow a seasonal
pattern; thus, while two of these significant values were found in
summer months, the third was found in February. Moreover, not all of
the summer (July, 1982 and June 1983) correlations were sigﬁificant,
though all were positive. These results peint up the problems |
associated with comparing enzyme activities for copepods acclimated té
different food concentrations when the activities are expressed in
terms of non-specific substrates such as the total animal or total
protein. To obtain a valid specific enzyme activity the results
should be expressed on the basis of total protein content of the
énzyme present in the copepods, The lack of a significant _
relationship between LA aﬁd ingestion rate for the majority of
experiments, and the negative correlations between LP and ingestion

rate, suggests that Acartia clausii conserves laminarinase and

utilizes other protein reserves when acclimated at low food

concentrations.
Laminarinase Activity versus Acclimation Food Concentration

Relationships between the laminarinase activity (ug

glﬁcose/copepod/minute) of Acartia clausii and the five food levels

(plus zero food level) to which the animals were acclimated before

experimentation, are shown in Figs. 19 - 24. The Spearman rank
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Figure 19 Laminarinase activities (ug glucose/copepod/minute x 103y

of adult Acartia clausii females collected on March 19,
1982 and April 7, 1982 versus the concentration of
Thalassiosira weissflogii to which  the copepods were main-

tained at during the three day acclimation interval. The
error bars shown are the standard deviation of the lamina-
rinage activities of two samples of 20 copepods analyzed
for each experimental flask (see text for details). The
point nearest to the Y-axis in each plot is the enzyme
activity of copepods which were starved in filtered sea-
water throughout the experiment.
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Figure 20 Laminarinase activities (ug glucose/copepod/minute x 103)
of adult Acartia clausii females collected on June 23,
1982 and July 22, 1982 versus the concentration of

' Thalassiosira weissflogii to which the copepods were
maintained at during the three day acclimation interval.
The ertvor bars shown are the standard deviation of the
laminarinase activities of two samples of 20 copepods
analyzed for each experimental flask (see text for details).
The point nearest to the Ywaxis in each plot is the enzvme
activity of copepods which were starved in filtered sea-~
water throughout the experiment.
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Figure 21 Laminarinase activities (ug glucose/copepod/minute x 103)
of adult Acirtiq clausii females collected on September
20, 1982 and October 8, 1982 versus the concentration of
Thalassiosira weissflogii to which the copepods were
maintained at during the three day acclimation interval.
The error bars shown are the standard deviation of the
laminarinase activities of two samples of 20 copepods
analyzed for each experimental flask (see text for
details). The point nearest to the Y-axis in each plot is
the enzyme activity of copepods which were starved in
filtered seawater throughout the experiment.
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Figure 22 Laminarinase activities (ug glucose/copepod/minute x~103)
of adult Acartia ¢lausii females collected on November 9,
1982 and December 16, 1982 versus the concentration of
Thalassiogira weissflogii to which the copepods were
maintained at during the three day acclimation interval.
The error bars shown are the standard deviation of the
laminarinase activities of two samples of 20 copepods
analyzed for each experimental flask (see text for
details). The point nearest to the Y-axis in each plot is
the enzyme activity of copepods which were starved in
filtered seawater throughout the experiment.
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Figure 23 Laminarinase activities (ug glucose/copepod/minute x 103)
of adult Acartia clausii females collected on February 28,
1983. and June 6, 1983 versus the concentration of
Thalas¢iosira weissflogii to which the copepods were
maintained at during the three day acclimation interval.
The error bars shown are the standard deviation of the
laminarinase activities of two samples of 20 copepods
analyzed for each experimental flask (see text for
details). The point nearest to the Y-axis in each plot is
the enzyme activity of copepods which were starved in
filtered seawater throughout the experiment.
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Figure 24
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Laminaninase activities (ug glucose/copepod/minute x 103)

of adult Acartia ¢lausii females collected on July 5, 1983
and September 29, 1983 versus the concentration of Thalas-
siosira weissflogii to which the copepods were maintained

at during the three day acclimation interval. The error
bars shown are the standard deviation of the laminarinase
activities of two samples of 20 copepods analyzed for each
experimental flask (see text for details). The point
nearest to the Y-axis in each plot is the enzyme activity
of copepods which were starved in filtered seawater
throughout the experiment. )
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correlation test was used to determine if a significant corrélation
existed between enzyme activity and food concentration (levels A - F).
The results of this test {Table 6) shoﬁed that a significant (p < .05)
positive correlatiom occurred in three experiments: June 1982, October
1982, and July 1983. Sigrificant negative correlations were found.for _
September 1982 and‘November i982, while correlations for the remaining
experiments were non-significant.

The largest change in laminarinase activities in these
experiments occurred for copepods which were starved in filtered
geawater. Enzyme activities were consistently lower (with the
exception of September 1982 and June 1983) for starved copepods.

Thus, it appears that in these experiments A. clausii for the most
part maintained a relatively constant laminarinase activity which was
unaffected by either food concentration or ingestion rate, and
decreased its digestive enzyme levels only under starvation
conditions. The regulation of digestive enzymes for this copepod might
therefore be viewed mainly as a switching response. In the presence
of food the switch is Furned on an& laminarinase activities adjust to
some constant level. 1In the absence of food the switch is turned off
and enzyme levels drop to some low level which varied -depending on tﬁe
date at which the copepods were collected. This interpretation is
supported by the rgsults of an experiment in which Acartia females
were placed in three different food concentrations (levels C, D, and
E) and filtered seawater, and the laminarinase activity of the

copepods was measured daily for five days (Table 7). Laminarinase

- activities at the three food concentrations were not significantly

different from each other or from initial measurements taken at day 1
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Table 7 Effects of starvation and food concentration (106 um3/m1)
on Acartid ¢lausii laminarinase activity (ug glucose/
copepod/minute x 103. The copepods were collected on
October 30, 1981. Log phase cultures of Thalassiosira

- ‘welssflogii were provided as food, -

Time after Mean Laminarinase Algal
Capture (days) n " "Activity (£ S.D.) " Concentration
1 3 159.0 # 12.4 | 7.5
1 3 164.6 + 2.1 5.0
1 3 145,9 ¥ 7.5 2.5
1 3 162,7 £+ 3.9 0.0
2 3 156,5 £+ 8.5 7.5
2 3 155.9 £+ 3.9 5.0
2 3 162.7 £ 7.0 2.5
2 3 163.9 + 1.9 0.0
3 3 148.4 + 11.4 7.5
3 3 144,7 + 20.4 5.0
3 3 155.9 + 2.8 2.5
3 1 109.9 . 0.0
4 3 105.6 * 49.7 7.5
4 3 156.5 £ 0.0 5.0
4 3 154.6 + 8.1 2.5
4 - - 0.0
5 3 123.6 + 27.1 7.5
5 3 156.5 + 3.2 5.0 %
5 3 157.7 + 1.1 2,5
5 - - 0.0
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after five days of acclimation to the food concentrations (F-test, p <
0.05). Laminarinase activities for copepods placed in filtered
seawater were not significantly different from those of copepods kept
in the food concentrations for the first twordays of the experiment,
but dropped to lower levels by the third day. Unfortunately, due to
high mortality for copepods kept in filtered seawater,rinsufficient
animals were available for determinations of enzyme activity after the
third day of the experiment.

Although laminarinase activities remained relatively constant at
different food concentrations and ingestion rates for any given
experiment, the level of laminarinase activity differed among
experiments throughout the period of study. The seasonal patterns of
laminarinase activity for the copepods acclimated to each of the food
levels, and for those starved in filtered seawater, are shown in Figs.
25 - 27. Laminarinase activity increased approximately five-fold in
April 1982 and then decreased and remained essentially constant until
July 1983, when there was a two-fold increase in enzyme activity. The
July 1983 enzyme level was apparently maintained through September
1983 by copepods-feeding at the lower food concentrations {A and B).
The large increase in laminarinase activity observed in the spring of
1982 could not be verified in 1983 as A. clausii.was not present in
sufficient numbers to allow experiments to be conducted during the
spring of 1983,

The results in Figs. 25 - 27 show that A. clausii varies its
laminarinase activity seasonally. Enzyme activity apparently is high
during spring months and then decreases to low or intermediate levels

in the summer. During the fall and winter months enzyme activity is
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Flgure 25 Laminarinase activities (ug glucose/copepod/minute x 103)
for Acartia clausii acclimated to food levels E (approxi- .
mately 7.5 x 109 um3/ml) and D (approximately 5.0 x 106
um3/ml) for all experiments (see text for details).
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Figure 26

85

Laminarinase activities (ug glucose/copepod/minute x 103)
for Acartid ¢lausii acclimated to food levels C (approxi-
mately 2,5 x 109 um3/ml) and B (approximately 1,0 x 106
um3/ml) for all experiments (see.text for details).
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Figure 27 Laminarinase activities (ug glucose/copepod/minute x 103)
for Acartia elausii acclimated to food level A (approxi~
mately 0.5 x 10° um?/ml) and starved in filtered seawater
(level 0) for all experiments (see text for details).
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maintained at low levels, This pattern ié also observed for the
laminarinase activities of starved copepods, though not so distinctiy;
for exampie, 1aminariqase activities were almost as high in September
1982 as in April 1982, in starved copepods, and both June and July
1983 activities were also relatively high. That there is any pattern
at all strengthens the case for a seasonal regulation of laminarinase
activity. The threshold level of enzyme activity in starved copepods
Presumably should be constant unless there is some seasonal regulation
of enzyme levels,

The seasonal pattern of laminarinase activities for Acartia
clausii was similar to that found for maximum ingestion rates (Table
8), and suggested that there was some relationship between these two
parameters. This relationship was examined for all experiments except
April 1982 for which no clear maximum ingestion rate was found. A
significant positive correlation (t test, p < .05) was found between
maximum ingestion rate and laminarinase activity for these experiments
(Fig. 28). It should be noted that the April 1982 experiment had mean
léminarinase activities of about 180 ug glucose/copepod/min x 106.

In order for this experiment to "fit into" the relationship shown in
Fig. 28, the maximum ingestion fate would have had to be 45 x 10°
ﬁm3/copepod/day. This value is not unlikely, as the ingestion

rate found for the highest food level for this experiment was 40 x
108 um3/copepod/day. It is possible that the copepods

collected at this time were acclimated to high food concentrations
exceeding the levels offered in the laboratory, and that if higher
food concentrations had been used a maximum ingestion rate exceeding

40 x 108 um3/copepod/day would have been obtained. Therefore,



90

it seems reasonable that Acartia clausii varies its digestive enzyme

levels seasonally and that these changes are correlated with the
maximum ingestion rate which can be achieved. It is concievable,
though not proved, that levels of laminarinase in the digestive tract
control, or help control, the rates of ingestion in this copeped. The
pattern of laminarinase.activity in individual experiments
demonstrates that changes in digestive enzyme activities apparently
‘require periods of time in excess of five days (Table 7), and
therefore represent long-term changes in food processing capability of

this copepod.




91

Table 8 Maximum ingestion rates (106 um3/copepod/day) of Acartia
¢lausii obtained from Ivlev equation fits to the data and
mean laminarinase activities (ug glucose/copepod/minute x
103) for:the.copeods at the food_levels.-exhibiting:these
Ingestion levels.

Maximum
Ingestion ' Laminarinase
" Experiment Date " Rate _Actlvity

March 19, 1982 | 18.19 50.50 + 16,94
June 23, 1982 16.77 37.25 + 4,92
July 22, 1982 13.71 17,17 % 4,31
September 20, 1982 3.50 | 13,75 +  3.54
October 8, 1982 10.72 24,50 + 3.66
November 9, 1982 10,28 21.87 + 2.53
December 16, 1982 10.95 17.50 + 1.69
February 28, 1983 | 11,09 22,83+ 3,82
June 6, 1983 19.74 23.00 = 1.41
July 5, 1983 19.78 59.83 & 7,41
September 29, 1983 9.79 39.67 £ 3.93
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Figure 28 Maximum ingestion rates of Acartia clausii obtained from

Ivlev equation fits to the data (see Table 4) versus the
mean laminarinase activities for the copepods at the food
levels exhibiting these ingestion levels, The linear fit
shown has the form Y = 0.21(X) + 6.78 (r2 = 0,40), The
April 7, 1982 results are not included (see text for
details).
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Discussion

The goal of this study was to clarify the relationship between
food intake (ingestion rate) and digestive enzyme activity

(laminarinase) for the small neritic copepod Acartia clausii. As

described earlier, the seasonal relationship between these variableé
is complex. Both ingestion rate and laminarinase activity were found
Lo vary seasonally and correlations between these parameters were
found to bé positive, negative, or nonexistent depending on the date
the experiment was conducted. In order to understand these various
results it is necessary to explore in detail the physiclogy of food
processing in copepods.

Perhaps the best known aspect of the feeding behavior of copepods
1s that describing the removal of particles at different food
concentrations. Evidence from laboratory studies genefally supports a
relationship between copepod ingestion rate (biomass
consumed/copepod/day) and food concentration characterized by a
critical or incipient food concentration above which ingestionrrates-
become saturated and remain constant (e.g. Mullin, 1963; Frost, 1972;
1977). Below the critical concentration there is a range of food
concentration over which ingestion rate increases approximately
linearly with increasing food; i.e., where volume clearance rate
(filtering rate) per individual is constant (Lam and Frost, 1976).
This relationship can be described mathmatically by a rectilinear
model (Frost, 1972), an Ivlev curve (Parsons et al., 1967), or a
Michaelis-Menton model (Mullin et al., 1975). The rectilinear and

curvilinear models arise from slightly different concepts of the



94

ingestion process. In the rectilinear model, there is assumed to be
no decrease in the rate of the food capture - ingestion process until
a critical particle concen;ration is reached, and the rate at which
water is cleared of food is constant within this range of
concentrations. In the other two models the rate of ingestion
decreases as the concentration of particles nears the critical food
concentration, so the relationship between ingestion rate and particle
concentration appears curvilinear (Mullin et al., 1975). At

pPresent, there has been no study which has included a sufficient
number of data points near the critical food concentration to
statistically distinguish which of these models is correct. Therefore,
the choice of a model to describe the saturation responée, as in this
study, should be viewed as a method of summarizing ingestion rate
data, rather than as an indication of the feeding behavior occurring
near the critical concentration.

The rectilinear or curvilinear models of copepod feeding have
been incorporated in several models of marine planktonic communities
(e.g. Steele, 1974; Wroblewski and O'Brien, 1976; Steele and Frost;
1977; Steele and Mullin, 1977); however, more recently the validify of
this type of model for copepod feeding in the field has been
questioned. When copepods are fed natural particulates at ambient
concentrations at different times of the year ingestion rates tend to
be linearly related to food abundance, with no indication of a
saturation plateau (e.g. Poulet, 1974; Reeve and Walter, 1977; Mayzaud
and Poulet, 1978; Koeller et al., 1979; Huntley, 1981). The lack
of agreement between these studies and laboratory descriptions of

ingestion rate appears to result from the use of laboratory food
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concentrations exceeding ﬁmbient levels found in the field, and from
insufficient consideration of acclimation time and season as
influential factors in the laboratory studies. For example, Mayzaud
and Poulet (1978) found that copepods displayed linearly increasing
ingestion rates at concentrations of natural particulates below
ambient concentrations, and that ingestion rates became saturated only
when copepods were allowed to graze on food concentrations
artificially increased above ambient levels. These authors proposed
that the saturation response observed in the laboratory is an artifact
of short-term experiments in which copepods acclimated to relatively
low food concentrations in nature are exposed to high food levels
exceeding their digestive capability. Presumably, if copepods are
given sufficient time to adjust their ingestion rates and digestive
processes to the higher food levels in the laboratory, and provided
the food concentrations are within the seasonal range of field
concentrations, a linear relationship between ingestion rate and food
coﬁcentrations would be observed. |

The relationship between seasonal changes in ingestion rate, food
concentration, and digestive enzyme levels is the sﬁbject of a recent
hypothesis in zooplankton literature, termed the acclimation
hypothesis (Hassett and Landry, 1983). According to this hypothesis
zooplankton acclimate to ambient food concentrations such that higher
digestive enzyme activities, and consequently higher maximum ingestion
rates, are achieved at higher food levels. This hypothesis provides
three predictions regarding the behavior or biocﬁemistry of copepods
acclimated to different food levels (Hassett and Landry, 1983). The

first prediction is that the ingestion rate should be positively
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related to food concentration after acclimation. Thé second
prediction is that digestive enzyme activities of copepods should be
positively correlated with food concentration after acclimation. The
third prediction is that, at any given concentration of food to which
the copepods are acclimated, ingestion rates should be positively
correlated with digestive enzyme activity.

In this study the first of these predictions was not completely
observed; ingestion rates were positively related to food
concentrations below 2.5 x 100 um3/m1, but became saturated at
food concentrations above this level. The only exceptions to this
pattern occurred for experiments conducted in March 1982, April 1982,
and June 1983 where ingestion rates increased at the highest food
level (Figs. 1 and 5). Since the phytoplankton concentrations used in
these experiments are within the seasonal range of concentrations
occurring in Yaquina Bay (Karentz, 1975; O'Connors et al., 1976),
the saturatien of ingestion rates at higher food concentrations may
indicate the acclimation interval used was too short to allow complete
adjustment to these concentrations. Mayzaud and Poulet (1978)
suggested that the acclimation time required to shift from a
saturation response to a linear response for ingestion rates éhquld

lie within an interval of 24 hours to six days. However, Hassett and

Landry (1983) found a saturation-type ingestion response for Calanus

pacificus acclimated to food concentrations in the laboratory for two

weeks and a similar response was observed for Acartia clausii

acclimated for five days in the present study. These results
suggested that the acclimation times needed to observe a shift from

saturated ingestion rates to a linear response with food concentration
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in the laboratory may be on the order of weeks, and that the linear
ingestion rates found in field studies are the result of long~term
acclimation to food conditions.

The second prediction of the acclimation hypothesis, that
digestive enzyme activities of copepods should be positively
correlated with acclimation food concentration, was also not observed

for Acartia clausii. Although slightly lower laminarinase

activities were obtained for copepods at the lowest food levels in
several experiments, enzyme activities, for the most part, remained
£e1ative1y constant at each of the food concentrations. Laminarinase
activities were, however, lower for copepods kept ih filtered seawater
without any food. This pattern was observed in all but fwo
experiments (September 1982 and June 1983). It appears from these
results that the laminarinase activity of A. clausii varied not with
the concentration of food, but rather increased to some constant level
in the presence of food and only decreased when food was not
available. This result agrees with results obtained with Calanus
pacificus collected during August 1979 and May 1982 from Puget Sound,
Washington, whére no significant change in laminarinase activities
were found for animals accliﬁated to four food concentrations over a
two week period (Hassett and Landry, 1983). A decrease in
laminarinase activity for starved C. pacificus collected from Santa .
Barbara channel, California during April 1980 has also been reported
by Cox and Willason (1981), although in contrast to the results
obtained in the present study and by Hassett and Landry (1983), enzyme
activities were found to vary with food concentration. The

laminarinase activities of starved C. pacificus from the Santa
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Barbara channel increased rapidly once the copepods were supplied with
food, and were not significantly different at three food
concentrations after feeding for 0.5 day. By 1.5 days of feeding,
however, laminarinase activities were significantly different at the
three food concentrations and were positively correlated with food
abundance. These differences in the response of laminarinase activity
to food concentration between a single species (Calanus

pacificus) collected from different locations (Santa Barbara channel
and Puget Sound), and between different copepod speci?s (C.

pacificus and A. clausii), may indicate that the response obtained

is specific to copepods from a givep location or a given time of year,
possibly related to the timing of phytoplankfon blooms. Hassett and
Landry (1983) have questioned the validity of the Cox and Willason
(1981) findings, suggesting that their results were obtained with
copepods in‘unusually poor physiological state, perhaps due to
conditions in the field prior to capture.

The final prediction of the acclimation hypothesis suggests that
there should be a positive correlation between ingestion rates and the
activity of digestive enzymes when copepods are allowed sufficient
time to acclimate to food concentrations. Once again this prediction
did not appear to be valid for A. clausii. A significant positive
correlation between laminarinase activity aﬁd ingestion rate was found
in three experiments; however, the-majorit& of experiments showed no

correlation between these parameters. In general, it appears that the

acclimation hypothesis did not apply when Acartia clausii was
acclimated to food concentrations in the laboratory for five days,

except for certain experiments mentioned previously. In the majority
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of experiments laminarinase activities showed no relation to ingestion
rates, and therefore the utilization of laminarinase activities to
predict ingestion rates for this copepod in short-term experiments
holds little promise.

Evidence of long-term acclimation, or seasonal adjustment, in
A. clausii is demonstrated by the variability found in ingestion
rates, at identical food concentrations, for copepods collected at
different times of the year. Maximum ingestion rates during spring,
and at times in summer, were twice those observed during other times
of the year. The maximum ingestion rate for April 1982 could not be
resolved, but it appears that it could have been much higher than the
rates measured at other times of the year. Since the experimental
conditions of these experiments remained constant, the increased
ingestion rates must have arisen from long-ferm physiological
adjustments in the copepods that were carried over from the field.
Apparently these long-term adjustments were not éltered by a
laboratory acclimation interval of five days in the present gtudy {(and
longer in other studies). There are several studies Which'have
reported seasonal changes in the grazing rates of copepods feeding on
aﬁbient concentrations of natural particulates (e.g. Martin, 1970;
Poulet, 19765 1977; 1978; Mayzaud and Poulet, 1978; Dagg and Wyman,
1983; Nicolajsen et al., 1983). A coﬁmon feature of these studies
was increased grazing rates in the spring and summer months, which
coincided with increases in the concentration of phytoplankton and
frequently temperature. Unfortunately, changes in the quality and
concentration of food particles and varying physical'parémeters

inherent in these field studies did not allow conclusions about the
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primary factors influencing the seasonal changes in grazing rates.
Attempts to identify these factors in controlled laboratorj
-experiments have also had limited success. Skiver (1980) found
seasonal variation in grazing rates for Acartia when fed ambient
concentrations of micronic spheres at field temperatures, indicating
that changes in food quality alone is not responsible for seasonal
ingestion rate variations. 1In addition, experiments conducted at
coﬁstant temperature and food concentrations have shown 8easonal
variation in grazing rates (0'Connors et al., 1976; Runge, 1980),
suggesting that factors other than temperature and food concentration
must be involved in seasonal grazing rate fluctuations.

Some of the factors which have been proposed to explain seasonal
changes in grazing rates include changes in water temperature, size of
the copepods; food quality, the reproductive state of the animals,
food availability, and the level of digestive enzymes. The effects of
changing temperature on copepod grazing rates appears to depend on the
time scale over which such changes occur. When copepods are collected
at one temperature and subjected to various temperatures below their
upper limits of thermal tolerance, a linear increase in ingestion
rates with increasing temperatures is usually observed (e.g., Anraku,'-
1964; Heinle, 1969; Fernandez, 1978; Deason, 1980). However, when the
ingestion rates of neritic copepods at ambient temperatures are
compared over an annual cycle there is often no change in ingestion
rates (Conover and Huntley, 1980; Conover, 1980). The temperature
short-term effect was apparently negated in the long-term studies by
temperatufe acclimation of the copepods, Qariations in food

concentration, and changes in the size of the copepods occurring
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throughout the annual cycle. 1In Yaquina Bay, where the copepods were
collected for the present study, the offshore upwelling of cold water
generally balances the greater solar heating of water during the
summer period, so that there is only a very damped annual cycle of
temperature in the coastal ocean and in the lower reaches of the bay
(Miller, 1983). These small temperature changes (4 °C) were unlikely
to have caused the variations in grazing rates observed for A.
clausii, especially because ingestion rates varied for experiments
conducted at the same temperature with cohepods collected at different
times of the year. Seasonal changes in tﬂ; body size of Acartia also
did not apéear to account for the observed changes in ingestion rate.
Sufficient numbers of animals were available for determinations of dry
weight in four of the experiments conducted in this study. The dry
weights of Acartia ranged between 6.3 and 9.8 ug/copepod, but
ingestion rates calculated on a dry weight basis for these experiments
still varied by a factor of 2.5.

Changes in the biochemical composition or quality of food
particles which can occur seasonally due to the succession of
different phytoplankton species and changing physical conditions also
may modify copepod grazing rates. Copepods appear to be able to select
food particles on the basis of their nutritional characteristics. For

example, Acartia clausii was able to preferentially ingest

microcapsules containing phytoplankton extract over non-enriched
microcapsules (Poulet and Marsot, 1978). In addition, A. clausii

did not ingest plastic spheres intermediate in size between two sizes
of diatoms, while it did ingest the diatoms (bonaghay and Small,

1979). Copepods also exhibited higher grazing rates on log-phase
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cultures than on senescent cultures of diatoms in the laboratory
(Conover, 1956; Mullin, 1963); and in mixtures of food particles
ingestion rates apparently increased in proportion to the amount of
'high quality' food in the animals' diet (Richman and Dodson, 1983).
The work by Samain et al. (1981) indicated that these changes in
grazing rate were all probably due to the biochemical characteristics
of the food particles. In the study by Samain et al. (1981), the
ingestion rates of Artemia on the same species of phytoplankton varied
depending on the chemical composition of the cells; cells that were
rich in proteins and poor in carbohydrates were ingeéted at lower
rates than cells with a high carbohydrate-to-protein ratio. The
changes in ingestion rateé observed in these studies occurred in
gshort-term experiments (24 hours), and thus appeared to represent
short-term adaptations in feeding behavior. Therefore, although food
quality apparently is an important parameter regulating ingestion
rates, it is unlikely that it would explain the long-term seasonal
variation in grazing rates obtained with a single food source in the
Present study. |

The co-occurrence of increased ingestion rates and increased
fecundity of copepods suggests that seasonal variation in grazing
rates may be influenced by the reproductive state of the animals. The
seasonal pattern of fecundity for A. clausii was not examined in
this study; however, the many factors affecting egg-laying rates of
copepods do not allow conclusions as to whether fecundity influences
ingestion rate or is just one effect of the overall seasonal
adjustment in these animals. It is just as plausible that ingestion

rate influences fecundity. The number of eggs produced per female has-
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been shown to increase with increasing ingestion rate, food quality,
and food concentration, as well as with increasing temperature and
female body size (e.g. Gaudy, 1971; Checkley, 1980; Uye, 1981). All
of these factors can vary seasonally. In one seasonal study Gaudy
(1971) found that the fecundity of A. clausii fed seven different
species of phytoplankton varied depending on the food source, but that
there were large.changes in egg-laying rates with season despite
constant conditions of food concentration and temperature. It
appears, therefore, that although copepod ingestibn rates are affected
by changes in temperature, body size, fobd quality, and possibly
reproductive state, these parameters do not account for all of the

seasonal change in ingestion rates of Acartia clausii.

The results of the present study suggest that seasonal changes in
the activity of digestive enzymes may help explain seasonal changes in

ingestion rates of Acartia clausii, Although the predictions of

the acclimation hypothesis were not observed in the individual
experiments conducted in the present study, this concept, if extended
somewhat, may explain the long~term changes found for laminaripase
activity and ingestion rates. Laminarinase activities within any one
experiment remained relatively constant at all food levels, and
decreased only for copepods kept in filtered seawater. However, the
levels of laminarinase activity were different among these
experiments. Enzyme activities at each of the food concentrations and
filtered seawater were highest during April 1982, then decreased to
low values during the summer, fall and winter of 1982, a;d increased

slightly during July and September 1983. This variation in enzyme

activities suggested a seasonal pattern of high activities in the
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spring, low activities during the fall and winter and moderately high,
but somewhat variable, enzyme activities during the summer months.
This pattern was similar to that observed for maximum ingestion rates.
This seasonal pattern of laminarinase activities was similar to the
results found for other enzymes-in marine zooplankton, and may be a
general feature in temperate zooplankton. Fof ;xample, the digestive
‘enzymes amylase and trypsin in adult and copepodid stages of Calanus

finmarchicus and C. helgolandicus were low in thé winter, associated

with reduced metabolism and a discontinuation of feeding, and then
increased during the spring and summer (Hallberg and Hirche, 1980;
Hirche, 1981; 1983). The enzyme activity of succinic dehydrogenase,
which has been used as an index of respiratory activity, also showed a

marked seasonal variation in the mysid Neomysis integer, with

highest activities observed in May (Raymont et al., 1967).
Livingstone (1981) also reported that the induction of enzymes appears
to regulate seasonal changes of metabolism in the common mussel

Mytilus edulis. The specific activity of glucose-6-phosphate

dehydrogenase from the hepatopancreas of this animal was positively
correlated with the level of metabolism and exhibited high activities
in the summer and declined during the autumn and winter.

Food particle concentrations in Yaquina Bay followed a seasonal
pattern similar to the pattern of digestive enzyme activity in A.
clausii; therefore, it was possible that the predictions of the
acclimation hypothesis were still valid, but that both the measured
ingestion rates and laminarinase activities reflected long-term
adjustment of A. clausii to field concentrations rather than any

short-term acclimation to the food concentrations provided in the
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laboratory. Evidence sgpporting this proposition can be seen from the
relationship between maximum ingestion rates and laminarinase
activities for this copepod. A positive correlation between these
parameters was found, as predicted by the acclimation hypothesis (Fig.
28). This result implies that laminarinase activities may allow
prediction of the maximum inge§tion rates attainable by copepods
collected at a given time of the year. In other words, measurements
of digestive enzyme activity may provide an indication of fhe grazing
potential or capacity which copepods can achieve, given a sufficient
concentration of food particles of the appropriate nutritional
characteristics, at a given time of the year. According to this
"capacity hypothesis" the actual ingestion rate measured may be lower
than the theoretical maximum calculated from measurements of
laminarinase activity; however, given optimal food concentrations,
ingestion rates would increase until the maximum rate was attained.
This hypothesis is consistent with the results of the present study,
where laminarinase activities remained constant despite decreased
ingestion rates at the lowest food levels. The copepods at these low
food levels presumably had the capacity to achieve higher ingestion
rates; however, due to insufficient food concentration at these
- levels, they were unable to achieve their maximum ingestion rates.
The factors responsible for seasonai changes in laminarinase
activity could not be identified from the data accumulated in this
study. Although the level of laminarinase activity in A. clausii
appeared to be associated with the general pattern of phytoplankton
gbundance with season found in Yaquina bay (Karentz, 1975), there may

be several other factors which contribute to the observed changes in
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enzyme activity. Marine copepods often exhibit seasonal changes in
respiration (e.g. Marshall and Orr, 1958; Conover, 1959; 1962; Cowey
and Cormer, 1963; Bamstedt, 1979; Hirche, 1983) and in other -
physiological attributes associated with diapause. The cues which
appear to trigger the production of restiug-eggs and the onset of
diapause include changes in temperature and photoperiod (Johmnson,
1979; Marcus, 1980; 1982a; 1982b), similar to the situation found in
terrestial insects (Elgmork, 1967; Elgmork and Nilssen, 1978). These
physiological changes may also result from some form of intermal
timing mechanism (Miller, in press), or from changes in the seasonal
production of hormones from neurcsecretory cells (Carlisle and Pitman,
1961). Therefore, it was possible that any of the above factors or a
combination of the physical and biological parameters affecting |
ingestion rates, in addition to food concentrafion, could have led to

altered levels of digestive enzymes in Acartia clausii. More work

on the factors affecting physiological changes in this copepod are
required before this issue can be resclved.

It appears that whatever cues trigger changes in laminarinase
activity these processes require periods of time greater than five
days, because laminarinase activities remained constant during this
time interval in individual experiments. The Belehradek temperature
function predicts that the maximum lifetime of adult female A.
clausii for the temperatures found in Yaquina Bay is 38 to 50 days
(Uye, 1981). Therefore, unless levels of digestive enzyme activities
have a genetic basis and vary seasonally because of differences among
successive generations, changes in enéyme activities should occur on a

time scale less than about 38 days. Again, digestive enzymehlevels in
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Acartia clausii apparently represent a long-term response which sets

maximum food processing capability at different times of the year.
Head and Conover (1983) also found that changes in laminarinase

activity for stage V Calanus hyperboreus require pefiods of time in

excess of five days. In their study sigqificant enzyme induction, in
the laboratory, did not occur until after about one week at 8-9 °C or
about two weeks at 1-2 °C. It appears that copepods must utilize
other mechanisms for regulating the actual amount of material ingested
at different food concentrations over short periods of time. A
variable gut clearance rate might be one mechanism to explain varying
ingestion rates in the face of constant digestive enzyme activities.

’It is often assumed that the feeding behavior of copepods can be
viewed as an energy optimization process; i.e., that these animals
seek to maximize their assimilation of essential nutrients from the
food material consumed (Lam and Frost, 1976; Lehman, 1976). The
important parameters regulating the amount of material assimiléted by
copepods are ingestion rate, the digestive rate and the length of time
food remains in the gut. From a recent model which examined
interactions between these processes it appears there are two ways
that copepods can adjust their maximum ingestion rate (Slagstad and
Tande, 1981). One way 1s to adjust the gut passage time, and the other
is to alter the rate of digestion. Because the gut volume is
presumably constant, higher ingestion rates can be attained only by
decreasing the gut passage time or by increasing the digestive rate so
that food is processed more rapidly. The positive correlation found
for maximum ingestion rates and laminarinase activities of A.

clausii suggests that variations in digestion rate are more important
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in determining the maximum amount of féod that can be processed.
However, in individual expefiments laminarinase activity remained
constant despite decreases in ingestion rates at the lowest food
concentration;. As suggested earlier, the digestive enzyme levels
Appear to indicate that the copepods had the capacity to achieve
higher ingestion rates at these food levels, but were unable to attain
these rates because of low food concentrations. Therefore, at low
food concentrations, Acartia may increase the retention time of food
in the'gut to allow more complete processing of the material consumed,
and thereby partially compensafe for their inability to attain maximum
ingestion rates. Evidence supporting this mechanism has been found

for Acartia tonsa and Eucalanus attenuatus (Arashkevich, 1977).

Both of these species showed an inverse relationship between food

’
concentration and the duration of ﬂigestion. Thus, by decreasing gut
clearance rate these copepods could assimilate a larger amount of
material at low food concentrations and therefofe optimize food
assimilation for ingestion rates below their maximum rate, which is
set by the level of digestive enzyme activity.

The lack of rapid changes in laminarinase activity in response to
altered ingestion rates or food concentrations in short-term
experiments probably is related to the rate of production of the types
of cells responsible for enzyme production. Studies of the morphology
of the mid-gut of copepods have shown that several cell types are
present. In Calanus there are four distinct types of cells, calied
R-, B-, D-, and E-cells (Hirche, 1980)., It has been suggested that
the B-cells are responsible for producing digestive enzymes (Arnaud et

al., 1978), and Hirche (1980) found a positive correlation between
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the abundance of these cells and the ievel of enzyme activity. The
R-cells are thought to have an absorptive and transporting funéfion
(Arnaud et al., 1978; Ong and Lake, 1969). E-cells are probably
undifferentiated cells giving rise to other cell types and D-cells
have been interpreted by Arnaud et al. (1978) as R-cells that have
been suppressed owing to development of the B-cells in the glandular
part of the mid-gut. Thus, the lack of rapid changes in laminarinase

activity in Acartia may be due to the time requifed for production of

B-cells from E-cells and redistribution of these cell types within the

mid-gut region.




110

Conclusions

1) Ingestion rates for Acartia clausii increased approximately

linearly with food concentrationg below 2.5 x 106 um3/m1 and

reached a maximum rate at concentrations above this level. Ivlev fits
to the data were statistically the same’ for experiments conducted
during fall and winter months. Maximum ingestion rates were gfeatest

during spring and summer and lowest during fall and winter.

2) Copepod laminarinase activity in individual experiments
remained relatively constant at all food concentrations for five days,
and decreased only for stérved individuals. There was no significant
correlation between laminarinase activity and ingestion rate in the
majoritﬁ of experiments. Therefore, this enzyme does not appear to be

a useful index of ingestion rate in short-term experiments.

3} The level of copepod laminarinase activity apparently varied
seasonally. The highest activities were found during spring months

and decreased to low levels during the fall and winter.

4) The maximum ingestion rate for A. clausii was positively
correlated with the level of laminarinase activity. Therefore this
enzyme appears to be an index of the maximum ingestive capacity of
this copepod. Measured short-term ingestion may or may not reach the
maximum capacity to ingest, at any given time or place in the sea.
Presumably the level of digestive enzyme activity repregents a

physiological adjustment in the rate of food processing in response to
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biological or physical factors operating over time intervals in excess
of five days. The time required for changes in enzyme levels may be
related to the time required for production and rearrangement of

specific-enzyme producing cells in the mid-gut.
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Appendix



Table 9 Data obtained for the experiment conducted with adult Acartia clausil females collected on
March 19, 1982. The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weilssflogii (108 um3/ml1) to which the copepods were k%pt %t during the three day
acclimation period (see text for details). The ingestion rates (10° um”’/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimatign interval., LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 107 for copepods from each -
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acclimation Food Ingestion LA LP

Level # : Concentration " Rate’ LA " '8td Dev " LP ‘Std Dev

F 1 9,87 30.73 88.0 65.9 2256,9 873.2

F 2 9,95 22,62 50.0 5.3 1683,7 88.9

1 7.46 14,63 45,0 7.9 2010.1 175.1

2 7.45 11,18 32.0 1.3 1537.0 65.9

D 1 4.91 13,81 47.0 25,0 2598.9 1699.4

D 2 4.80 12,20 45.0 0.0 1796.5 169.4

1 2,28 14.45 57.0 1.3 2203.0 151.5

2 2,16 13.83 39.0 2.6 1576.9 254.1

0.83 10,45 54,0 2,6 2515,0 395.2

2 0.82 ' 8.99 55.0 11.8 2747.9 592,.8

a1

0 1 0.00 - 15.0 5.3 1117.8 395.2



Table 10 Data obtained for the experiment conducted with adult Adartia clausil females collected on

April 7, 1982. The acelimatign food concentration refers to the mean cell concentration of

Thalassiosira welssflogii (106 um3/m1) to which the copepods were kgpt gt during the three day
acclimation period (see text for details). The ingestion rates (10" um’/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour,
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask., The 0 food level
data refers to copepods which were starved 1n filtered seawater throughout the experiment.

Food Flask Acclimation Food Ingestion - LA LP
Level # Concentration " Rate’ " LA " Std Dev LR ' 8Std Dev
F 1 8.00 39,29 132.0 15.8 2560.1 306.0
F 2 8.53 © 38.93 151.0 26.3 3621.7 632.4
- E 1 : 6.29 " 19.75 183.0 0.0 4381,8 0.0
2 ' 6.45 19.91 © 201.0 13,2 4828,9 316.2
D 3.99 17.70 204.0 19.8 5321.7 515.5
D 2 4,05 15.49 147.0 28.9 3396.4 668.8
c 1 1,61 12.48 184.0 23,7 4426.,5 569.1
C 2 1.69 14,87 153.0 15.8 3666.4 379.4
1 1,02 12.07 198.0 48.7 5952.3 1462.2
2 1,02 11.86 166.0 2,6 4974,2 79.0
0

1 0.00 - 26,0 2.6 1304.1 131.7

LA



Table 11

Data obtained for the experiment conducted with adult Acartia c¢lausiil females collected on
June 23, 1982. The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three day
acclimation period (see text for details)., The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval, LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask., The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acclimation Food Ingestion : LA : Lp

Level - # Concentration " 'Rate’ " LA " 'Std Dev LP "‘Std Dev
F 1 10.31 15.74 48,0 10,4 683.0 295,3
F 2 10,20 18.82 39,0 2.8 595.0 62.4

1 ' 7.35 15.77 36.0 1.1 520.5 47.2

E 2 7.29 . 15,43 32.0 11.8 455,3 179.9
D 1 4,86 18,17 36,0 2.8 575.7 47.6
D 2 4,78 16.71 40.0 9.4 567.8 178.6
C 1 2.26 14,60 36.0 2,1 561.9 66.1
c 2 2,24 18.47 35.0 4.9 - 552.6 58.1
B 0.75 12.76 33.0 5.4 © 665.5 90.0
B 2 0.76 12,65 28.0 3.7 540.3 104, 1
0

9t1



Table 12 Data obtained for the experiment conducted with adult Acartia clausii females collected on July

22, 1982. The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three day

acclimation period (see text for details). The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing esperiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acelimation Food Ingestion LA . . LP
' Level # Concentration Rate LA Std Dev LP Std Dev

E 1 - 7.14 12.66 15.0 6.7 311.9 102.2

E 2 6.90 18.12 16.0 7.0 344.2 155.0

1 4.42 : 13.85 12.0 3.9 237.2 55.1

4.35 14.05 24.0 2.8 . 472.0 93.8

1 2.07 12.39 19.0 5.7 357.0 105.7

2.16 9.65 17.0 1.1 365.9 45.1

1 0.69 11.50 15.0 3.7 317.7 83.4

B 0.71 ~11.08 17.0 2.1 367.3 21.3

A 0.41 5.46 9.0 4.9 251.4 = 122.8

A 0.40 ' 4.67 7.0 3.2 194.8 47.1
0

1 0.00 - 4.0 : 1.9 138.5 67.8

(z1



Table 13 Data obtained for the experiment conducted with adult Acartia clausii females collected on
September 20, 1982. The acclimation food concentration refers to the mean cell concentration
of Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three
day acclimation period (see text for details). The ingestion rates (10°® um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acclimation Food Ingestion LA LP
Level # Concentration Rate LA Std Dev LP Std Dev
E 1 7.35 ‘ 5.67 12.0 1.3 315.9 34.4
E 2 7.38 3.97 14.0 6.6 364.5 171.9
D 1 4,85 2.89 3.0 0.0 251.5 39.5
D 2 4,86 3.23 12.0 . 3.9 327.5 86.7
2,32 1.91 9.0 2.6 266.1 75.2
2.29 2.18 154.0 3.9 355.4 90.2
0.77 2.48 17.0 0.0 422.1 49.7
B : 2 0.81 2.54 18.0 1.3 472.4 9.3
A 1 0.38 2.02 36.0 9.2 _ 929.8 l 16.3
A 2 0.38 1.83 24.0 10.5 519.0 225.8

8¢l

0 1 ' 0.00 - 23.0 3.9 735.4 124.7



Table 14 Data obtained for the experiment conducted with adult Acartia clausii females collected on

October 8, 1982, The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (10® um3/ml) to which the copepods were kept at during the three day
acclimation period (see text for details). The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask., LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acclimation Food Ingestion LA LP
Level # Concentration Rate LA Std Dev LP Std Dev
E 1 7.43 10.12 29.0 6.6 464.6 156.0
E 2 7.46 10.76 - 22.0 . 2.6 372.0 29.2
1 4.74 9.79 29.0 1.3 483.9 106.0
2 4.77 9.95 21.0 1.3 334.3 10.1
1 2,15 11.09 22.0 2.6 344.2 100.2
2.15 11.63 25.0 6.6 301.8 19.0
0.75 _ 10.17 22.0 5.3 346.7 63.0
0.73 9.74 22.0 0.0 357.8 6.7
A 0.38 3.96 17.0 2.6 295.3 9.7
A 0.42 3.97 118.0 1.3 336.9 17.5
0

1 0.00 | - 6.0 1.3 176.3 51.8

621



Table 15 Data obtained for the experiment conducted with adult Acartia clausii females collected on

November 9, 1982. fThe acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three day

acclimation period (see text for details). The ingestion rates (109 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods ‘from_.eagh
grazing flask., LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to .copepods: which were starved_in filtered. seawater throughout the _experiment.

Food Flask  Acclimation Food Ingestion LA LP

Level # " Concentration Rate LA S5td Dev LP Std Dev

E 1 7.31 8.19 21.0 2.1 423.5 23.3

E 2 7.34 9.75 19.0 0.0 368.1 16.8

D 1 4.70 10.16 25.0 2.1 451.9 29.3

D 4.72 10.95 20.0 0.0 387.1 0.0

2.17 10.87 22.0 2.8 414.0 71.3

2 2.17 11.26 19.0 6.4 367.4 110.0

1 0.74 | 9.20 2.0 1.4 464.3 6.1

2 0.73 9.19 25.0 4.2 482.5 60.1

A 1 0.41 5.35 25.0 0.7 576.4 0.6

A 0.34. 5.07 25.0 3.5 556.0 94.9

0 1 0.00 : - 10.0 0.7 346.6 18.9

0e1



Table 16 Data obtained for the experiment conducted with adult Acartia clausii females collected on

December 16, 1982, The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three day
acclimation period (see text for details)., The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucese/copepod/minute x 103 for copepods from each
grazing flask, LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment,

Food Flask Acclimation Food Ingestion . LA LP
Level i ‘Concentration __Rate LA " '§td Dev T LP - 8td Dev
E 1 7.42 13.63 16.0 2.8 275.4 59.6
E 2 7.42 . 14.46 18.0 2.1 304.0 30.7
D 4,79 11.02 18.0 2.1 291.7 35.3
D 2 4,79 11.57 21.0 0.7 346.6 18.9

2,34 8.23 16.0 7.1 328.7 59,2
c 2 2.33 8.55 16.0 1.4 282.3 25,0
B v 0.74 6.99 17,0 1.4 304.3 18,1
B 2 - 0,75 S 7410 18,0 1.4 317.4 11.7
A 1 0.33 7.57 17.0 0.0 323.8 7.3
A 2 0.36 ' 7.18 18.0 2.8 331.8 45,0
0 1 , 0.00 - 11,0 0.0 348.3 25,9

IET



Table 17 Data obtained for the experiment conducted with adult Acartia c¢lausii females collected on

Food

Level

m w

o > b

February 28, 1983. The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weilssflogii (106 um3/ml) to which the copepods were kept at during the three day
acclimation period (see text for details). The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The O food level
data refers to copepods which were starved in filtered seawater throughout the experiment,

Flagk Acclimation Food Ingestion LA Lp
# ‘Concentration " 'Rate LA Std Dev ©LP " 'Std Dev
7.33 9,98 22.0 2.8 455,2 58.5
2 7.43 10,47 20.0 0.7 396.5 4.9
4.87 - 11.59 17.0 2.8 350.7 41.4
2 4.84 11.25 26.0 1.4 487.4 4.9
2.33 11.63 26.0 7.1 523.9 166.2
2 2.34 11,12 26,0 2.1 495,0 63.6
1 0.86 7.55 16.0 2.8 © 398.6 47,2
2 0.89 7.67 20.0 - 0.7 © 441.8 27.8
0.46 4.63 15.0 2.8 381.2  37.8
2 0.47 4,69 14.0 3.5 383.2 75.2

1 0.00 - 7.0 0.7 259.8 3.8

eEl



Table 18 Data obtained for the experiment conducted with adult Acartia clausii females collected on

-]

H

o

June 6, 1983. The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/ml) to which the copepods were kept at during the three day

acclimation period (see text for details). The ingestion rates (10® um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Flask Acclimation Food Ingestion : . LA LP
# Concentration ' 'Rate LA " 8td Dev ©LP ' '8€d Dev
1 6.47 | 21.18 22,0 0.7 386.2 37.1
2 6.55 17.53 21.0 2.1 364.6 67.7
1 4,12 11.61 23.0 1.4 " 413.6 51.5
2 4,19 12.86 23,0 6.4 399.4 38.1
2.05 9,33 25.0 6.4 502.6 58,1
2 2,07 10.29 24,0 4.2 486.4 27.9
0.86 7.14 22,0 0.7 600.0 0.0
2 ~0.85 7.21 20.0 0.7 521.4 30.3
0.43 3,83 22,0 3.5 480.5  103.7
2 0.41 3,42 21.0 . 4,9 555.9 99,2

1 0.00 - - 20.0 0.0 444 .4 0.0

EET



Table 19 Data obtained for the experiment conducted with adult Acartia clausii females collected on

Food
Level

-]

-

July 5, 1983, The acclimation food concentration refers to the mean cell concentration of
Thalassiosira weissflogii (106 um3/m1) to which the copepods were kept at during the three day

acclimation period (see text for details). The ingestion rates (106 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask. LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The 0 food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Flask Acclimation Food Ingestion LA : . LP
N " Concentration ‘Rate’ LA " '8td Dev LP " '8td Dev
1 7.30 20,82 62.0 7.8 1220.4 101.6
2 7.39 21,21 64.0 2.8 1066.6 5.2
1 4 .64 18,51 65.0 2.1 1173.0 11.7
2 4,67 21,98  61.0 2.8 1294.6 345.9
1 2,17 17,10 62.0 2.1 1040.0 56.6
2 ’ 2.19 17.31 45,0 0.0 818.2 0.0
1 : 0,70 14,64 46.0 6.4 864.5 63.0
2 0,72 13.72 42,0 5.6 763.6 102.8
1 0,37 18.36 36,0 6.4 738.6 167.7

2 0.38 7.45 38.0 0.7, 805.4 55.8

1 - 0.00 - 16.0 2.1 488.3 30.6

7el



Table 20 Data obtained for the experiment conducted with adult Acartia clausii females collected on
September 29, 1983, The acclimation food concentration refers to the mean cell concentration
of Thalassiosira weissflogii (106 um3/ml) to which the copepods were kegt at during the three
day acclimation period (see text for details). The ingestion rates (10 um3/copepod/day) shown
were obtained from 24 hour grazing experiments following the acclimation interval. LA refers
to laminarinase activities expressed as ug glucose/copepod/minute x 103 for copepods from each
grazing flask., LP refers to laminarinase activities expressed as ug glucose/mg protein/hour.
The standard deviations for the enzyme measurements were calculated from the laminarinase
activities of two samples of 20 copepods removed from each grazing flask. The O food level
data refers to copepods which were starved in filtered seawater throughout the experiment.

Food Flask Acclimation Food - Ingestion : LA T LP
Level g Concentration - ‘Rate " LA "Std_Dev LR " 8td Dev
E 1 7,33 10.45 33.0 2.8 760.9 23.9
E 2 7.36 9.91 38.0 7.1 810.8 69.6
D 1 4,80 11,62 40,0 0.0 888.9 0.0
D 2 4,82 10,62 43,0 2.1 881.4 86.9
C 1 2,38 7.85 44,0 0.7 916.2 37.6
2 2.39 8.06 40,0 9,2 943.3 167.2
B 0.94 6,67 47.0 9,2 941.5 119.3
B 2 0.96 - 42,0 0.7 874.1 36.6
A 1 0.49 5.35 _52.0 2.8 1134.1 32,5
A 2 0.47 5.51 36.0 1.4 832.9 77.9
. ]
0 1 0.00 - 21,0 7.1 710.5 156.3 &





