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as the waves pull me down

and the frothy turbulence rises 'round me,

i lose sight of the world i have known

and begin a new journey:

for i have not passed this way before

and the unknown sends out it's chilling fingers
to numb my core and test my strength.

with my head subsurface now

i am falling fast, flowing free

yet bouyed up from below

by the incessant swash of wave upon wave,
knowing all too well

that this same life-giving force

will take me out to Bea again:

for each day the current grows stronger,
the waves more eroding;

but here, too, lies my destiny

my heels sink deep into the garnet sands of "B Street",
my ears roaring with the crash of each wave,

the lonely cries of seagulls fishing overhead

i stop to save a crab shell from its fate

on an incoming wave,

to remember one last time all that I've shared here,
and then to forget the tears of living

and go on,

my hair grows tangled and matted by the offshore breeze,
the sky softly clouded with a comferting bank of fog
lying just offshore,

.~ just out of reach;

and my steps slowly turn

in their rightful direction

as 1 walk to my beginning

and toward my end.

bld
B Street Beach
Newport, Oregon
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CHAPTER 1

Developmental Grazing Capabilities of Pseudocalanus sp.
and Acartia clausi (CI to Adult).

General Introduction



Developmental Grazing Capabilities of Pseudocalanus sp.
and Acartia clausi (CI to Adult).

General Introduction
Statement of the Problem

A major focus of research by planktonologists over
the past several years has been a study of the feeding
responses of zooplankton under a variety of experimental
and field conditions. Prom both an experimental and an
ecological point of view, a central point of interest in
these studies has been the feeding patterns and grazing
capabilities of calanoid copepods. The apparent plastic-
ity of their feeding responses under varying food situa-
tions, the mechanisms by which food capture occurs, and
even such basic physical information as the hydrodynamic
forces which act at the size and space scales on which
feeding occurs for marine plankton, have all recently been
‘investigated as theoretical considerations (Lam and Frost
1976, Lehman 1976, Donaghay 1980b, Poulet and Marsot 1980)
in laboratory experiments (e.g., Richman et al. 1977,
Donaghay and Small 1979, Landry 1981, Harris 1982), and
through direct, behavioral observations (e.g., Alcaraz et
al. 1980, Koehl and Strickler 1981, Strickler 1982).

Historically, feeding in copepodé has been described
as a filtering process in which swirls of water establish-
ed by the synchronous beating of the feeding appendages
move particles toward the mouthparts (Cannon 1928, Mar-
shall and Orr 1956, Marshall 1973). Based on these early
studies, particles were reportedly sieved from the water
by impingement on the second maxillae, and transferred to
the mouth by the first maxillae. The second maxillae and
mandibles have thus been considered the appendages of
primary importance in the feeding processes of herbivorous
copepods, and several studies have indicated their



relationship to the size, type, and range of particles
eaten by copepods {Anraku and Omori 1963, Frost 1972b,
Marshall 1973, Schnack 1975, Boyd 1976, Nival and Nival
1976). However, microcinematographic observations of large
calanoid copepods (e.g., Eucalanug pileatus) have indicated
that copepods live and eat at scales in which viscous
rather than inertial forces operate (Alcaraz et al. 1980,
Zzaret 1980, Koehl and Strickler 1981). Rather than work-
ing as sieves, recent studies have indicated that the

second maxillae may be functionally smooth, and may act as
paddles to preferentially position and redirect water par-
cels containing algae toward the body. The feeding appen-
dages may also be used to reorient the body with respect
to a parcel of water containing food particles. Once in

' the vicinity of the mouthparts, these direct observations

indicated that only water containing particles was actually
squeezed through the mesh of the second maxillae, and
transferred to the mouth for ingestion.

The mechanisms of food capture in copepocds may thus
be quite different from the textbook descriptions of fil-
tration, although ultimately, cells are removed from the
water by the filtering apparatus, and some form of selection
must occur when a particle is approached or encountered,
and/or when a particle is transferred to the mouth orifice
for ingestion, Although the microcinematographic technique
is an important tool to use in understanding cbpepod feed-
ing behavior, it must be extended to observations of small
copepods as well before the above interpretation is accept-
ed for copepods in general. These direct observations of
feeding indicate a response appropriate for a large cope-
pod with limited setular complexity. However, different
capabilities may have evolved in smaller, coastal copepods
which have complicated arrangements of setules on the fil-
ter, and live in a high-particle-abundance environment.

Another concept which has engendered a great deal of
interest is whether copepods are able to actively assess




the quality or quantity of their food resource on other
than a mechanistic, size-selective basis (Boyd 1976, Rich-
man et al. 1977, Donaghay and Small 1979, Donaghay 1980a,
Poulet and Marsot 1980). Selection of cells on the basis
of particle size appears to be an important component in
the feeding responses of large, oceanic copepods (Frost
1972a, Cowles 1979, Donaghay 1980b, Harris 1982). However,
a number of studies with small, coastal copepods have in-
dicated (1) the apparent active selection of particular
cell types on other than a size-related basis (e.g., the
preconditioning effects of Donaghay and Small 1979), (2)
the ability to "track" the temporally changing shape of the
food distribution, and to xespond by sequentially ingesting
cells from a variety of different abundance peaks (the
"tracking behavior" of Richman et al. 1977), (3) the abili-
ty to switch between plant and animal prey as the relative
concentrations varied (Landry 1981), and (4) the ability to
select a higher quality item over a low quality food {(Poulet
and Marsot 1980, Huntley 1982), or to actively reject a
non-food particle (Donaghay and Small 1979). These data
have been used to hypothesize that at least some copepods
have the ability to actively assess the quality of their
food resource, perhaps by a chemosensory mechanism (Pried-
man and Strickler 1975, Poulet and Marsot 1980), or behav-
ioral capability (Richman et al. 1977, Donaghay 1980b), or
by a physiological acclimation response (Mayzaud and Con-
over 1976, Cox 1982). However, several studies have also
indicated the importance of adequately testing the simplis-
tic null hypothesis of mechanistic size selection (Frost
1972a, Boyd 1976), and of specifically ruling out the poss-
ibility of experimental artifacts or biases which may occur
in a laboratory grazing experiment (e.g., particle produc-
tion, Deason 1980; particle modification, Gifford et al.
1981; ammonia excretion or other containment effects,

Roman and Rublee 1980; and errors introduced by the use of
electronic particle counters, Harbison and McAllister 1980).




Although in a sense, all planktivores may be considered
selective feeders, researchers remain divided as to
whether true, behavioral selection of food types occurs in
herbivorous copepods. However, the variety of mechanisms
which have been proposed as feeding responses in copepods
are not necessarily contradictory interpretations. In-
stead, the apparently different responses which have been
described may be indicative of the range of capabilities
typical for oceanic vs. coastal and estuarine planktonic
grazers,

BEcologically, copepods are a dominant taxon in the
zooplankton of temperate marine ecosystems (Steele 1974,
Steele and Mullin 1977, Steele and Frost 1978, Landry
1981). They play a major role in the transfer of energy
through marine food chains (Parsons and LeBrasseur 1970,
Steele 1974, Steele and Mullin 1977, Koehl and Strickler
1981), and may have significant effects on phytoplankton
growth, abundance, and species composition (Raymont 1980,
Koehl and Strickler 1981, Landry 1981). Planktonic grazers
may thus also affect the overall stability of aquatic
systems (Steele 1974, 1976; Landry 1976, 1981}. 1In this
regard, herbivorous copepods have been included as an
important loss term for the phytoplgnkton in marine eco-
system models (Steele 1974, Steele and Mullin 1977, Steele
and Prost 1978), since they are the major trophic link
through which all primary productivity must pass (Steele
and Mullin 1977).

Although typically younger life cycle stages vastly
cutnumber adult stages in copepod populations, most feed-
ing studies have centered on the basic responses of adults,
and primarily on adult females (with exceptions being the
classic studies by Marshall and Orr 1956, and by Fernédndez
1979 for Calanus; Allan et al. 1977 for Acartia species;
and the studies on Pseudoclanus reviewed by Corkett and
McLaren 1978). The direct comparison of the feeding be-

haviors of different species under similar eXperimental or



field conditions has also been minimal (Harris 1982, but
see Richman et al. 1377, Gamble 1978, Poulet 1978, Cowles
1979). Yet we are accruing a variety of data which indicate
that at least some copepod feeding responses may be species-
specific, and that it may be overly simplistic to model

the grazing removal of a copepod species based solely on
feeding responses of the adult, or on a weight basis for
species comparisons.

Purpose of the Study

Phe objective of the present study was to directly
compare the feeding capabilities and grazing responses of
the developmental stages (CI to adult) of Pseudocalanus sp.
and Acartia clausi. Three aspects of the ontogeny of
feeding responses in these copepods were investigated:

(1) the structural limitations and capabilities
imposed upon the different developmental stages of each
species by the morphology of their feeding apparatus,

'(2) the effects of phytoplankton size and concentra-
tion on the functional response of each copepodite stage
under exactly the same experimental conditions, and

(3) preliminary behavioral observations and inter-
pretation of the experimental grazing results to determine
the onset of adult feeding responses, and the probable
mechanisms employed in feeding by the different stages and

species.

Measurements of the mandible and second maxilla were
taken for specimens of each copepodite stage (CI to adult).
These data were used to determine the theoretical structur-
al capabilities which existed in each copepodite stage for
the selection of particles, assuming a mechanistic, passive
filtration model of copepod feeding. That is, the compar-
ative morphology study (Chapter 2) used the working hypoth-
esis that setal and setular dimensions of the filter, and
mandibular dimensions of the jaws, were the primary morph-



ological characteristics of the mouthparts by which the
range of particles eaten by a particular size of copepod
was determined. Laboratory grazing experiments were then
conducted using two species of cultured phytoplankton cells
offerred as food items at four concentration levels (Chap-
ter 3). The null hypothesis used for these experiments was
that no differences in cell selection should occur due to
(1) cell size or type, or (2) copepod size or developmental
stage. 1t was assumed that the generally observed func-
tional response of incréasing ingestion rate with increas-
ing cell concentration would be observed over the range of
particle concentrations used (Prost 1972b). The grazing
data were analysed on an individual (per animal) and a

weight-specific basis for each developmental stage. The
) patterns of particle selection were determined using a
variety of statistical techniques,

The species chosen to study were Pseudocalanus sp.

and Acartia clausi. These copepods typically co-occur in
temperate to boreal, nearshore to estuarine environments

(Brodski 1964), and become dominant members of the zoo-
plankton community in the coastal northeastern Pacific

off Oregon (Peterson and Miller 1979) and Washington
(Koeller et al. 1979). Based on studied of adult female
feeding patterns, these species represent the probable
range of feeding capabilities of small, herbivorous cope-
pods. In the literature, Pseudocalanus has been primarily
considered an herbivorous, passive filterer and a non-

selective, "opportunistic" feeder (Poulet 1974) similar

to Calanus species (Prost 1972b). Although Acartia species
may feed omnivorously at times (Conover 1956, Marshall

1973, Lonsdale et al. 1978), A. clausi appears to have a
wide range of feeding capabilities which allow it to ac-
tively select phytoplankton particles not expected by a
mechanistic theory of passive filtration, and to reject
non-food particles (Donaghay and Small 1979, Donaghay 1980a),
Both species have been classified as "small" copepods in
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the literature (e.g., Parsons et al. 1969, Koeller et al.

1979, Harris 1982). Yet they are sufficiently different

in size and body weight to hypothesize differences in their
developmental feeding capabilities, and thus in their sub-
sequent grazing impact on a phytoplankton community (Prost
1972b). Considering the extensive overlap in the distri-
butions of these two species, the high abundances typically
reached during spring and summer in the coastal northeast-
ern Pacific, and the fact that the total range of particles
eaten by marine copepods is considered to be quite narrow
(Raymont 1980, Harris 1982), one may hypothesize the exis-
tence of strong biotic interactions, and the potential for
intense intraspecific and interspecific competition for
food.

In order to study the grazing impact of natural popu-
lations of copepods, the laboratory grazing results were
applied to a field situation in which populations of
Pseudocalanus and Acartia developed together and became
the dominant grazers in a semi-enclosed embayment within
Puget Sound, Washington {East Sound, Orcas Island, the
San Juan Island Archipelago, Washington, U.S.A.). Maximum
and minimum estimates of the stage- and weight-specific

grazing removal of each species were calculated in order
to assess the impact of each population on the phytoplank-
ton community in East Sound. Phytoplankton concentrations
and zooplankton abundances from several dates representa-
tive of the biological and physical conditions present in
the bay during winter, spring, and summer were used. The
grazing impact of each species was calculated for each day,
and for the mean conditions observed during periods of high
phytoplankton abundance (blcom conditions), low phytoplank-
ton abundance (background conditions), and for the seasonal
mean conditions.



CHAPTER 2

Developmental Graging Capabilities of Pseudocalanus sp.
and Acartia clausi (CI to Adult)

I. Effects of Ontogenetic and Seasonal Body Size Variations
on the Feeding Appendage Morphology of Pseudocalanus sp.
and Acartia clausi (CI to Adult)
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Developmental Grazing Capabilities of Pseudocalanus sp.
and Acartia clausi (CI to Adult). I. Effects of Onto-

genetic and Seasonal Body Size Variations on the Feeding
Appendage Morphology of Pseudocalanus sp. and Acartia
clausi (CI to Adult).

Introduction

The role of active versus passive selection for sus-
pended food particles by herbivorous copepods remains a
controversy for planktonologists (Rubenstein and Koehl
1977, Donaghay 1980a, Koehl and Strickler 1981). Recent
studies have investigated whether the feeding process 1is
primarily by chemosensory or tactile sensation (Friedman
and Strickler 1975; Poulet and Marsot 1978, 1980), by some
type of passive mechanistic filtration (Frost 1972a, Boyd
1976, Frost 1977), or by the active, behavioral selection
of particular cells (Wilson 1973, Richman et al. 1977,
Donaghay and Small 1979). Morphological measurements of
copepod feeding appendages have been used to study the
probable mechanisms involved in feeding, to estimate
clearance rates or capture efficiencies for a spectrum of
cell sizes, and to predict the type and size of particles
eaten by presumably herbivorous, "filter-feeding" copepods
(Anraku and Omori 1963, Marshall 1973, Schnack 1975, Nival
and Nival 1976, Boyd 1976, Lam and Frost 1976, Lehman 1976,
Rubenstein and Koehl 1977, Bartram 19B81}.

The present study reports morphological measurements
of the major feeding appendages, the mandible and second
maxilla, for the copepodite stages (CI to adult) of

Pseudocalanus sp. and Acartia clausi. The working hypothe-

sis for this compérative morphology study was that there

was a direct and functional relationship between the pattern
of setule spacings on the second maxilla and the dimensions

of the mandible, and the spectrum of algal particles avail-

able to these copepods. Within this theoretical framework,

the data were used to estimate the filtration or capture
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efficiency for different-sized phytoplankton particles by
each developmental stage. The maxillary setular patterns
of these copepods are species-specific and quite complicat-
ed, composed of several different types of setae with a
variety of setular patterns across the filter. A compar-
ison of the setular patterns on the fiiter, and the intra-
and interspecific morphometric and allometric relationships
are presented for the developmental stages of both species,
These characteristics are discussed in light of recent evi-
dence that mechanisms other than the classical filtration
of particles may occur on the scale at which copepods feed
(Alcaraz et al. 1980, Zaret 1980, Koehl and Strickler 1981,
Strickler 1982). _

In addition to ontogenetic variations in feeding capa-
bilities, seasonal variations in body size may affect the
gize of feeding structures, and thus contribute to differ-
ences in feeding capabilities., Obvious seasonal variations
in body size were noticed in animals of both species
collected from Puget Sound, Washington, U.S.A. The cephalo-
thorax length of individuals collected from March through
July, 1980, was measured in order to document the seasonal
variations in body size in adult females of Pseudocalanus

and Acartia clausi collected from East Sound, a semi-
enclosed embayment within Puget Sound. The results were
compared with other morphology studies from the literature
to determine the potential effects that both ontogenetic
and seasonal variations in body size could have on feeding
appendage morphology, and consequently on the feeding capa-
bilities of the copepodite stages of Pseudocalanus and

Acartia.
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Materials and Methods

Six to ten individuals of each copepodite stage of
Pseudocalanus sp. and Acartia clausi were sorted from

preserved zooplankton samples collected from a mid-bay
station within Bast Sound. The copepods were scrted by
species and stage from samples taken in June 1979 (for
Pseudocalanus) and July 1980 (for Acartia). After measur-
ing the cephalothorax length of a specimen, the feeding

appendages were dissected off, mounted in and stained with
a drop of polyvinyl-lactophenol (Schnack 1975, and person-
al communication) which had been dyed with lignin pink
(Schnack 1982). The appendages were positioned by gently
moving the cover slip on the slide as the media solidified
over a three to six day period. A pressure-sensitive,
electric ocular measuring device mounted on a Wild M-40
inverted micrcscope provided a dimensional accuracy of 0.1-
0.5 nm (depending on the level of magnification at each

of three magnifications. Measurements taken at 300X and
900X were recorded vocally on tape and transcribed later
onto data sheets.

Five measurements on the mandible and 13 measurements
or calculations from the second maxilla were routinely made
along with cephalothorax length (Table 1). Mandible cut- |
ting area was calculated as the product of the measured
width and height of the mandible (Amand = W*H, Table 2).

An estimate of minimum filter area, A min, was calculated
by representing the filter (second maxilla) as a rectangu-
lar area equal to the width of the filter at the base of
the setae multiplied by the mean length of the long filter
setae (A min = Wb*Ll, Table 2). The estimated number of
setules on the second maxilla (Se, Table 1) was calculated
as twice the number of setules actually counted (Sc), since
measurements were taken for setules from only one side of
each setal shaft, whereas setules regularly protruded from
both sides of each shaft on the long, filter setae.
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Table 2-1 }Morphological measurements taken for the develop-
mental stages of Pseudocalanus sp. and Acartia
clausi. The morphometric calculations and allo-
metric relationships derived from these measure-
ments are listed in Table 2.

MEASUREMENT SYMBOL NOTATION
Cephalothorax Length Le |
Mandible:

1. Mandible width W
2. Mandible height E
3. Diastema width wd
4. Diastema height Hd
5. Number of teeth ' T
Second Maxilla:
1. Filter width at base of setae Wb
2. Totzal number of setae Nt=N1l+Ns
a. number of long, filter setae N1
b. number of short, non-filter
setae Ns

3. Total length of each seta
~a., measured directly for short

setae Ls
b. calculated from ISS measurements
for long setae Ll= $ISS+t+b

4. Measurements for long filter setae:
a, successive intersetule spacings
from base to tip of seta ISS
b. distance from last setule to tip t
c. distance from base of seta to

first setule b
d. number of setules counted s
e. number of ISS (= pores)
counted P
f. total number of I3S counted on
a filter P =$p
g. total number of setules counted
on a filter Sc =4's

h. estimated number of setules
on a filter Se = 2(Sc)
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Table 2-2 Morphometric calculations end allometric relation-
ships for the developmental stages of Pseudocala-
nus sp. and Acartia clausi derived from the mea-
surements listed in Table 1. Allometric relation-
ships were graphed by stage (means) or against
cephalothorax length. i1 = setal number; j = size
class category. .

A, MORPHOMETRIC CALCULATION SYVBOL NOTATION
Mandible:

1. Mandible cutting area A mand=W H
Maxilla:

1. Filter area
a. minimum filter area calculated
as the filter width at base of
filter times mean length of

filter setae A min = Wb L1
2. Bstimated number of setules on
the filter Se = 2(Sc)
5. Maximum, minimum, and modal pore
sizes D max
p min
p mode
4. Relative % frequency of ISS size
categories pij/P

5. Cumulative % frequency of ISS size
categories pi./P
6. Mean pore size across filter along J
different axes of veriance:
a, pore size at 1/4 maximum setal

length p-1/4
b. pore size at 1/2 maximum setzl

length p-1/2
c. pore size at 3/4 maximum setazl

length p-3/4

d. pore size along diagonal across
filter from proximal base to

tip of distzl seta p-dizg
B. ALLOMETRIC RELATIONSHIPS
1., Mandible width W
2. Mandible area A mand
3. Maxilla width Wh
4. Mean setal length Ll
5. Estimated number of setules per seta S,
6. Minimum filter area A min
7. Relative % frequency distribution

of setules

8. Cumulative % fregquency distribution of setules
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Intersetule distances on the second maxilla were
measured. at 0.5 um intervals and subsequently grouped into
1 um size categories. A pore size was defined as the in-
tersetule spacing (ISS) directly measured on the filter.
An effective pore size was defined as an intersetule spac-
ing that would theoretically capture and retain a cell of

a given equivalent spherical diameter (ESD), assuming that
some overlap between the measured ISS andthe ESD of the
cell was required to effectively retain the cell on the
filter. PFor example, a pore size category of 5 pm contain-
ed intersetule spaces actually measured to be 4.5 and 5 pm.
It was then assumed that a pore of this size would not re-
tain a cell of 5 ym ESD, but could effectively retain a
cell of 6 ym. Therefore, a measured pore size of 5 pm was
classified as an effective pore size of 6 um, and so on.
The maximum, minimum, and modal .size categories measured
on the filter were also calculated for each developmental
stage (Table 2). The relative percent frequency of each
measured pore size category was calculated as a percentage
of the total number of pores counted on the filter, and
the frequencies sequentially summed to represent the cum-
ulative percent frequency of pores £ each size category.
The mean pore size measured at distances of 1/4, 1/2, 3/4,
the mean setal length, and diagonally across the filter,
were also measured for several adult females for each
species. The morphological measurements (Table 1 and 2)
were plotted against developmental stage (means)} and
against cephalothorax length (for each specimen}), and the
data were fit to the appropriate linear or curvilinear
allometric expression.

In order to study the seasonal variation in body
sige for adult Pseudocalanus and Acartia from East Sound,

individuals were sorted from representative plankton sam-
ples collected over the survey period (March through July,
1980) at the same station and depth. The selected sam-
pling station was in a mid-bay location, where large
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zooplankton and phytoplankton biomass and abundance peaks
developed at 5 meters during the spring-summer period
(see Chapter 4). Samples from this station were consid-
ered representative of the general zooplankton popula-
tions within the bay. Cephalothorax length was measured
for 50 adults of each species sorted from each sample.
The mean cephalothorax length was calculated for each
group.
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Hesults

Pseudocalanus sp.

Eight primary silicious teeth were present on the
mandibles of Pseudocalanus, plus one or two smaller, non-

silicious spines on the posterior edge of each mandible
(Table 3). Some specimens of stage CI indicated one less
tooth on the mandibles for this stage, but often the worn
condition of the teeth precluded an accurate count,
especially just prior to molting {(C.B. Miller, personal
communication; personal observation). The maxillary setal
number was constant at 16 long setae ( > 100 mm in length},
and 8 shorter setae (Nt = 24 setae, Table 3)., Long setae
(> 100 um long) had a row of setules extending from
either side of the setal shaft and were considered to be
those setae actively used in the filtering process. These
gsetae were thus designated "filter" setae. Shorter setae,
which often projected out at an angle to the plane formed
by the filter setae, were designated "non-filter" setae.
(These terms are used for convenience throughout the rest
of this paper).

The areal distribution of intersetule spacings on the
maxillary filter of an adult female Pseudocalanus is shown

in Pig. 1. Mean pore size increased distally across the
filter and along a setal shaft. The smallest intersetule
spaces were located as a fringe at the bases of setae and
on the two proximal setae. The largest pores were located
approximately midway along the distal setae (seta #18-24,
Fig. 1). This pattern was observed in all stages of
Pseudocalanus. The setules composing the main filter of

the second maxilla projected out at an angle from, but lay
within the plane formed by the long setal shafts. Many of
these setae also had short spines or spikes protruding from
the shaft at a 90 degree angle to the filter plane. The
shorter, presumably "non-filter" setae were setulate only



Table 2-3 Stage-specific morphometrics for Pseudocalanus sp. developmental stages.
Data are means from 4-6 specimen for each stage. Symbol notations are as
listed in Table 1 and 2. Dimensions for each measurement are listed in

parentheses.
MEASUREMENT/CALCULATION  SYMBOL CI  CII  GIII  CIV GV  ADULT
Cephalothorax length (um) Lc 4731 5%1 593 739 893 . 9617
Mandible width (um) W 28 35 36 45 53 64
Mandible height {um) H 5 7 8 10 10 29
Diastema width (um) wd 6 3 10 12 14 16
Diastema height (nm) Hd 3 4 4 7 9 11
# Teeth (+ spines) 2 T 7+1 8+1 8+1 8+1 8+ 1 8+1
Mandible cutting area (um“) A mand 152 272 285 - 460 667 1866
Filter width at base {(um) Wb 57 61 71 6% 72 89
Number of short setae Ns 8 8 8 8 8 8
Number of long setae N1 16 16 16 16 16 16
Total number of setae Nt 24 24 24 24 24 24
Length of short setae (um) Ls 38 48 51 49 74 77
Length of long setae (um) L1 75 88 98 98 125 151
Length, base to first s (mm} b 3 3 3 3 3 3
Length, last s to tip (um) t 1 5 6 7 8 12
# setules/seta counted Sc 16 25 29 29 34 40
Total # ISS/N1 counted 1588 219 303 549 423 448 551
) Nlc 10 13 12 15 14 14
Estimated # of setules Se »598 2606 722 >»876 »923 >1001
Maximum pore size (um) p max 10 1.5 15 9.5 12.5 16.5
Minimum pore size (um) p min 1 1 1.5 1 1.5 1
Modal pore size (um) p mode 2 2 2 2 2.5 p
Pores S5 um or smaller (%) 91 90 92 92 99 98
Pores 10 um or smaller (%) 100 100 100 100 99 98
Pores larger than 10 umz(%) 0 0 0 0 1 2

Minimum filter area (pm“) A min 4424 5290 6987 6373 9005 12,930

1213
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on the proximal two-thirds cof the shaft, forming a three-
dimensional spiralling pattern of irregular intersetule
spacings around the setal shaft. These spacings varied
from less than one micron to about three microns. The
setules on the distal portion of each non-filter seta
appeared to be naked. These spacings were not consistent-
ly visible, and could not be measured accurately since the
setae often did not iie in the plane of the filter. The _
non-filter setae were therefore not included in the setular
calculations, and only total length was measured for these
setae (Ls. Table 2). _
Stage-specific morphogenesis resulted from the allo-
metric growth of all the features measured (Table -3 and 5,
Fig. 2 and 3). Mean mandible width increased with develop-
mental stage (Fig. 2), with a growth stanza (Miller et al.
1978) between stages CII and CIII which was not apparent
in the regression against cephalothorax length (Fig. 3).
The relationships between mandible width vs. developmental
stage or cephalothorax length were best described by a
linear regression model (Table 5). Mandible cutting area
(Fig. 2) increased only slightly from stage CI to CV, again -
- showing a growth stanza between stages CII and CIII. How-
ever, there was a four-fold increase in mandible cutting
area between stage CV and the adult female. A similar
increase was noted in the relationship between cutting area -
and cephalothorax length (Fig. 3). Both sets of data were"
better described by an exponential rather than a linear
regression model (Table 5}, although two intersecting
straight lines may be the more appropriate fit to the data
(Fig. 3). The mean maxilla width increased from CI to CIII,
and from CIV to the adult stage (Fig. 2). An apparent
decrease in mean filter width occurred between stage CIII
and CIV, a trend alsc present in the plots of mean setal
length vs. developmental stage for both filter and non-
filter setae (Fig. 2), and for the estimated number of
setules per seta. Except for this break between stage CIII
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and CIV, maxilla width, mean setal length, and the number
of setules per seta increased linearly with developmental
stage (Table 3 and 5). An exponential model fit the data
for maxilla width vs. developmental stage, and mean setal
length vs. developmental stage as well as a linear model
(Table 5).

The mean estimate for minimum filter area (A MIN,
Table 2) plotted against developmental stage (Fig. 2) and
cephalothorax length (Pig. 3) indicated an interrupted
allometric increase between stage CIII and CIV, resulting’
from both the decrease in maxillae width and in mean setal
length in these two stages. The data were best fit by an
exponential relationship between minimum filter area and
cephalothorax length (Table 5). The minimum filter area
of the adult female (& MIN = 13,000 mm>) was almost three
times that for stage CI (A MIN = 5000 nma), and increased
rapidly from stage CIV to adult (Fig. 2). The estimated
number of setules on the filter increased with copepod
stage and size, from about 500 setules in stage CI to over
1000 setules on the filter of the adult female (Table 3).
This increase was due to the allometric increase in setal
length and a subsequent increase in the number of setules
per seta.

The relative frequency distribution of measured inter-
setule spacings on the second maxilla (Fig. 4) indicated
a strong modal size class at 2.5 - 3.0 um for all develop-
mental stages of Pseudocalanus. The variance arcund this
mode increased with stage as the number of setules on the
filter and the maximum pore size increased. The cumulative
frequency curve of effective intersetule spacings grouped
into one micron intervals (Fig. 5) was curvilinear for all
developmental stages of Pseudocalanus, indicating a distri-
bution which is skewed to the right (Sokal and Rohlf 1969),
as indicated in the relative frequency distribution; this
analysis therefore suggested that pore.sizes on the filter
of Pseudocalanus were not normally distributed (Sokal and
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Rohlf 196%9). Although the maximum intersetule spacing
varied slightly between stages., the smallest intersetule
spacing (i.e., the lower pore size threshocld, Frost 1972a),
remained constant at 1.0 - 1.5 mm (Table 3, Fig. 4). Close
to 90% of the measured spacings on the filter of all stages
of Pseudocalanus were 5 um or less (Table 3, Pig. 5), rang-
ing from a mean of 91.% (+/- 2.6) % in stage CI to 87.7
(+/- 3.5) % in the adult female. Only 1-2% of the spacings
were greater than 10 um (Table 3), and these larger spacings
were only present on individuals of stage CV and adult fe-
males. A maximum pore size of 16.5 mm was measured on one

adult female. The mean pore size measured at successive
_distances from the base of the filter of adult females
increased gradually from 4.2 (+/- 1.8) upm at 1/4 the mean
setal length, to 6.0 (+/- 2.6) um at 3/4 mean setal length.
An average pore size of 5.4 (+/- 3.2 ) jam was measured
diagonally across the filter.

Acartia clausi

All stages of Acartia clausi had seven siliceous
mandibular teeth, with one or two non-siliceous spines at
_the posterior edge of each mandible (Table 4). The adult )
compliment of maxillary setae (Nt = 18, Table 4) was not t
present on specimens of stage CI due to the apparent ab-
sence of one of the basipods on which three long, filter
setae and one short, non-filter seta were present in the
older developmental stages. All 18 maxillary setae were
present by stage CII, including seven non-filter setae which
lav at an angle to the filter plane, and 11 filter setae
which formed the plane of the filter (Fig. 1). The non-
filter setae appeared to be without setules in younger.
copepodites. In the older stages (CIV to adult), some of
tne non-filter setae were setulate, with setules arranged
in a three dimensional pattern around the shaft similar to
that observed in Pseudocalanus. As with the Pseudocalanus




Table 2-4 Stage-specific morphometrics for Acartia clausi developmental stages,

Data are means from 4-6 specimen for each stage.

listed in Table 1 and 2.

parentheses.

MEASUREMENT /CALCULATION

Cephalothorax length (um)

Mandible width (um)
Mandible height (um)
Diastema width (um)
Diastema height (um)

# Teeth (+ spines)

Mandible cutting area (um )

Filter width at base (um)
Number of short setae
Number of long setae

Total number of setae
Length of short setae (um)
Length of long setae (um)
Length, base to first s (um)
Length, last s to tip (um)

# setules/seta counted
Total # ISS/N1 counted

Estimated # of setules
Maximum pore size (um)
Minimum pore size (um)
Modal pore size (um)

Pores 5 um or smaller (%)
Pores 10 um or smaller (%)
Pores larger than 10 pm (%)
Minimum filter area (pm

SYMBOL

Le

W

i

wd

Hd

T

A mand

Wb

Ns

N1

Nt

Ls

Ll

b

t

Sc
IS5
N1l

Se

p max
p min
p mode

A min

CI

329

109

10
20
133%
7
2266
13
1.5
4

59
98

2
5128

CII

398

5643

CIII

467

28
9
9
7

CIV

it

538

37
13
12
8
T+1
470

52

1

11
18
5%
144
4

10
31
249
8
7550
9
1.5
3

76
100
0
1553

Cv

570
40
13
13

7

T+

515
62

11
18

145
11
32

294
>590
1.5

76
100

8837

Symbol notations are as
Dimensions for each measurement are listed in

ADULT
705

43
12
16
f|
T+1
523

54

7

11
18
56
182
5

13
26
223
9
7600
12.5

45
95

9901

Le
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specimens, intersetule spacings were not routinely measured
for these setae, since the non-filter setae generally lay
outside of the filter plane, and were not consistently
visible. Only total length was measured for non-filter
setae {Table 4).

The first two proximal setae (seta #1 and 2, Fig. 1)
appeared to have setules sniralling around the shaft,
arranged three-dimensionally at very small intervals of
1-3 pm. Although in some specimens these setae lay within
the plane of the filter, like the non~filter setae they
were difficult to measure and were not included in the
pore size calculations. The long setae (» 100 um) compos-
ing the maxillary filter of Acartia were setulate along
the full length of the shaft. Setules near the tips of
seta,#3 and 4 (Fig. 1) were quite long (10-15 pm) and gave
a bushy appearance to these setae. DSeta #15 on the distal-
most basipod was noticeably shorter than the surrcunding
filter setae and often lay outside the filter plane.

Small spines protruded from the shafts of several of the
filter setae at a 90 degree angle to the setular plane.
As in Pseudocalanus, the areal distribution of intersetule

spacings on the filter of the adult female revealed a
gradual gradation from small to larger pore sizes across
the filter and from base to tipalong a setal shaft. A
fringe of smaller spacings near the tips of all the filter
setae and on the setae around the exterior of the filter
was also present. The largest measured intersetule spac-
ings for Acartia (10-15 um) were located on the distal
setae (seta #16-18, Fig. 1).

Mandible width, mandible height, diastema width, dias-
tema héight, mandible cutting area, mean setal length, and
the number of setules per seta all generally increased
with stage and cephalothorax length in Acartia (Table 4
and 5). Mean heightof the mandible and diastema (Table 4)
decreased in the adult female, due primarily to the worn
condition of the teeth in several individuals. The decrease
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Table 2-5 Allometric equations for the comparative morph-
ology data shown in Fig. 3, for Pseudocalanus sp.
and Acartia clausi developmental stages. Measure-
ment data were regressed against cephalothorax
length using the linear mpdel: Y = aX+b or the
exponential model: Y = aXV.

Measurement Model a b r

Pseudocalanus sp.

Mandible width {um) Iinear 0.56 0.06 0.96
Mandible area (um2) Exponential 61.78 0.01 0.89
Maxilla width (pm) Iinear 37.52 .05 0.693
Maxilla area (am®) TLinear  2195.4 1516.03  0.84
Exponential
3541.0 0.20 0.91
Acartia clausi
Mandible width {pm) ILinear -1.81 0.07 0.92
Mandible area (um€) Tinear -257.80 1.21 0.86
Maxilla width (um) Linear 35.04 0.03 0.52
2 Exponential -
Maxilla area (um“) Linear 838.18 13,21 0.93
Exponential

2919.17 0.20 0.91
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in mandible height also affected the calculation of mandi-
ble cutting area in the older copepodite stages (Fig. 2,
Table 4), resulting in a linear relationship between mandi-
ble cutting area and cephalothorax length (Fig. 3, Table
5). Maxilla width also apparently decreased in the adult
female, while mean length of the filter setae increased
(Fig. 3 and 4). The estimate for minimum filter area
(A_MIN.Table 2, Fig. 2) increased linearly for stages CI
to CIII and from CIV to the adult female, from ca. 5000 um
in the youngest stages (CI and CII) to almost 10,000 umz in
the adult female (Fig. 2)., The filter setae were quite

long for all stages of Acartia, extending to over 200 um

2

in some adult specimens. As setal length increased, the
estimated number of setules per seta (Fig. 2) and the total
number of setules counted on the filter (Table 4) increased
for stages CI to CV. In the adult female, however, the
number of setules per seta and the total number of setules
counted on the filter both decreased, due to the relative
increase in the number of large intersetule spacings as

mean setal length and body length increased (Table 4). The
estimated number of setules on the female maxilla was approx-
mately the same as in the stage CV.

The relative percent frequency distribution of inter-
setule spacings on the maxillary filter of Acartia indicated
the development of a strong mode at 3 - 4 jpm in copepodite
stages CI-CV.(Fig. 4). The modal pore size increased with
developmental stage from 3 - 4 um in the youngest copepo-~
dites to ca. 5.5 pm in the adult female (Table 4). The
development of a secondary peak was evident in the later
stages of Acartia at 9 - 10 um. The cumulative frequency
curves of intersetule spacings on the maxiilary filter of
Acartia were curvilinear and only slightly sigmoidal, in-
dicating a platykurtic or slightly bimodal distribution of
pore sizes (Sokal and Rohlf 1969). At all stages, Acartia
copepodites had a higher percentage of larger pore sizes
on the filter compared to Pseudocalanus. The minimum pore
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size was constant at 1.5 - 2.0 um, whereas the maximum
measured intersetule spacing varied between stages. The
modal pore size was largest in the youngest and oldest
stages, due to the lower number of setules per seta on the
filter in these stages (Table 4). From 45 to 78% of the
pores were 5 mm or smaller. Greater than 95% of the pores
were £ 10 nm, with only a few percent (0 - 5%) larger than
10 pm (Tabler4). Mean pore size increased along the shaft
of the filter setae, from 6.1 (+/-0.9) um measured at 1/4
the mean setal length to 7.3 (+/- 2.1) mm measured at 1/2
mean setal length, and 7.6 (+/- 2.8) npm measured at 3/4
the mean setal length in adult females. A mean pore size
of 6.7 (+/- 2.1) num was measured along the diagonal of the
filter setae.

Seasonal Body Size Variations

Mean cephalothorax length of adult females of both
species decreased from March to June in East Sound, Wash-
ington (Fig. 6). DPseudocalanug females were over 1 mm
long (maximum size = 1.04 mm) throughout the winter period,

and decreased in size to 0.88 mm by July. This represented
a 15.4% decrease in cephalothorax length between winter

and summer for Pseudocalanus females., Acartia females were
largest in spring, ranging from 0.82 mm in April and May

to 0.68 mm in July. a decrease of 17.1% in cephalothorax
length over the same period.
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Figure 2-6 Seasonal changes in cephalothorax length of
Pseudocalanus (o) and Acartia clausi %0)
adult females sampled from East Sound, Wash.
Data were calculated as the mean body length
for 50 females from each date. :
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Discussion

A number of studies have described the morphological
characteristics of the developmental stages of copepods.
However, these descriptions have been primarily for taxon-
omic (Oberg 1906, Lebour 1916, Corkett 1966, Lawson and
Grice 1970, Grice 1971, Gibson and Grice 1977) or field
identification purposes (Bjornberg 1961, Faber 1966), or
were a part of a larger work on the general biology of the
animal (Narshall and Orr 1956, Conover 1956, Mullin and

‘Brooks 1967, Paffenhofer and Harris 1976, Corkett and

McLaren 1978). Usually the adult stages of several differ-
ent species have been treated in a comparative manner (Mar-
shall 1977, Nival and Nival 1976, Schnack 1980). Few
studies have recorded the development and allometric
growth of feeding structures with respect to changes in the
feeding capabilities of a particular species.

The a}lometric growth of the feeding appendages of
Pseudocalanus and Acartia copepodites in the present study
indicated a linear or curvilinear relationship to body
size. Similar increases in the dimensions of the mouth-
parts between developmental stages up to stage CV were
noted for both species. Mandible cutting area, maxilla
width, minimum filter area and the estimated number of
setules per seta increased considerably for Eseudocalanus
females {Table 3), but decreased for Acartia females (Ta-
ble 4). Although growth stanzas (Miller et al. 1978) were
not readily apparent in the regression data (Fig. 3), the
stage-specific means (Fig. 2) suggested that mandible
growth between stage CIII-CIV may be arrested. Measure-
ments of the maxilla indicated a cessation of growth bet-
ween stages CIII and CIV for both species. The mandibular
measurements in Acartia were affected by an apparent wear-
ing of the teeth, a condition that was not as readily
visible in Pseudocalanus females. This may indicate "old
age"in females (P.L. Donaghay, C.B. Miller, pers. commun-
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ication; personal observation). Although the width of the
filter decreased for Acartia females, mean setal length
increased, resulting in a larger value for the estimate of
minimum filter area in the adult stage.

The fact that the pattern of allometric increase in
the mandibular and maxillary measurements was similar for
the copepodite stages of both species (CI to CV) may in-
dicate from a morphological standpoint that the feeding
caPabilities of these developmental stages can, in fact,
be appropriately modelled on a size or weight basis. The
ontogeny of the feeding appendages was thus primarily
achieved by the allometric growth of the structures prior
to the molt to the adult stage, rather than by a change in
shape or form. (The only exception to this pattern was
the ‘apparent addition o¢f one basipod and three setae bet-
ween stages CI and CII for Acartia clausi). However, the
size and shape of the feeding apparatus changed consider-
ably for the adult females of both copepod species, possi-
bly reflecting a morphological component in the Qevelopf
ment of additional feeding capabilities.

A variety of different kinds of setae were present on
the second maxillae of both species. The long setae, pre-
sumably composing the "filter" of both species, had set-
ules extending at regular intervals from both sides of the
setal shaft, and often had small spines or spikes protrud-
ing at a 90 degree to the plane of the filter formed by the
setules. Although the fumnction of these structures re-
mains unknown, they have been observed on the maxillae of
several copepod species { C.B. Miller, Personal communica-
tion, W,T. Peterson, personal communication). Theoretical-
ly, they could function to increase the area of the filter
or to change the form of the boundary layer or flow of wa-
ter around a seta (Koehl and Strickler 1981). The short,
presumably non-filtering setae had setules placed three-
dimensionally around the shaft and generally lay at an an-
gle to the filter. These setae could have functioned in
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the capture of algal chains, as a pre-filter to prevent
large particles from reachiﬂé the filter (Marshall 1973),
or have been used to position cells for raptorial capture
(Conover 1966, Jorgensen 1966). Both copepod species also
had one noticeably stiff seta on the distal-most basipod,
which could be used for piercing larger cells (Corkett and
McLaren 1978).

The cumulative frequency distributions for Pseudocala-

nus sp. and Acartia clausi developmental stages indicated
a species-specific distribution of setules on the filter
(Fig. 4 and 5). Although the minimum and maximum pore
izes measured on the filter were quite similar for the

two species, Pseudocalanus theoretically should have been
more efficient than Acartia in capturing small cells ( 5
um) due to the distribution and relatively greater abun-
dance of small pore sizes on the Pseudogalangg filter.
This result has been reported in a variety of field graz-
ing experiments (Poulet 1974, Koeller et al. 1979, Harris
1982), indicating that the role of Pseudocalanus as a small
cell specialist might allow it to feed, grow, and reproduce
well during periods when the overall food concentration was
low, and whenever small cells composed a large fraction of
the particle spectrum. Pseudocalanus may thus be able to -
maintain a population during conditions when larger cope-
pods (e.g., Calanus species) or copepods with larger setule
spacings (e.g., Acartia) cannot (Koeller et al. 1979,
Harris 1982). Acartia, on the other hand, seems to capture
large particles quite effectively (Conover 1966), but not
small cells, although in the present study the data indica-
ted that the total size range of particles theoretically
available to all the developmental stages of Pseudocalanus
and Acartia clausi overlapped considerably.

A morphological study similar to the present report
by Nival and Nival (1976) compared measurements of the

second maxilla for all the copepodite stages of Acartia
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clausi from the Bay of Villefranche, France. Their cumu-
~ lative percent frequency distributions of intersetule
spacings were strongly sigmoidal for all stages of Acartia.
However, it was assumed in this study that there were only
two mesh regions on the second maxillae of A, clausi: a
"large mesh" and a "small mesh" region. Subsequently,
only a few setae from each of these regions was measured.
Although the relative percent frequency distributions of
pore sizes on the filter of Acartia developmental stages
in the presemnt study revealed the development of a second-
ary peak at 9-10 pm in the older copepodite stages, when
meadurements from all the setae across the filter were
taken, the data indicated a gradation from small interset-
ule spacings at the bases of all setae and on the proximal
setae, te gradually larger spacings near the tips and on
the distal setae of the filter. The data did not indicate
two distinct mesh regions. A comparison of the pore sizes
measured at successive distances from the base of the fil-
ter and diagonally across the filter also confirmed this
pattern of a gradual increase in pore size along a s§tal
shaft and diStally across the filter, a pattern which has
been observed for a number of copepod species (Marshall
1973). Although the data in the present study were gener-
ated in the same manner as those by Nival and Nival (1976),
it would appear that the strong sigmoidal curves generated
by Nival and Nival were an artifact of the small number
of measurements taken in the intermediate size classes.
Seasonal changes in copepod body size have been re-
ported for a variety of nearshore to estuarine species, and
may affect the feeding capabilities of copepods by changing
the size or shape of feeding structures. Schnack (1975) re-
ported a transition to smaller morphs from winter to summer
in populations of Pseudocalanus elongatus and Acartia longi-
remis from Kiel Bay, W. Germany (1970-1971). Evans (1381)
reported successively smaller animals from spring to summer
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for Pseudocalanus sp., Oithona similis, Acartia clausi, and
A. longiremis sampled from the North Sea. Schnack (1982)
_ reported that winter animals of P. elongatus (females) in

Kiel Bay showed 20 - 30% larger mean setule spacings com-
pared to females sampled in the summer, whereas Acartia
species (é; longiremis, A. tonsa) had 15 - 30% larger mean
setule spacings during the summer, Conover (1956) reported

a 50% decrease in mean setule spacing for A, clausi from
Long Island Sound in summer as compared to winter. How-
ever, Nival and Nival (1976) reported a'larger mean mesh
size and larger filter area for A. clausi collected from
the Bay of Villefranche in August compared to animals col-
lected in October.

These data indicate that seasonal changes in body
size regularly occur in coastal and estuarine copepods, but
body size changes may have a variable effect on the allo-
metry of the feeding apparatus. Traditionally, studies
have shown that planktonic copepods are smaller in the
summer and autumn when the sea is warm, compared to winter
or spring when it is colder, and that the size changes ob-
served in copepods were a seasonal response to both water
temperature and food supply (Deevey 1960, Evans 1981).
For Pseudocalanug species, Corkett and McLaren (1978) con-
cluded that final adult body size was determined solely by
water temperature, and that a shortage of food during win-
ter months only prolonged the developmental period, but did
not change the final adult size. In East Sound, adult fe-
males of both species decreased 15 - 17% in body length from
winter to summer. These size changes in the copepods from
East Sound may have reflected both the increase in tempera-
ture of surface waters and the increase in particle concen-
tration which occurred during the spring bloom period (see
Chapter 4), and could have resulted in 8ignificant allo-
metric changes in the feeding apparatus. ZFor example, the
seasonal changes in cephalothorax length of females collect-
ed in winter and summer were approximately the same relative
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percent change in body size calculated between successive
developmental stages for both Pseudocalanus (X = 17.7%)
and Acartia (X = 16.6%), suggesting that seasonal varia-
tions in copepod size could have as significant an effect
on feeding capabilities of these copepods as did the onto-
genetic component of growth and development. ,
Although body size differences were measureable in the
present study, the conclusion by Schnack {1982) that it is
uncertain at this time whether changes in body size (and
therefore in filter mesh size) would confer a competitive
advantage to a copepod is appropriate. This is especially
true when one considers that (1) variable ingestion res-
ponses have been reported for copepods similar in size, (2)
intraspecific ingestion responses may vary seasonally
(Ellis, unpublished data; Head, unpublished data), and (3)
the fact that particle spectra available as a food resource
may change quite rapidly with respect to particle size and
shape over the lifespan of a grazer. However, assuming an
allometric relationship between body size and the size of
the feeding apparatus (Frost 1972b), and a high relative
abundance of small cells in East Sound during late winter
and early spring, one may hypothesize that although the lar-
ger animals observed at this time of year had larger filters...
and greater filtering capabilities, they may have had a
narrower range of cells available to them. The smaller ani-
mals present in summer may have had both the small particle
resource available as food throughout the year, and the
larger diatom species which became abundant in late spring
and summer. The seasonal differences in ingestion rates
which have been measured for both Pseudocalanus and Acartia
(0'Connors et al. 1976, Corkett and McLaren 1978) may thus
reflect seasonally variable feeding capabilities as well as
seasonally variable physiological rates. Low food concen-
trations in winter may not be a critical factor for either
of these species, however, since Acartia may maintain its
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population by the production of resting eggs in response
to lowered water temperature and salinity, or marginal food

~conditions (Johnson 1981), and Pseudocalanus may overwinter

as a stage CV, or rely on oil and lipid accumulations
(Koeller et al. 1979, Harris 1982).

In addition to changes in body size and filter morph-
ology, feeding capabilities may also be affected by physio-
logical responses of copepods. Whether the animals are in
a physiological state of hunger or satiation, in an active
growth phase or an overwintering state of diapause, or
whether as adults, copepods are putting energy into repro-
duction rather than growth, may all affect the feeding res-
ponses observed. Similarly, characteristics of the food,
such as particle shape and size, the physiological, growth
or nutritional state of the cell, the absolute or relative
abundance of different particle types, and the relative
availability of each cell type to a particular grazer,
all interact to affect the final "decision" made by a eope-
pod. Thus, in the present study, the comparative mdrphology
measurements were used only as a first-order description of
the feeding capabilities, and to indicate the types and
gizes of particles theoretically available to the different
developmental stages of Pseudocalanus and Acartia. This
treatment of the data suggested that the ontogeny of feed-
ing structures and allometric changes which may occur due
to seasonal variations in body size may equally affect the

size of particles available to a copepod.

A final point to consider is the appropriate use of
structural characteristics in interpreting the functional
grazing responses of copepods. A number of studies have
indicated a close relationship between feeding appendage
morphology and the sizes of cells eaten by a copepod
(Anraku and Omori 1963, Schnack 1975, Sullivan et al. 1976).
Boyd (1976) used the morphological measurements of Nival
and Nival (1973, 1976) plus calculations of filtration effi-
ciency from their data, to argue that apparent selection
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for cells to the right of the modal size class of a given
cell distribution (i.e., selection for large particles)
would occur if the size of the food particles fell within
the sigmoid section of the probability function. Thus,
there was no "need to credit the animals with the ability
to scan %the particle size distribution" (Boyd 1976, pg.
178). Although these calculations and Boyd's interpreta-
tion were based on a limited number of measurements, this
mechanistic explanation of copepod feeding has been used
to explain the apparent selective behaviors shown by a
variety of copepods.

As indicated above, the classical view of copepods as
passive filterers which strain particles out of vortices
of water generated by their feeding appendages (Cannon
1928, Gauld 1966, Marshall 1973), has recently been chal-

lenged from a variety of directions (Poulet and Marsot 1978,

Alcaraz et al. 1980, Poulet and Marsot 1980, Koehl and
Strickler 1981), The microcinematographic observations by
Alcaraz et al. (1980), and Koehl and Strickler (1981)
would at first appear to refute a basic tenet of copepod
feeding, namely the actual filtration of cells., However,
direct obserzations of feeding have only been accomplished
with large, omnivorous oceanic copepods which have only
limited setular complexity on their second maxillae. Even
if the traditional measurements of filtration rate or
"volume swept clear” do not accurately describe the act of
feeding, they do describe the effect of the feeding activ-
ity, and may thus provide an appropriate index for measur-
ing the impact which zooplankton species have on their food
resource (Conover and Huntley 1980, Huntley 1982). In
fact, the data describe a feeding response that would be
appropriate for a large copepod feeding in a dilute food
environment (Conover 1966, Strickler 1982). A large cope-
pod with limited setular complexity, as represented by
Eucalanus pileatus for example, may encounter cells at a
sufficiently low rate that particle-by-particle responses

-
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are an effective mechanism for food capture, In situations
where inertial effects in the.water are minimal, cells (or
the ater containing those cells) stop moving almost im-
mediately after beating of the feeding appendages ceases
(Koehl and Strickler 1981). One may thus hypothesize that
at low food concentrations, a copepod could have enough
time to (1) chemosense the quality of the "volume of odor"
(Koehl and Strickler 1981) theoretically exuded by a leaky
phytoplankton cell, and interpret the directionality of
the signal ( which is theoretically preserved where vis-
cous forces dominate, Zaret 1980), (2) orient to the odor
signal, and (3) preferentially draw the water containing
the food particles into the vicinity of the mouth, where
the particles can be removed by 8squeezing the water
through the maxillary filter.

This interpretation of algal manipulation may not be
entirely appropriate for small, primarily herbivorous,
nearshore to estuarine copepods which have evolved compli-
cated setular patterns on their feeding appendages, and
have evolved in an environment that varies considerably in
both the quantity and quality of food over the lifetime of
a copepod. TFor a copepod living in high food concentrations
(e.g., thousands of cells per ml instead of hundreds of
cells per ml), reorienting toward a specific food signal
may be unnecessary and a waste of time and energy. Also,
the directionality of any one signal may be impossible to
discern, assuming a multi-dimensional input of signals from
all particles in the copepod's immediate environment. Thus
individual cells, or small clusters of cells may not be
perceived. However, gross differences in cell quality or
quantity may be monitored, as it were, on a mouthful-by-
mouthful or gutful-by-gutful basis. One might thus hypoth-
esize the evolution of increased setular complexity in the
feeding apparatus of small, herbivorous grazers which ex-
perience high particulate abundances, especially where the
non-food content of the particle distribution is variable
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but high. This situation exists in coastal, nearshore,
and estuarine environments. Increased setular complexity
could allow differential particle selection by the "comb-
ing" of cells from a particular location on the filter, a
process suggested by Donaghay (1980b), or it could allow
the post-capture rejection of non-food or low quality food
particles (Wilson 1973, Donaghay and Small 1979, Donaghay
1980b, Landry 1981, Huntley 1982). Since copepods clearly
possess a well-developed chemosensory morphology (Friedman
and Strickler 1975, Friedman 1980), and can apparently
detect differences in food quality (Poulet and Marsot 1978,
Poulet and Marsot 1980), sensing differences in particle
quality in a mixed food ration may be another adaptive
trait chracteristic of, at least, coastal zooplanktonic
grazers. In fact, several cocastal copepods appear to be
able to "track" temporal changes in the size structure of
natural particle spectra, short-term changes in the rela-
tive abundance of particles resulting from the ingestion
of cells from a succession of particle peaks across a dis-
tribution (Richman et al. 1977), as well as adjusting to
seasonal variations in particle size and abundance (Poulet
1974, O'Connors et al. 1980).

Thus, even if food particles are not actively sieved
from the water by the beating of the feeding appendages,
the particles are nevertheless sensed, trapped, and appar-
ently size-graded by the appendages during the feeding pro-
cess (Conover and Huntley 1980, Donaghay 1980b). Although
setules may be hidden in a relatively thick boundary layer
such that the setae appear functionally smooth, setule
spacing and the pattern of setules across the filter may
determine the pattern of water flow around the appendages,
and thus affect what size particles bump into the filter,
and are retained (Koehl and Strickler 1981). These morph-
ological adaptations for removing particles from the water
certainly must interact with chemosensory, physiological,
and perhaps behavioral capabilities to produce a variety



of feeding responses which allow planktonic grazers to
cope with the rapidly changing food spectrum present in
coastal and estuarine waters.

43



44

CHAPTER 3

Developmental Grazing Capabilities of Pseudocalanus sp.
and Acartia clausi (CI to Adult).

II. Laboratory Grazing Responses of Pgeudocalanus sp.
and Acartia clausi (CI to Adult)
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Developmental Grazing Capabilities of Pseudocalanus sp.
and Acartia clausi {(CI to Adult).

II. Laboratory Grazing Responses of Pseudocalanus sp.
and Acartia clausi {(CI to Adult)

Introduction

Numerous studies have reported the grazing charac-
teristics and functional responses of copepods feeding on
natural particles, However, only a handful of studies
have compared the feeding responses of different copepod
species under the same experimental conditions, and even
" fewer have attempted to study developmental stages other
than the adult female. This chapter repocrts the results
of laboratory grazing experiments and feeding observa-

tions of Pseudocalanus sp. and Acartia clausi developmen-

tal stages. These experiments tested the null hypothesis
that no differences in feeding responses should result

due to copepod species or developmental stage (= size),

or from differences in phytoplankton particle size. It
was assumed that the classical functional relationship
between ingestion rate and food concentration (Frost
1972b) would be observed at the phytoplankton concentra-
tions used in these experiments. The data were used to
study the role of active vs. passive selection in the
development of adult feeding responses for the two species
and to assess how these components varied between copepod
stages and/or with phytoplankton cell characteristics. A
discussion of several problems inherent in experiments of
this type is presented as a cautionary note regarding the
use, analysis, and interpretation of grazing data in under-
standing the feeding responses of herbivorous marine

copepods.
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Materials and Methods

Animal Collections

Pseudocalanus sp. and Acartia clausi were collected
from two locations off the Oregon-Washington coast. Exper-
iments conducted in 1980 used copepods collected from East
Sound, a large embayment in Puget Sound, Washington. These

experiments were done at the University of Washington Marine
Laboratory, Priday Harbor, Washington. Animals for the
experiments conducted in 1981 were collected on an incoming
tide at the Oregon State University Marine Science Center
dock, at Newport, Oregon. These experiments were conducted
at Oregon State University.

Animals were collected using a half-meter net with a
64 um mesh inner lining (500 pm mesh outer protective lin-
ing) towed at low spesed, or hand-drawn through the water
egither from a small 26 foot modified Oregon dory, or from
dock-side. The net was rinsed down while still in the water.
and the cod end placed immediately into a bucket of surface
water taken just prior to the tow. The cod end was removed
from the net and all contents poured into containers filled
with water collected at the surface just prior to the tow.
The containers were transported back to the laboratory where
the cultures were cleaned of any settled detritus, and put
into large glass or polypropylene containers. An ample
amount of phytoplankton culture (a mixture of the diatom,
Thalassiosira fluviatilig = T. weissflogii, and the flagel-
late, Isochrysis galbana) was added. This maintenance pro-
cedure was used until several hundred animals had been sort-
ed and prepared for an experiment.
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Experimental Conditions

All experiments were done under the conditions shown
in Table 1. Copepods from a live collection were sorted
by species and developmental stage into filtered seawater
containing a mix of the two experimental food types at the
appropriate concentration for each food type (Level B =
5 x 108 pm3/ml 2. fluviatilis and 2.5 x 10° pm3/m1_£; gal-
bana, Table 1). Food concentrations in this zoeoplankton

stock culture were monitored twice daily and ‘maintained at
the appropriate level during a three day preconditioning
period. Cell concentrations were established such that the
larger cell (Eb fluviatilis) was twice as abundant as the
smaller cell (I. galbana) on a cell volume basis, and the

smaller cell was approximately 10 times as abundant as the
larger cell on a cell number basis (Table 1).

Just prior to each experiment, copepods in the pre-
conditioning stock culture were again sorted to atage to
ensure that only newly-molted animals were used in experi-
ments. Since the process of molting may affect grazing rate,
this procedure reduced the chance that molting would occur
during an experiment. Depending on the species and develop-
mental stage to be used, 10 to 30 animals were sorted for
each experimental flask into small 20 ml containers. These
animals were maintained under experimental conditions at
the appropriate food level for the short period of time
required to establish the experimental food concentrations
and take the initial cell counts {(15-30 minutes). This
procedure did not appear to have any traumatic effect on
the copepods. Swimming behavior always appeared normal and
deaths during an experiment were always quite low (< 10%).

For each food level (Table 1) two control flasks
(phytoplankton only) and two experimental flasks (Phyto-
plankton with copepods added) were used. Phytoplankton
concentrations were chosen to represent the full range of
in situ concentrations that these nearshore copepods might

L]
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Table 3-1 Experimental conditions and design for the

developmental stage grazing experiments. For each
experiment, two replicate experimental flasks
(with copepods) and two control flasks (without
copepods§ were used at each food level. Copepods
were preconditioned for three days prior to the
beginning of an experiment at Level B. See text
for details.

Experimental Conditions

LIGHT LEVEL: 75 - 100 pE/m°/sec

TEMPEAATURE: 18 +/- 0.5 ¢

WATER:

MEDIA:

30-32 ppt salinity coastal water filter-
ed through 0.45 pm Millipore filter and
autoclaved.

F/2 nutrients + vitamins (Strickland and
Parsons 1967)

10 uymoles/liter ammonia added as NH,NO

4773

POOD TYPES: DIATOM - Thalassiosira fluviatilis =

L. weissflogii
Cell Characteristics:
1. non-chain forming, doublets
sometimes present in cultures
2. cells typically pill-box shape
without long spines or processes
3. 8-15 um equivalent spherical
diameter (ESD), 900-1400 wm3/cell

FLAGELLATE - Isochrysis galbana

Cell Characteristics:
1. single cell, nearly spherical
2. 2-5 ym ESD, 45-9O_pm3/cell

Experimental Design

FOOD LEVEL T.fluviatilis I._galbana EQEQ%
110% pmo/ml) (106 pmg7ml) (10° um?/ml)

A
B

[

2.5 1.25 3.75
5.0 2.2 7.5
7.5 3.75 1.5
10.0 5.0 15.0
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encounter in the field, and still be within the range of
concentrations reliably counted with our Coulter Counter
system. In order to establish the four food levels used

in each experiment, enough stock culture of the highest
phytoplankton concentration (Level D, 4-6 liters) was made
so that after the initial counts for that level were taken
and all flasks for that level were initiated into an exper-
iment (2 control and 2 grazer flasks per level), the re-
maining stock culture could be diluted with filtered sea-
water and the concentration of each cell type adjusted to
establish the correct levels for the second food concentra-
tion (Level C). This procedure was continued until all
four food levels had been established. Vitamins and nut-
rients were added to each stock culture and to the seawater
used to dilute the cultures, so that the concentrations were
equivalent at all four food levels. Ten umoles/liter
ammonia was added (as NH4N03) to all stock cultures and to
the diluting water to negate or at least reduce the effects
of ammonia excreted by thelcopepods in the experimental
flasks. Initial cell counts were then taken for level D,
and the procedure continued until cell counts for each
flask at each food level had been completed. From 300 to
600 mls of food suspension were used in each flask, depend-
ing upon the grazer species and developmental stage to be
used in an experiment. One cell count (the mean of five
replicate subsample counts) for each food type was taken
approximately 24 hours later to determine final concentra-
tions in each control and experimental flask.

An acrylic plastic cage lined on the bottom with 64 um
mesh was used to contain the grazers in each experimental
flask. The cages were connected to a horizontal bar posi-
tioned above the flasks which was motor-driven to raise and
lower the cages through the water 3-4 times every 15 min-
utes throughout the duration of an experiment. This motion
resulted in a well-mixed phytoplankton suspension and min-
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imized sinking of the cells. The cage also made the trans-
fer, sorting and counting of copepods a much easier task,
and greatly minimized animal losses during an experiment.
Identical cages (without copepods) were added to control
flasks to control for any "cage effects" on phytoplankton
growth and to ensure similar phytoplankton distributions

in the control and experimental flasks. ZPreliminary tests
for this design showed no effect of using the cage. Repli-
cation between flasks was enhanced using this method.

All experiments were run at 10°C +/-0.5°C, under con-
stant cool-white fluorescent lighting (75—100.pE/m2/sec,
constant illumination, Table 1). A flow-through water bath
was used for temperature control. All experiments conduct-
ed at Oregon State University were done in walk-in coldrooms,
so that lighting, and both air and water temperature could
be riéidly controlled. For experiments conducted at the
Priday Harbor Marine Laboratory, a framework was built to
support the same water bath and lighting arrangement. Con-
stant lighting was used in all experiments rather than a
light-dark cycle or consatant darkness in order to achieve
better estimates of exponential cell growth over the 24
hour experimental period. Exponential cell growth was a
basic assumption in the algorithm used to calculate graz-
ing removals. Copepods were removed from each experimental
flask after the final (24 hour) cell counts for that flask
were completed. The animals were rinsed from each cage
into a petri dish with filtered seawater, counted (number
live + dead, and any molts present were noted), identified
to developmental stage, and preserved in 5% buffered forma-
lin. An experimental data set from which all subsequent
calculations were made was thus composed of
the number of animals and volume of water used in each
flask, and the particle counts (cell volume and cell number)
for each of the two food types in two control and two ex--
perimental flasks at each of the four food levels {16
flasks, 32 counts per experiment).
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The system used to count cells and for the particle
distribution analyses was a model ZBi Coulter Counter with
a P-64 size-class "channelizer", The distributions of each
food type were counted with a 70 pm aperture on the sensi-
tivity and threshold se%tings used to optimize the counting
statistics for each food type. The cell distributions were
displayed visually on an oscilloscope and plotted on an X-Y
plotter. All data were initially expressed on a cell volume
basis and recorded by size class. The size-class data were
taken digitally by a FDP-8e minicomputer and recorded on
paper tape for subsequent analysis. The size-class-specific
data were taken over 64 discrete channels (size classes)
for each food type. Subsequent analyses excluded data from
those channels in which there were obvious effects of de-
trital formation, particle production, or ammonia effects
on the cell distribution. These effects were most often
apparent in the first five to ten channels of a distribution
(i.e., the smallest particles in a distribution). Data
from channels where the counting statistics were poor due
to low cell numbers (usually the last 20 channels of a dis-
tribution) were also excluded. The remaining data from
approximately 30 channels for each food type were then used
to calculate the grazing functions for each experiment.

In order to relate the grazing data directly to the
morphological measurements taken in the comparative morph-
ology study (Chapter 2),the size-class-specific grazing
data were grouped into size categories which represented
cell size intervals of 1 um equivalent spherical diameter
(ESD), based on the mathematical conversion from cell vol-
ume in each channel to ESD of a cell. Grazing functions
for the 1 um size categories across the total cell spectrum
(2-15 pm ESD) were examined.
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Data Analyses

The equations used to calculate the basic grazing
functions are listed in Table 2. These equations are de-
rived from the basic production equation (Steele and Frost
1978, Kremer and Nixon 1978):

1/N dN/dt = a-r-e-w-g-8s,

where N = phytoplankton population number (cell number),

t = time, a = assimilation or gross primary production, T =
respiration, ¢ = excretion, w = dilution (advection + diffu-
sion_losses), & = grazing, and s = sinking, all expressed
as rates. In a laboratory grazing experiment, advection

and diffusion losses do not occur, and sinking losses are
minimized. The (gfg-g) portion of the equation may thus be
set equal to K, the observed phytoplankton growth rate. The
notation used here is Kc, representing the growth rate of
phytoplankton in the control vessel without copepocds present
(Qutput Equation 1, Table 2). The change in cell number
with time, 1/N dN/dt, was measured in the grazer flask as
the observed or apparent growth rate of the phytoplankton,
Ka, which included both phytoplankton grewth and grazing
losses {Output Equation 2, Table 2). The difference between
the growth rate measurements in the control and the experi-
mental flasks represented the estimate for grazing rate, Kg
(where Kg = Kc-Ka, Output Equation 3, Table 2), over the
specified period of time. These equations assumed that both
phytoplankton growth and copepod grazing removal were expon-
ential processes. The assumption of exponentiality was con-
sidered valid under the experimental conditions of (1) con-
stant illumination at intermediate {non-saturating) light
levels, (2) the use of healthy, laboratory-grown (constant
light-entrained) phytoplankton cultures in log-phase, with
adequate nutrient availability, and (3) the use of animals
which were preconditioned to a desired food level and cell
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Table 3-2 Grazing functions calculated for each grazing experiment.

Function
INPUT:
Control Final Concentration

Grazer Final Concentration
Grazer Initial Concentration
Pinal Control Time

Tnitial Control Time

Final Grazer Time

Initial Grazer Time

Vessel Volume

Animal number per flask

QL OT0N LI

=t

JTPUT:

Control Growth Rate

. Apparent Growth Rate
Grazing Rate

24 hr-adjusted CF

24 hr-adjusted GF
Exponential Mean Cell Number
or Biomass

. Grazing Flux Loss

. Ingestion Rate

Apparent Filtration Rate

. Capture Rate

. Encounter Rate

. Retention Rate

Effective Cell Availability

VIN=2OWET-2 DB WN =0

*
Pmax = Maximum Filtration Rate

Control Initiasl Concentration

Symbol Calculation

CH Coulter Counter Output
CI to PDP-Be

GF

GI

TFq Julian Date + Computer
TOq Time

TF,

70"

Vog

A

K, 1n ECF—CI;/TFC—TOC

Kg In (GF-GI)/TF -T0g

£ Kc~-Ka K
CI§24§ (013 eK:
GF(24 (CI) e ( )
EMI Ka(T-TO,,
EMB (CI) e g
GFL Kg (EMN or EMB) Vo
IR GFL/A

FRa IR/(EMN or EMB)

CR N GFL/A

ER **gFmax) (EMN)

RR ERig (ei;

Ae EMN) (ei

Dimensions

um3/ml,
um//ml,
um5/ml,
umﬁ/ml,
day
day
day
day
ml
no. animals/flask

cells/ml
cells/ml
cells/ml
cells/ml

day:1
3 day
um”/ml, cells/ml
um?/ml, cells/ml
cells/ml
um2s/ml
um2/ml, cells/ml
um”?/animal/day
ml/animal/day
cells/animal/day
cells/animal/day
cells/animal/day
cells/ml

¥* ¥
el = Retention Efficiency for cell size i

¢s
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type, and otherwise acclimated to the experimental condi-
tions (temperature, salinity, light) for several days prior
to the beginning of an experiment.

Grazing estimates on a 24 hour basis (Output Equation
4 and 5, Table 2) were calculated assuming an exponential
growth rate equivalent to that actually measured over the
experimental time period. Thus, initial and final counts
did not have to be taken exactly 24 hours apart during a
given experiment in order to calculate the grazing functions
on a 24 hour basis. In practice, the flasks for each food
level were terminated within +/- 4 hours of a 24 hour ex-
perimental period. The 24 hour-based computed data were
used in all subsequent calculationé (Output Equations 6-13,
Table 2)..

All cell count measurements and initial calculations
were based on changes in cell volume. This procedure was
initially imposed by the use of the Coulter Counter, which
assessed particle concentrations by monitoring the inter-
ruption of an electrical current conducted through the sea-
water medium, and thus measured particle volume displace-
ment. Particle number was simultaneously recorded as the
number of discrete pulses measured in a given volume of
water. Particle sizes were thus determined by conversion
of the volume of water displaced to an equivalent spherical
diameter for each pulse counted, assuming that the particles
could be represented as spheres. Mean particle size per
channel was calculated as a linear multiple of the channel
number and the counter sensitivity, and was based on a cal-
ibration curve generated for each aperature size and sensi-
tivity setting.

Cell availability to each copepod developmental stage
was first calculated as exponential mean biomass, EMB, or
exponential mean cell number, EMN (Output Equation &, Table
2) on a size-class-specific basis and total food basis, for
each food type separately and for both food species combined.
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These calculations were used to generate estimates of the
total cell volume or cell number removed (grazer flux loss)
from a flask (Output Equation 7, Table 2). The channel-
specific data for cell availability were then summed, as
were the ingestion rate calculations (Output Equation 8,

Table 2) for the same set of channels, in order to compare
cell availability directly to the amount ingested in each

cell size category. Filtration rate was calculated from
the channel data, and averaged over the channels for each
size category (1 pm ESD intervals) across the full spec-
trum of cells (Output Equation 9, Table 2). Ingestion
{volume basis, pm3/day) and capture (number basis, cells/
day) rates were first calculated on a per animal basis and
then converted to a dry weight basis (Output Equation 10,
Table 2). For the dry weight determinations (Table 3), 20
to 50 animals of each developmental stage were sorted from
laboratory cultures (for Oregon experiments) or from field
samples (Washington experiments) onto pre-weighed squares
of aluminum foil, dried at 60°C for 3-6 days in a drying
oven, and weighed on a Cahn Electrobalance.

Encounter rates for each cell type were calculated as
the product of the exponential mean cell number for each
size category times the maximum filtration rate calculated
for that experimental flask (Output Equation 1t, Table 2).
Encounter rates thus represented the number of cells in
each size category theoretically encountered by a copepod
in a given amount of time, assuming a constant grazing
(and filtration) rate over a 24 hour period. Retention
rates were then calculated to represent the number of cells
of each type theoretically encountered by an animal and
retained on the filter (Output Equation 12, Table 2). The
theoretical retention rate for each cell size category was
calculated as the encounter rate for than cell size times
the retention efficiency for a cell of that size. The
total number of cells encountered and theoretically re-
tained on the filter was used to estimate the effective
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availability of a cell to each developmental stage (Out-
put Equation 13, Table 2).
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Table 33 Dry weight measurements (mg/copepod) for each
developmental stage of Pseudocalanus sp. and
Acartia clausi. The mean of the two stage-specific
weights was used for experiments where stages were
combined. The weight estimate used in a given
experiment was appropriate for the time of year
and location from which the animals were collected.

Stage Pseudocalanus Acartié
CI + CII 1.2 0.8
CITI + CILV 3.3 2.5

cv 8.6 8.9

Female 11.4 13.1
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Results
Ingestion and Capture Rates
Ingestion rates for the developmental stages of

Pseudocalanus and Acartia clausi were calculated on a cell
volume basis (pm3/day). Capture rates were calculated on

a cell number basis (cells/day). Removal rates were first
calculated on a per animal basis (Fig. 1 and 2), and then
converted to a weight-specific basis (Fig. 3 and 4) to ad-
just for seasonal changes in copepod body size and weight
observed during the period of time over which experiments
were conducted. For this analysis, the data were combined
for the stages CI-CII, CIII-CIV,and CV-female, because no
differences in the maximum rates between stages were ob-
served (p<€.05) on either a per animal or on a weight-
specific basis. The data for Acartia CIII-CIV, and the CI-
CII stages of both species were treated together in all
subsequent analyses because these stages were difficult to
sort and were not consistently separated in the laboratory
grazing experiments. Animal weights for the combined
stages were adjusted for the number of animals of each
stage used in a given treatment. Because the animals may
have been feeding on the two food types using different
feeding mechanisms, the data for the two foods were ana-
lysed separately.

The ingestion and capture rate functions for feeding
on Thalassiosira were defined by a curvilinear equation
for the younger copepodites of both species. Feeding on
Isochrysis by all stages and feeding on Thalassiosira in

the oldest stages indicated a linear relationship between
ingestion or capture rate and food concentration. These
rates calculated on a per animal basis (Fig. 1,2) general-
ly increased with increasing developmental stage; rates
calculated on a weight-specific basis decreased with devel-
opmental stage (Fig. 3,4). Different patterns were ob-
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Figure 3-1 Stage-specific ingestion rate (106 um3/animal/
day) for the combined developmental stages of
Pseudocalanus sp. (@) and Acartia clausi (0).
Rates were calculated for each food separately.
Lines shown indicate the best fit of the data
to a linear (Y = aX + b) or curvilinear func-
tion. Curvilinear equations, indicated by an
asterisk, were calculated from the linear form
of an Ivlev function, I = Imax [l-exp (~kP)],
such that Y = In (Imax - I), b = 1n (Imax),

a =k, and X = food concentration (P). See
text for details.
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Figure 3-2 Stage—-specific capture rate (3.03 cells/animal/
day) for the combined developmental stages of
Pseudocalanus (®) and Acartia clausi (0).
Equations calculated as in Fig. 1.
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Figure 3-3 Weight-specific ingestion rate (lO6 um3/pg
copepod dry weight/day) for the combined
developmental stages of Pseudocalanus (@)
and Acartia clausi (0), Egquations calculated
as in Fig. 1.
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Figure 3-4

Weight-specific capture rate (103 cells/ug
copepod dry weight/day) for the combined
developmental stages of Pseudocalanus (®)

and Acartia clausi {(0). Equations calculated
as in Fig. 1.
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served for the older developmental stages (CV-female)as com-~

pared to the younger stages. Ingestion of Isochrysis by

CV + females decreased with increasing food concentration,
whereas the ingestion rates of stages CIII+CIV increased
with increasing food concentration. Ingestion of Isochry-
sis by the youngest stages (CI+CII) of Pseudocalanus was

approximately the same over the four concentrations studied
(P not significantly different from zero); Acartia CI+CIT
had elevated ingestion rates for ILsochrysis at the lowest
food concentration, although a regression of the data in-
dicated no consistent trend with food concentration (P not
significantly different from zero). The maximum daily graz-
ing removal of the youngest copepodites (CI+CII) was 3-5
times that of the adult female on a weight-specific basis

for Pseudocalanus, and 5-10 times higher for Acartia on

a cell number basis. Maximum ingestion and capture rates
for Thalassiosira were generally comparable between the two

grazer species, with Acartia CI+CII removing slightly more
of the diatom compared to Pseudocalanus CI+CII (Table 4).
Based on the ingestion and capture rate data, the con-

tribution of each food type to the ration ingested at each
food level was calculated on a cell number (Table 5) and a
cell volume (Table &) basis. For this analysis, the data
were calculated for the combined CI+CII and CIII+CIV stages,
and for stage CV and the adult female separately. Although
the absolute ingestion and capture rates calculated on a
per animal- basis for stage CV and the adult female of each
species were statistically similar, a different pattern was
observed in the percent of each food type removed by these
stages, and so the data were treated separately. For Pseudo-
calanus, tne mean percentage of Thalassiosira eaten (mean
of two replicate flasks at each food level calculated on a
cell numper basis) was lowest in the youngest and oldest
developmental stages (Table 5). Frseudocalanus CI+CII re-

moved 6-14% (¥ = 10.7%) of their ration as Thalassiosira,

and thus clese to 904 of the ration was from Isochrysis
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Table 3-4 Maximum ingestion and capture rates for Fseudo-

Stages

CI+CII
CIII+CIV
CV+Female

CI+CII
CILI+CIV
CV+Female

Stages

CI+CII
CIII+CIV
CV+Female

CI+CII
CIITI+CIV
CV+Female

calanus sp. and Acartia clausi developmental
stages. Data are estimates of the maximum dail
grazing removal on z stage-specific (per animal
basis and on & weight-specific (per ug copepod
dry weight) basis for each food type separately
(P.f., = T. fluviatilis; I.g, = I. galbana), and
for tne Two foods combinéd (Total).

Stage - Specific Rates

Ingestion Rate Capture Rate
1067pm§/animal/day 10° cells/animal/day
I.f. T.g. Total T.f. I.g. Total

Pseudocalanus
25 7 32 20 180 200
50 15 63 40 200 240
30 14 94 70 200 270
Acartis
37 3 45 35 150 135
25 12 37 20 200 230
g0 4 84 90 50 140

Weight - Specific Rates

Ingestion Rate Capture Ratq
10° un®/ug/day 10° cells/ug/day
T.f. I.g. Total T.f. I.g. Total
Pseudocalanus .
20 7 27 15 150 165
15 5 20 12 50 62
7 1.5 8.5 7 20 27
Acartisa
50 3 54 40 150 190
10 5 15 10 50 60
10 Q.5 10.5 7 5 12
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Table 3-5 Percent of the total ration contributed by
Thalassiosira and Isochrysis on a cell number
basis. Data are the mean percentage from two
replicate flasiks at each food level, and the
overall mean for each stage. A chi-square (X%)
analysis was used to compare the observed percent-
age of each food type in the ration to an expected
value of 10% for Thalassiosira and 90% for
Isochrysis based on the relative percentage of
eacn food type in the particle spectrum. p =
Significance level; NS = differences not signi-
ficant at the .05 level. See text for details.
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Table 3-5
Stages Food Level # Thalassiosira % Isochrysis X2 D
rseudccalanus
CI+CIT A 6 94 1.78 NS
B 14 86 1.78 N8
C 11 89 0.20 HS
D 12 83 0.44 NS
Mean 10. 89.3 NS
CIIT+CLV s 25 64 75.11 .01
B 44 56  123.44 .01
C 33 67  58.78 .01
D 13 32 7.10 .05
fean 32, 67.3% .01
cv £ 17 33 5.40 .35
B 22 773 16.20 ,01
C 49 51 169.00 .01
D o7 33 361.00 .01
Mean 33, 61.3 .01
Female A 25 75 25.00 .01
B 21 79 15.40 .01
C 27 73 22,11 .01
D 10 90 0.00 ug
Mean 20. 79.3 .01
becartia |
CI+CIT & 10 90 0.00 NS
B 20 20 11.10 .01
C 37 63 81.00 .01
D 24 76 21.78 .01
Mean 22. Ti.3 .01
CITTI+CIV A o 94 1.73 NS
B 36 o4 75.11 .01
C 29 61 9%.44 .01
D 14 36 1.73 NS
sean 23, 76.3% .01
Cv A 99 1 880.11 .01
B 30 70 44 .44 .31
G 27 73 22.11 .01
D 73 22 513.78 .01
viesn 5%, 41.5 ok
Female A %3 o7 58.78 .01
B 15 35 2.78 Ks
C 85 1% 625.00 .01
D 35 15 625.00 .01
¥ ean 54. 45.5 .01
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Table 3-6 Fercent of the total ration contributed by
Thalassiosira and Isochrysis on a cell volume
basis. Data are the mean percentage of two
replicate flasks at each food level, and the
overall mean for each stage. A chi-square (X%)
analysis was used to compare the observed per-
centage of each food type in the ration to an
expected value of 67% for Thalassiosira and
3%% for Isochrysis based on the relative per-
centage of eacn food type in the particle
spectrum. p = significance level; K5 = differ-
ences not significant at the .05 level., See
text for details ‘
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Table 3-6

Stages Food Level % Thalassiosira % Isochrysis X° p

Pseudocalanus

CI+CII A 54 46 T7.64 .01
B 72 28 1.13 NS

C 76 24 3.66 NS

D 80 20 7.74 .01

Mean 70.5 29.5 NS

CIII+CIV A Q0 10 23%.93 ,D1
B 92 8 28.27 .01

G 84 16 13.07 .01

D 88 12 19.95 .01

Mean 88.5 11.5 .01

Ccv A T4 26 2.22 NS
B 76 24 3.66 NS

c 92 8 28.27 .01

D 96 4 38.04 .01

Mean 84.5 15.5 .01

Femrale A 38 12 19.95 ,01
! 83 17 11.58 .01

G 92 3 28.27 .01

D 72 28 1.13 NS

Mean 83.8 16.2 .01

Acartia

CI+CII A 67 33 0.00 NS
B 78 22 5.47 .05

C 90 10 2%.93 .01

D 79 21 6.51 .05

Mean 78.5 21.5 .05

CITI+CIV A 57 43 4,52 .05
B 88 12 19.95 .01

c 89 11 21.89 .01

D 70 30 0.41 XS

Mean 76 24 NS

cv A 99 1 46,33 .01
B 88 12 19.95 .01

C 81 19 8.86 .01

D 93 2 43%.46 .01

Mean 91.5 8.5 .01

Female A 77 23 4.52 .05
B 65 35 0.04 NS

C 39 1 46.33 ,01

D 99 1 46.33 .01

Mean 85 15 .01
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over the four food levels. Female FPseudocalanus ate 10-
27% Thalassiosira (¥ = 20.7%). :The contribution to the
ration from the diatom increased with increasing foed con-
centration in the Pseudocalanus CV experiment, from 17% at
the lowest food level to 67% at the highest food concentra-
tion (¥ = 38.7%). The intermediate developmental stages
(CIII+CIV) removed 30% of their ration as Thalassiosira at
all but the highest food level (X = 32.7%).

For Acartia, the younger stages (CI-CIV) ate less
Phalassiosira on a cell number basis than the two older
Acartia stages, considering all four food levels together
(Table 5). Acartia stages CI+CII ate 10-37% Thalassiosira
on a cell number basis (X = 22.7%), approximately twice
the average ration eaten by Pseudocalapus CI+CII. Acartia
CIII+CIV generally ate less of the diatom than Pseudocala-
pus copepodites at the equivalent stage, ranging from 6 to
39% Thalassiosira in the ration on a cell number basis (¥ =
23.7%). Acartia CV primarily ate Thalassiosira at the low-
est and highest food concentrations (78% and 99%, respec-
tively), and almost no Isochrysis was eaten at the lowest
food level in this experiment. Acartia females ate the most
Thalassiosira at the two highest food levels (85%).

Over all experiments, Thalassjiosira averaged 10% of
the total number of cells available to the grazers at each
food level; Isochrysis averaged 90% relative abundance on
a cell number basis. Assuming both cell types were encoun-
tered, captured, and ingested in proportion to their numer-
ical abundance, the expected percentages for each cell type
in the ration would have been 10% and 90%, respectively.

A chi-square analysis of the percentage data (Table 5) in-
dicated that the contribution of Thalassiogsira to the ration
was consisten%ly greater than the expected 10% value in all
experiments except for Pseudocalanus CI+CII. For the older
stages, only level D in the adult female experiment was not
significantly different from the expected value. For
Acartia, 12 out of 16 percentages and the mean percentage
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for each experiment were significantly greater than the ex-
pected percentages on a cell number basis (Table 5). The
chi-square analysis of the percentage data thus.indicated.
that only in the youngest stages of Pseudocalanus (CI+CII)
were cells consistently removed in direct proportion to
their relative abundance in the focd spectrum. 4 similar
chi-square analysis of the raw number data (cells ingested/
minute vs. cells encountered/minute) for each food type in-
dicated that more Thalassiosira cells were eaten by all
developmental stages of both species than expected based on
the theoretical abundance of the diatom in the food spectrum
at all food levels (p<.01).

The data calculated on a cell number basis (Table 5)
may be compared to the contribution of each cell type to
the ration calculated on a total cell volume basis (Table
6). Total cell volume of the diatom was twice that of the
flagellate in all experiments (Table 1). Assuming now that
both cell types were retained by the copepods in proportion
" to their total cell volume in the water, the expected values
for the contribution of each cell type to the ration would
be 67% for Thalassiosira. and 33% for Isochrysis (i.e., a
ratio of 2:1). A chi-square analysis of the percentage
data on a volume basis (Table 6) indicated that in 11 out
of 16 instances, Pseudocalanus removed more of the diatom
than expected on a cell volume basis. The lowest food lev-
el in the Pseudocalanus CI+CII experiment was the only case
where less of the diatom was eaten than expected. For
Pseudocalanus, the level of significance of the chi-square
values for data calculated on a volume basis (Table 6) did
not always coincide with those calculated on a cell number
basis (Table 5). For Acartia, the proportions of each cell
type removed were significantly different than the expected
volume proportions in all but three out of the 16 compari-
sons. These treatments also showed no significant differ-
ence from expected values calculated on a cell number basis
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(Table 5). All mean percentages were greater than the ex-
pected volume proportions, but were not statistically
significant for Pseudocalanus CI+CII and Acartia CIII+CIV.
A chi-square analysis of the raw volume data (pm3 ingested/
minute vs. pm3 encountered/minute) indicated the same
pattern as the analysis of the percentage data (Table 6).
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Filtration Rate

An average apparent filtration rate was calculated
from the ingestion rate data (Output Equation 9, Table 2)
for each cell size category {1 um ESD intervals) across the
complete cell spectrum. The maximum filtration rate calcu-
lated from each experimental flask was defined as the high-
est mean filtration rate calculated for the 13-15 pm ESD
cell size categories in the Thalassiosira distribution (i.
e., the largest cells). This analysis assumed that (1)

filtration rate increased with increasing cell size (Frost
1972b), (2) tne largest cells in tne distribution were re-
moved with the greatest efficiency, and (3) the larger
cell size categories were not affected by any experimental
biases (e.g., ammcnia excretion-induced swelling of cells,
detrital formation, or particle production). The only ex-
cepticn to this procedure was in the adult female Acartia
experiment, where maximum ingestion and filtration rates
were always observed in the 9 and 10 pm ESD size categories.,
Weight-specific ingestion and capture rates were sim-
ilar for CV and adult females of each species primarily
because of the differences in the body weights calculated
for these developmental stages. However, the maximum fil-
tration rates calculated for females were 2-3 times higher
than the rates calculated for the stage CV of that species.
The filtration rate data for these two stages were thus
treated separately (Table 7). Pseudocalanus CIII+CIV data
were also treated separately, since the estimated maximun

filtration rates calculated for these stages were somewhat
different. The expected decrease in filtration rate with
increasing food concentration was observed in some experi-
ments for each species. HMaximum filtration rates for
Pseudocalanus were higher, on average, for the older devel-

o.mental stages. Values ranged from 13.7 (+/-7.4) mls/
animal/day for the adult female to 5.5 (+/-1.2) mls/animal/

day for stages CI+CII. Acartia females alsoc had a higher
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Table 3/ Maximum filtration rate (mls/animal/day) for the
developmental stages of Pseudocalanus and Acartia
The value calculated at each food level

clausi.
was the mean rate from two replicate flasks

The mean over all four food levels is also 1listed
for each developmental stage.

Stage

Pseudocalanus

CI+CII
CIII
civ

cv

Female

Acartia clausi

CI+CILI
CITI+CIV
cv

Female

5.4
7.2
12.2
13,2

11.4

7.3
4.4
7.7
18.7

B

5.6
8.6
6.9
9.6
25.3

6.9
7.8
5.2
18.6

Food Levels

C D
6.7 5.5
5.2 4.4
4.9 5.0
6.6 7.8

17.6 16.8
12,6 5.1
9.4 4.3
5.1 8.5
15.9 13.5

Mean

[SANAN 3|

10‘

18.
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mean maXimum filtration rate than their copepodites,

but the relationship between filtration rate and develop-
mental stage was not as pronounced as in the Eseudocalanus
data.

Fncounter Rate and Retention Rate

The previous analyses of the percent contribution of
each cell type to the ration (Table 5 and 6) used the basic
assumption that Thalassiosira and Isochrysis cells were
encountered and retained by the copepods in direct propor-
tion to their numerical abundance (Table 5) or on a cell
volume basis (Table 6). The deviations from the expected
proportions that occurred could have resulted from the
active selection or rejection of one cell type over the
other. However, the apparent selection of a cell type
could also have resulted from the variable efficiency with
which cells of different sizes were retained on the filter
of each species. These results could have been interpreted
as supporting either an active or a passive feeding process.
An additional analysis of the data was thus necessary in
order to determine the degree of apparent selection for
cells that occurred strictly due to a passive, mechanistic
selection process.

Encounter rates for each cell type (Output Equation 11,
Table 2) were calculated to represent the number of cells
in each size category (and total number of cells within each
cell distribution) theoretically encountered by a copepod.
Retention rates were then calculated to represent the num-
ber of cells of each type theoretically encountered by an

animal and retained on the filter (Qutput Egquation 12,
Table 2). The theoretical retention rate for each cell size

category was calculated as the encounter rate for that cell
size category times the retention efficiency for a cell of
that size (Table 8). The retention efficiency for each cell
size category was determined from the distribution and rel-




76

Table 3-8 Retention efficiencies (ei) for the developmental
stages of Pseudocalanus and Acartiszs clausi.
Retention efficiencies for the different cell
size categories were calculated as the cumulative
percent frequency of intersetule spacings on the
second maxilla of each developmental stage that
theoretically would retain a cell of the equiva-
lent spherical diameter (ESD). Means of stages
shown were used in the calculations for grazing
experiments where stages were combined. Size
categories 1-4 represented cells in the Isochrysis
distribution. Size categories 5-11 represente%
cells in the Thalassiosira distribution.




Size ESD Retention Efficiency (%)

Category (um) CI CII Mean CIIT Civ Mean Cv Female
Pseudocalanus

1 8.1 1.% 4.7 2.7 6.2 4.4 3.3 4.0

1 2 51.0 40.5 45 .8 45.4 50.8 48 .1 39,9 40.7

2 3 77.7 76.1 76.9 78.2 81.3% 9.7 76.6 67.9

3 4 87.3 86.5 86.9 89.2 30.1 89.7 B87.6 83%.6

4 ) 94 .4 92.3 93.4 96.0 94.8 95.4 91.5 90.0

6 97.9 96.1 g97.0 99.1 97.2 98.2 94.4 92.7

7 99.6 96.6 93.1 100 99.0 99.5 96.3% 94.7

8 100 97.2 98.6 100 99.7 99.9 97.6 95.5

5 9 100 97.3 98.7 100 99.9 100 98.4 96.0

6 10 100 97.6 98.8 100 100 100 99.0 96.8

7 1 100 100 100 100 100 100 99.4 97.0

8 12 100 100 100 100 100 100 99.7 97.2

9 13 100 100 100 100 100 100 100 97.2

10 14 100 100 100 100 100 100 100 37.2
11 15 100 100 100 100 100 100 100 100

Acartia clausi

1 0.6 0.3 0.7 0.8 0.2 Q.5 1.1 0.0

1 2 7.3 17.6 12.95 12.2 8.8 10.5 1%.8 4.2

2 3 30.1 49.4 39.8 32.5 40.6 36.6 44.% 14 .1

3 4 49.7 71.2 60.5 55.6 66.9 01.3 67.17 29.2

4 5 67.6 85.1 76 .4 4.1 19.4 76.8 19.7 50.9

6 81.7 92.4 87.1 88.8 91.9 90.3% 88.6 64.3

7 87.3 95.9 91.6 93%.3 98.7 96.0 97.2 70.7

8 92.8 98.0 95.4 95.2 99.8 97.5 99.1 7.2

5 9 95.6 100 97.8 97.% 100 93.7 100 84.8

6 10 98.6 100 99.0 93.% 100 100 100 -~ 92.3

7 11 98.6 100 99.2 99.1 100 100 100 94.9

8 12 93.8 100 99.4 99.%2 100 100 100 95.3%
9 13 99.6 100 99.6 99.6 100 100 100 100
10 14 99.8 100 99.6 99.6 100 100 100 100
11 15 100 100 100 100 100 100 100 100

8-¢ ®TQEL
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ative abundance of intersetule spacings on the second max-
illa of each developmental stage of Pseudocalanus and Acar-
tia (Chapter 2).

From the calculation of capture rate, encounter rate,
and retention rate, three efficiency indices were calculat-
ed (Table 9). These indices represented the range of effi-
ciencies with which cells theoretically encountered and re-

tained on the filter were eaten by each copepod species,
assuming (1) the random encounter of different sized cells
on the filter, (2) a slight overlap between the equivalent
spherical diameter of a cell and the measured intersetule
spacings on the filter (+/- 0.5 nm) to ensure the effective
retention of a cell on the filter, and that (3) the distri-
bution of intersetule spacings was critical in determining
the passive selection of different sized particles. The
three indices were calculated as an average over all size
categories within each food type, and on a total food basis.
The first efficiency index, EI(1) = CR/ER (Table 9),
represented the mean capture efficiency for cells theoreti-
cally encountered by a copepod. Since for this calculation
all cells were considered available to a copepod, EI£1! was
considered a minimum efficiency estimate as it did not take
into account the variable retention efficiency of the cope-
pod filter for cells of different sizes. The second index,
EI(2) = CR/RR, represented the mean capture efficiency for
cells that were theoretically encountered by an individual,
retained on the filter, and subsequently eaten. EI(2) was
thus a maximum efficiency estimate, and included a morpho-
logical component for cell selection. The third index,
EI{(3) = RR/ER, represented the theoretical mean retention
efficiency for cells based solely on the morphology of the

filter. This index represented the mean retention efficiency
used to calculate gzig); thus, EI(2) = EI(1)/EI(3). These
efficiency indices were calculated for the CI+CII and adult
stages of each species to indicate the range of values for
each species. Values for the intermediate developmental
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Table 39 Efficiency Indices (EI) calculated from
replicate flasks for the oldest and youngest
stages of Pseudocalanus ang Acartia clausi.
These indices were calculated as ratios of the
estimated capture rate (CR), encounter rate
(ER), and retention rate (RR) for each stage.
EI(1) = CR/ER; BI(2) = CR/RR; EI(3) = RR/ER
for each food type and on a total food basis.
See text for details.




Thalassiosira Isochrysis

Stage Food Level
BI(1) EIL{2) EI(3) EI(1) EI(2) EI{3)

Total
BI(1) EI(2) EI(3)

Fseudocalanus
CI+CIL D1 .52 .32 .99 .21 .25 .85 .22 .29 .86
D2 47 417 .99 .40 .47 .84 .40 .47 .86
C1 .40 .40 .99 4 17 .85 .16 .19 .86
c2 .30 .30 .99 .15 .18 .85 .16 .19 .86
B1 .57 .97 .99 .16 14 .85 19 .22 .86
b2 .57 57 .99 .28 .33 .85 .29 .34 .86
A1 A7 A7 .99 .16 .19 .85 .10 .19 .85
A2 .25 .25 .99 .22 25 .85 .22 .25 .86
Mean .38 .38 .99 .22 .29 .85 .23 .26 .36
Female D2 .67 .68 .98 .25 .33 I .27 .35 .18
C1 .39 .40 .97 .06 .08 .80 .08 .10 .81
c2 .43 .44 .97 .06 Moy .80 .08 .10 .81
B1 .57 .59 .38 .14 1B .79 .16 .20 .80
B2 33 34 .97 .08 10 .19 12 .15 .80
h2 .90 .93 .97 .15 19 .81 20 .24 B2
Mean .55 .56 97 .12 .16 .19 .15 .19 .80
Acartia clausi
Ci+CII D1 .43 .49 .99 .09 .16 .56 .12 .20 .59
D2 .22 .22 .99 .23 .44 .91 .23 .38 .59
C1 .%9 .39 .99 .04 .a3 .92 .06 .12 .54
c2 22 .22 .99 .03 .0% .55 .04 .07 .58
m A3 .13 .99 .05 .10 .95 .06 .10 .98
B2 .19 .19 .99 .04 .01 .96 .05 .09 .58
A1 .43 .49 .93 « 36 7Y .56 Y .62 .59
k2 .50 .50 v 99 .24 .42 .56 .25 .43 .99
Mean .33 .33 .99 .14 .25 .59 .15 .25 .58
Female m A7 49 .97 .0 .0 .29 .04 .44 .35
D2 .42 .44 «9hH .02 .07 27 .06 A7 .34
C1 .42 .44 .95 .01 .05 .29 .05 .15 .35
ce .45 .47 .93 .01 . .29 .05 .13 355
B1 .41 4% -5 <14 .91 23 .25 .14 .34
Al .u8 .93 .95 .15 4% .29 18 .54 .34
A2 .72 Y TR V. A7 .57 .50 .22 .61 .35
mean .54 .57 .96 .07 .24 29 12 .40 .35

6—¢€ 9TABL
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stages were intermediate to the values calculated for the
oldest and youngest stages of each species.

Based on the estimates of retention efficiency (EI(3),
Table 9), Pseudocalanus and Acartia copepodite stages could
retain cells within the Thalassiosira distribution (9-15 um
ESD) with equal efficiency; Isochrysis cells were more
efficiently retained by Pseudocalanus developmental stages.

In both copepod species, cells could theoretically have
been retained with the greatest efficiency by the youngest
(= smallest) stages, due primarily to the allometric rela-
tionship observed between developmental stage {i.e., body
size) and the size of pores on the filter (Table 8); small-
er iﬁdividuals of both species, both within and between
stages, could theoretically retain smaller cells more effi-
ciently, but could still retain larger cells as efficiently
as larger animals:

Values for EI(1) and EI(2) differed only slightly for
Thalassiosira due to the high retention efficiency for the
larger cells by all copepods. For Isochrysis, values for

EI(2) were always higher than efficiency estimates calcu-
lated as EI(12 due to the lower retention efficiency cal-
culated for the smaller cell type (Table 8 and 9). This
pattern also held for the indicies calculated for the two
cell types combined {Totals, Table 9), because of the high
numerical abundance of Isochrysis in the food spectrum (89-

96% relative abundance on a cell number basis over all ex-
periments).

The adult females of both species were equally effi-
cient at capturing diatom cells (EI(1) = 54-55%, Table 9),
as were the youngest developmental stages of both species
{33-38%). The older stages of each species were more effi-
cient than the youngest stages of that species. Although
the data were variable between food levels, Pseudocalanus
copepodites ate a higher percentage of the Isochrysis cells

theoretically encountered compared to Acartia copepodites
at the equivalent developmental stage (EI(1) for Isochrysis
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= 22% vs., 14% for females, 12% vs. 7% for stage CI+CII,
Table 9). However, based on the comparison of values cal-
culated for EI(2), Acartia developmental stages were just

as efficient as Pseudocalanus in procuring a ration (on a
cell number basis) from the Isochrysis distribution (EI(2)
= 16-25% for Pseudocalanus, 24-25% for Acartia, Table 9).
This result could be attributed to the relatively higher
capture rates for Isochrysis cells by Pseudocalanus.

On a total food basis, 78-86% of the cells encountered
by Pseudocalanus could have been retained on the filter and
eaten (EI(3), Totals, Table 9). Only 34-59% of the cells
encountered over the full particle spectrum(could theoreti-

cally be retained by Acartia. However, Pseudocalanus devel-
opmental stages were only slightly more efficient at captur-
ing cells that were theoretically encountered over the

total particle spectrum at comparable developmental stages
(EI(1), Totals, Table 9), even though a much wider size
range of cells was theoretically available to this species
and individual capture rates were higher., Overall, the
Acartia female was the most efficient in capturing cells
available to it within the full particle spectrum; that is,
Acartia females removed 40% (EI(2) = .40, Table 9) of the
cells theoretically available over the full particle spec-
trum. A chi-square analysis of the observed percentages
of cells removed (EI(1), Table 9) compared to the expected
percentages of cells theoretically retained by the filter
(EI(3), Table 9) indicated that all comparisons were signif-
icantly different (p € .01) for both food types, and on a
total food basis. This analysis suggested that all copepods
were relatively inefficient at removing cells theoretically
available to them. A chi-square analysis of the observed
percentages for §££1) compared to an expected value for the
capture efficiency of cells assuming 100% retention effici-
ency (i.e., EI(2) = 1.0) also indicated that all copepods
removed cells as if they had a very leaky sieve, or were at
least inefficient at eating cells that could be retained on
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the filter.
Food Ration vs. Effective Food Availability

The number of cells in the daily ration coming from
each size category (1 um ESD) across the particle spectrum
was compared to the number of cells from each size cate-
gory theoretically encountered and available to each graz-
er. The ration data were first calculated as the number of
cells removed from each cell type distribution. These data
were compared to the estimates of effective food availabili-
ty calculated as the number of cells in each size category
that were theoretically encountered and retained on the
filter (Output Equation 13, Table 2). Differences between
the number of cells eaten and the number of cells available
within each size category were tested using the Kolmogorov-
Smirnov statistic (Sokal and Rolf 1969, Cowles 1979). This
statistic tested the level of significance of deviationsa
between an observed frequency distribution (e.g., the num-
ber of cells in the ration in each size category within a
cell type distribution) and the expected distribution (e.g.,
the number of cells available in each size category within
that distribution) from which the observed distribution was
sampled. The relative proportion of cells from each size
category in the ration and in the food suspension were also
calculated, and differences tested using a chi-square analy-
sis. The Kolmogorov-Smirnov statistical test as applied to
the numerical data was considered a more critical analysis
than the chi-square test of the proportion data.

All developmental stages of both species ate signifi-
cantly more Isochrysis than were theoretically encountered

and retained on the filter (p €.05). For Pseudocalanus
feeding on Thalassiosira, in only 7 out of a total of 40

flasks combined over all 5 grazing experiments (17.5%) was
there a significant difference between the observed ration
and the theoretical number of cells available (Table 10).

Only Pseudocalanus CV ate significantly less Thalassiosira
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desults of the Kolmogorov-Smirnov statistical
analysis for Pseudocalanus. This analysis tested
the significance of the deviations between the
observed frequency distributions of the number of
cells eaten by a copepod (CR, cells/animal/min)
and the expected distribution of cells encounter-
ed and theoreticezlly retained on the filter (RR,
cells/animal/min) using the estimate of effective
availability (Output Equation 13, Table 2) for
each developmental stage experiment. All tests
were significant at the p<.01 level for Isochry-
sis, and are not included below., Only those
Tests indicating a significant difference (p>».05)
between the observed and expected cell frequency
distributions for Thalassiosira are listed below.
L max = the maximum deviation between the ob-
served and expected number of cells eaten within
a distribution from a particular cell size cate-
gory. N = total number of cells theoretically
encountered and retained on the filter (total
number of cells/animal/min). Positive values

for the maximum deviation between size categories
in the two distributions resulted when CR>RR.
Negative vaules resulted when RRPCR. See text
for details.

Stage Food Level D max N D max/N D
CI+CII D1 8.1 20.8 0.26 .05
c2 7.3 29.1 0.25 .05
CV BZ _25-2 36-4 On69 501
A1 T.8 26.8 0.29 .0%
A2 11.6 29.2 0.40 .01
Female Cc1 1%5.1 66.1 0.22 .01
B2 30.8 3.8 0.42 .01
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cells than expected. In the other six cases, more of the
diatom was eaten than expected. All other ration distribu-
tions were not significantly different from the expected
distribution for Thalassiosira (p <.05).

For Acartia experiments, in 16 out of 28 flasks (57.1%)
the ration distributions were significantly different from
the expected distribution for Thalassiocsira (Table 11).

For the adult female, all tests were significant (p <.05)
except for one replicate flask at the lowest food level.

In only one flask (DP1) was less Thalassiosira eaten than
expected. All tests indicated no difference between the
observed and expected frequency distributions for stage CV.
For the younger developmental stages of Acartia, 4 out of
7 tests were significant in the CIII+CIV experiment, and

6 out of 8 tests in the CI+CII experiment (Table 11).

The food ration and effective availability distribu-
tions from an adult female experiment (food level A) ex-
emplified the responses typically observed in all Pseudo-

calanus grazing experiments (Fig.5 ). For this analysis,
the data were expressed as the relative proportion of cells
eaten (r) or available (p) in each cell size category across
the two cell distribution. (Although plotted on the same
axes, the proportions for the two cell distributions were
calculated separately.) These data indicated the close
relationship between the observed and expected relative
frequency distributions for each cell type in the Pseudo-
calanus experiments. In comparison, Acartia females at the
same food level preferentially removed large cells within
the Isochrysis distribution and small cells within the
Phalassiosira distribution (Fig. 6). ‘This result was in-
dicated by the shift in the ration distribution to the

right of the Isochrysis distribution and to the left of the
Thalassiosira distribution, and supported the hypothesis

of active selection for intermediate-sized cells by Acartia
females. In contrast to this apparently active selection

event, younger developmental stages of Acartia removed




Table 311 Results of the Xolmogorov-Smirnov statistical
analysis for Acartia clausi.

All tests were

significant at the p¢.01 level for Isochrysis,

but are net listed below.

dnly those ftests
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which indicated z significant difference (p<0.05)
between the observed and expected frequency
distributions for Thzlassiosira cells are listed
below. Notations zs in Table 10.

See text for

details.
Stage Food Level D max N D max/N p
CI+CII DA 1.7 30.2 .26 .05
D2 12.2 53.4 .23 .01
C1 9.9 45.4 .22 .05
Cc2 22.3 79.8 .29 .01
B1 7.5 21.5% «35 .01
B2 10.1 30.2 .33 ey
CII{+CIV D2 13.4 42.0 .32 .01
¢ 13.2 50.0 .26 .01
c2 11.0 44,0 .25 .01
B1 10.1 35.3 .29 «01
Female D1 -15.4 92.5 7 .01
D2 33.2 162.5 .21 .01
C1 25.3 141.4 .18 01
cz2 26.4 12Q.0 .22 .01
B 23%.9 101.0 .24 .01
A1 5.9 21.3 .23 .05
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Figure 3-5 Proportion of cells in the ration (r) com-
pared to the proportion of cells theoretically
filtered and available (p) to Pseudocalanus
adult females (Food Level A, relicate flask
2). Size-class-specific data were grouped
into intervals of 1 pm ESD over the full
range o0f cells offered to grazers in each
experiment (2-15 pm ESD). The distribution
on the left represents Isochrysis cells. The
distribution on the right represents Thalassio-
sira cells.
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Figure 3-6 Proportion of cells in the ration (r) compared
to the proportion of cells theoretically fil-
tered and available (p) to Acartia clausi
adult females. Notation as i1n Fig. 3-5.
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Figure 3-7 Proportion of cells in the ration (r) compared
to the proportion of cells theoretically fil-
tered and available (p) to Acartia clausi
CI+CII. Notation as in Fig. 3=5.
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Isochrysis cells in proportion to their relative abundance
but preferentially ate the larger cells within the Thalas-
siosira distribution (Fig.7 ).

For a final analysis of the grazing data, a Relativigz-
ed Electivity Index (Vanderploeg and Scavia 1979a,b) was
calculated in order to quantify the degree of particle se-
lection observed in the developmental stages of Pseudocala~
nus and Acartia. This index is analogous to Ivlev's (1961)
Electivity Index, but is unaffected by changes in the rel-
ative abundances of food types between samples, and may be
appropriately used tc compare different samples containing
the same food types (Lechowicz 1982). TFor this calculation,

B i =(di- 1/8)/(¥i + 1/0),

where Wi = the normaligzed selectivity coefficient of Van-
derploeg and Scavia (1979a), calculated as (ri/pi)/ixri/pi)
for each food size category, i, and N = the number of food
size categories (N = 4 for Iscchrysis; N = 7 for Thalassio-
sira). The Eié index varies from +71, indicating maximum
positive selection for a food type, to -1, indicating com-
plete rejection of a food type. Random feeding is desig-
nated by a value of zero. The mean electivity for each cell
size category was calculated for each developmental stage
over all food levels from an experiment, using the estimate
of effective cell availability for the value of p (Table
12). Selection was considered significantly diff;rent from
random feeding at E*i.>-+/— 0.55, because an index of this
value or greater was calculated from the original food ra-
tion and cell availability proportions whnen the proportions
differed by »10% in a given cell sigze category. Although
this criterion for judging the level of significance was

qualitative, the analysis of the electivity data indicated
the same resulits as the statistical analyses of the cell
nunber data (Table 10 and 11), and was thus considered an
appropriate test of the data.
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Table 3-12 Mesn electivity index for the developmental
stages of Pseudocalénus sp. and Acartia clausi.
Indices (+/- 1 standard deviation) were calculat-
ed for 11 size categories. An electivity value
of Y% 0.55 was considered significantly different
from the assumption of random feeding, since only
at this level were the ration and cell availabil-
ity proportions different by more than 10%. Size
categories 2-5 represent Isochrysis cells. Size
categories 9«15 represent Thalzssiosira cells.




Cell Si t ' i
Stage ze Category (ESD in um)

2 3 4 5 9 10 11 12 13 14 15
Pseudocalanus sp.
CI+CII -.87 -.38 -.05 -1.0 ~.91 -.25 .10 .19 .09 .20
(.34) (:61) (. 51)( 51) (0.0) (.15) «(.35) (.13) (.11) (.37) (.41)
0111 -.95 .29 - 24 - 04- --07 -.06 -.04 -.05 .09
(.13) (. 44) (. oa) (.53) (.41) (.15) (.08) (.11) (.18) (.22)
CIvV -1.0 45 -.08 ~.05 =.12 -.01 =.13 -,06
(0.0) (. 44) ( 05) ( 29) (.34) (.23) (.14) (.17) (.31) (.58)
cv -1.0 -1.0 -.50 .60 =-.9% -.45 -.23 .04 .02 .13 .39
(0.0) (0.0) (.41) (.18) (.12) (.37) (.28) (.14) (.13) (.12) (.12)
Female -1.0 -1.0 -.54 -.25 -.69 -.33 -.22 -.07 .09 .11
(0.0) (0.0) (.23) (.%6) (.39) (.47) (.22) (.13) (.15) (.18) (. 23)
Acartia clausi
CI+CII -1.0 =1.0 -.41 .54 -.79 -.87 =-.54 -.13 .05 .12 .48
(0.0} (0.0) (.41) (.08) (.29) (.16) (.28) (.12) (.17) (.11) (.11)
CIII+CIV -.40 .49 -1.0 =-.89 -.41 04 .12 .09 .35
(.53) (.19) (0.0) (.22) (.36) (.22) (.09) (.30) (.28)
cv -.69 .73 -1.0 =~-.86 =.27 .09 .07 .16 .39
'(.48) (.25) (0.0) (.21) (.18) (.07) (.11} (.01) (.12}
Femal 1.0, -1.0, . 7 , 27 . - -. -, - -
emate 8 W8 T (TS B 2y Xy TH ol Ey O

2TA®L

¢I-¢€
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For FPseudocalanus, positive selection for Isochrysis

was measured in the 5 pm ESD cell category for the copepo-
dite stages. However, overall, these data were no: consid-
ered significantly different from random feeding based on
the criterion indicated avove. DPositive selection for
Thalassiosira cells of 12-15 pm ESD was also indicated, but

the electivities were again all€0.55. This pattern was thus
not considered significantly different from randonm feeding
(i.e., r-p<0.10). Cells in the 2 and 3 pm ESD size cate-
gories were strongly rejected.

Acartia develcpmental stages also showed positive sel-
ection for 5 um cells within the Isochrysis distribution,

although the pattern was only considered significantly dif-
ferent from random feeding for the older stages (CV+female).
Cells in the 2 and 3 um size categories were strongly re-
jected. Within the Thalassiosira distribution, 9 and 10 Jam
cells were apparently rejected by the copepodite'stages of
Acartia (CI-CV). TFositive selection was observed for the
larger cells (12-15 um ESD), but once again the feeding

pattern was not considered significantly different from
random feeding for these stages. _Acartia females apparent-
ly rejected 12 and 13 um cells, and showed weak (but not
significant) positive selection for the 9 and 10 pm cells.



95

Discussion
Feeding Patterns

It has generally been accepted that zooplankton feed-
ing saturates with increasing food concentration according
to a rectilinear model (Frost 1972a), a modified Ivlev
curve (Parsons gt al. 1967), or some other curvilinear re-
lationship (Mullin et al. 1975). However, in several stud-
ies where copepods were fed ambient concentrations of nat-
ural food, a linear relationship between ingestion rate and
particle concentration has been observed (Poulet 1974, May-
zaud and Poulet 1979), with an inflection in the feeding
curve only occurring at or above the ambient concentration
of particles that the grazers had been experiencing in the
field (Conover 1978). Thus, recent studies have suggested
that copepods regularly acclimate to in situ concentrations
of particles by the induction of substrate-specific diges-
tive enzymes (Mayzaud and Poulet 1979, Cox 1982), and that
the saturation-type feeding response observed in laboratory
grazing experiments was an artifact resulting from the
sudden exposure to high levels of natural particles or ar-
tificial foods (laboratory-grown cultures, plastic spheres)
which the copepods had not recently been experiencing. In
the present study, non-saturating, linear ingestion rates
were measured for all the developmental stages of Pseudo-
calanus and Acartia feeding on the smaller cell, Isochry-
gis. Linear rates were also measured in experiments with
the older stages (CV+females) feeding on either Isochrysis
or Thalassiosira. Only the ingestion functions of the
younger developmental stages (CI-CIV) of both species feed-
ing on Thalassiosira indicated a curvilinear relationship
to increasing food concentration, and only in these exper-
iments was an apparent maximum ingestion rate reached with-

in the range of food concentrations offered.
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Although non-saturating feeding curves have generally
been observed in natural particle experiments, the data
from the present study exemplified a similar acclimation
response to the "ambient" food types and cell concentra-
tions offered in the laboratory grazing experiments. By
offering relatively high concentrations of the experimental
food particles prior to the beginning of a grazing experi-
ment, the three day preconditioning period (at Level B,
Table 1) apparently allowed the copepods enough time to
physiologically adjust (i.e., enzymatically acclimate) to
the experimental food types. Furthermore, the data suggest-
ed that the recquisite digestive physiology may have. been
developed only in the older copepodite stages of both graz-
er specieg. Thus, the curvilinear feeding curves indicated
in the experiments for stages CI-CIV of both copepod species
may have resulted either from the fact that (1) the recqui-
site digestive physiology had not yet developed in these
stages, such that an acclimation response to the experi-
mental food types was not possible (or at least not observ-
able), or (2) the necessary digestive physiology existed
but due to their small size, these animals reached their
maximum gut capacity and gut passage time at the high con-
centrations of food offered, and thus a maximum ingestion
rate was observed. The fact that a saturation response was
observed only in the younger stages feeding on the larger
" diatom cells also suggested that cells may have been per=
ceived on a cell volume basis., That is, rather than numer-
ical abundance , cell volume may have been the primary char-
acteristic of the phytoplankton that determined its avail-
ability to the younger copepodites, either because of their
limited gut capacity, or due to their limited morphological
and chemosensory capabilities for assessing, capturing,"and '
retaining the smaller cells. Although the feeding rate data
were better correlated with food concentration expressed on
a volume basis for all but the youngest developmental stages
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(Fig.1-4), the analyses of the ration percentages were in-
conclusive in statistically testing whether cell availabili-
ty was assessed on a cell volume or a cell number basis.

The linear relationship between ingestion rate and
Isochrysis concentration varied between developmental stages.
The older copepodites of both species decreased their in-
gestion rate of Isochrysis with increasing cell concentra-
tion, suggesting that at high particle concentrations these
copepods became more selective, and preferentially fed on
the larger cells., These selective capabilities were not
generally apparent in the ingestion responses of the young-
er developmental stages, however, where a linear increase
in ingestion was observed over the increasing Isochryais

concentrations offered: an apparent non-selective, mechan-
istic response to increasing particle concentration. The
three day preconditioning period appeared to be a sufficient
amount of time to allow an apparent acclimation to the ex-
perimental food types and concentrations, at least in the
older developmental stages of Pseudocalanus and Acartia
clausi. These data also suggested that an ontogenetic com-
ponent to the physiological capabilitiea of copepod grazers
may exist. Thus, developmental changea in digestive physi-
0logy may be added to the list of factors which interact to
produce the variety of feeding responses observed in herbi-
vorous, marine copepods.

The Kolmogorov-Smirnov statistical analyses of the nu-
merical abundance data were first used to indicate the degree
of apparent selectivity for particles of different sizes
across the two cell distribution. In all cases, the frequen-
¢y distribution of Isochrysis in the ration was significantly
different from the expected frequency distribution for all
developmental stages of both species- Only 17.5% ( 7 out of
40) of the tests for Thalassiosira indicated a significant
difference between the frequency distribution of cells in the
ration compared tc the expected cell distribution for the
developmental stages of Pseudocalanus {Table10), suggesting
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the passive filtration of diatom cells. For Acartia devel-
opmental stages, 57% (16 out of 28) tests indicated a sig-
nificant difference between the observed and expected fre-
quency distributions, suggesting a greater degree of selec-
tion may have been occurring for the developmental stages

of Acartia. HNegative deviations in the calculation of this
statistic were achieved when the number of cells in a parti-
cular size category of the observed ration distribution was
less than the number of cells theoretically available to

the copepod from the expected cell distribution, Negative
deviations could have resulted from (1) the inefficiency
with which cells were removed from the distribution and eat-
en, (2) selection againat the modal size class in a particle
~ _distribution ,(that is, selection for cells either larger or
smaller than the modal size), or {(3) could have resulted
from such experimental biases as the production of particles
due to the breakage of cells during feeding, or changes in
cell size or in the shape of the overall particle distribu-
tion due to ammonia regeneration in the experimental flasks
(see below). The analyses for Isochrysis were significant
due primarily to the low efficiency with which the smaller
cells within this distribution could be captured and eaten,
and because of the high numerical abundance of Isochrysis

in the food mix. That is, relatively small maximum devia-
tions (Dmax, Table 10 and 11) from the expected number of
cells eaten in a particular size category resulted in high-
ly significant differences between the observed and expected
frequency distributions. These deviations resulted primar--
ily from the limitations imposed on feeding by the morpho-
logy of the second maxilla for filtering and retaining the
smallest cells (Table 8).

The analyses of the numerical data for cells within the
Thalagsiogsira distribution using the Kolmogorov-Smirnov
statistic were significant primarily when the modal size
class within the distribution of ¢ells in the.ration was
different from the modal size class in the distribution of
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available cells (Table 11, Fig.¢ and 7). Significant
differences petween the numerical distribution of cells
eaten vs. the number of cells encountered and theoretically
retained on the filter may have been indicative of active
selection for particular particles, or could have reflected
the general "leakiness" of the filtering apparatus, or re-
sulted from the fact that the larger cells which could be
more efficiently filtered, were not necessarily transferred
efficiently to the mandibles for ingestion. Since negative
deviations from the Thalassiosira distribufion were measur-

ed in only one flask for each species, particle production
in the intermediate sizZe classes due tc "sloppy feeding"

and size changes caused by ammonia regeneration were not
considered significant problems in the final analyses of the
grazing data. Although these analyses allowed a statistical
quantification of the differences between the observed and
expected frequency distributions, the Kolmogorov-Smirnov
statistic only measured the overall differénce between the
two curves, and did not show where in the particle distribu-
tion selection might be occurring. These data were thus used
to indicate the apparent "leakiness" of the filtering appa-
ratus of all the copepods, and to suggest that cells were
generally removed from the water in accordance with a mech~
anistic theory of feeding for all the stages of Pseudocala-

nus, and for the younger stages of Acartia clausi.

Particle selection was studied by calculating an electi-
vity index for each particle size category (Table 12).
This analysis indicated that positive selection was signi-
ficantly different from random feeding only for the 5 pm
ceiis within the Isochrysis distribution for the older stages
of Pseudocalanus (CIV-CV), and for CV and female Acartia.
The significant negative values for Ei; calculated in the

2 and 3 pm size categories resulted primarily from the morph-
ological limitations of the feeding appendages, as discussed
above. These small cells were probably not rejected. They
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were simply unavailable to the copepods based on the struc-
tural characteristics of the mouthparts. Significant neg-
ative values for small cells within the Thalassiosira dis-
tribution were calculated for the youngest (CI+CII) and
oldest (CV+female) developmental stages of Pseudocalanus,
and for all the copepodite stages of Acartia. These cell
sizes were theoretically retained by a large number of
setule spacings on the second maxillae of all the copepods
(Table 8). The significant negative values for E i for the
small cells within the Thalassiosira distribution may have
resulted from a subtle shift in the ration distributions to
the left of the cell availability distributions as food
concentration decreased. That is, at high food levels the
copepods ate slightly larger cells than at the low food
concentrations. This trend was observed in the data for
both copepod species, although not specifically quantified
for the treatment of the data presented here. This pattern
of greater selectivity at higher food levels (i.e., the
gselection of particles at lower relative abundance than

the modal size class) was consistent with the hypotheses

of optimal foraging theory, but the data are treated else-
where (Polis and Dexter, im prep.). It is also possible
that the elevated ingestion and capture rates on Isochrysis
observed in the older stages of both species resulted from
this shift in the ration toward the particle peak as total
food concentration decreased. The significant shift in the
ration of the Acartia female (Table 11, Fig. 6) strongly
supported the hypothesis of active selection of intermediate
sized cells (or the active rejection of larger cells) with-
in the Isochrysis distribution. The shift in the ration
distribution to the right of the cell availability curve
observed for the Acartia CI+CII (Fig. 7) may have resulted
from the fact that several setae and thus numerous setules
were missing on the second maxillae of the youngest develop-
mental stage (Chapter 2, Table 4).
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The analysis of the electivity déta was interpreted as
additional support for the hypothesis that all developmental
stages of rseudocalanus and the younger stages of Acartia

(CI-CIV) fed passively. Although some developmental stages
of both copepod species showed selection for the 5 pm cells
and the larger diatom cells, overall, the hypothesis of
active selection was rejected. Only the electivitity results
for the adult female Acartia supported the hypothesis of
active selection for cells within the Thalassiosira distri-

bution not expected by a mechanistic explanation of feeding,
The results of the grazing analyses thus indicated that

the limitations and capabilities imposed upon the develop-

mental stages of Pseudocalanus and Acartia clausi by the

morphology of their feeding appendages were important to
consider in predicting the feeding responses of these cope-
pods. The smallest cells eaten were approximately 1 pm
larger than the width of the smallest pores measured on the
second maxillae for the developmental stages of both species.
This result supported the idea that some degree of overlap
was required for the efficient retention of cells on the
filter., The highest percentage of the ration coming from
Isochrysis cells (on a cell number basis, Table 5) was ob-

served in the smallest developmental stages of both species,
and for the Pseudocalanus adult female. This result may

reflect the relative distribution and high frequency of
small pores on the filter of the smallest developmental
stages, and possibly the ability to manipulate the appen-
dages, vary the rate of filtering, or to close down the
setal spaces on the filter of adults. Overall, however,
the electivity analyses did not show that Pseudocalanus fe-

males could, or would, actively increase their ration com-
ing from the Isochrysis distribution, and ingesticn and cap-

ture rates on Isochrysis decreased with increasing concen-

tration. Varying the rate of "filtering" or the position of
the feeding appendages could have changed the flow of water
across or arcound the mouthparts, and thus have indirectly
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affected what cells were trapped by, or bumped into the
filter (Koehl and Strickler 1981) without indicating an
active selection capability in Pseudocalanus.

Although retention efficiencies for cells in the 2-15
pm ESD range were theoretically higher for Pseudocalanus
{Table 8), it was interesting to note that the developmen-

tal stages of Acartia were egually efficient at procuring

a daily ration (cells ingested per day) from the full dis-
tribution of cells offered, both in terms of the number of
cells captured vs. the number of cells theoretically en-
countered, and the number of cells captured vs. the number
available to them (Table 9). Thus, populations of the two
species may co-occur and be able to maintain eﬁuivalent
abundances in the field, even though the size range of cells
avallable to the two species directly overlaps, and is theo-
retically narrower for Acartia. One may thus hypothesize
that Pseudocalanus copepodites in particular, and perhaps
all small and/or young life cycle stages of herbivorous
copepods in general, have the abundant small cell portion

of a particle spectrum available to them based on the morph-
ological characteristics of their mouthparts. These cope-

pods may thus not experience food shortages throughout most
of the year. 0Older Acartia stages, which have morphologi-
cal limitations for specializing on small cells, and/or
larger copepods with limited getular complexity, may have
instead evolved capabilities which allow them (1) to res-
pond directly to changes in the relative quality and/or
quantity of the food resource (e.g., Acartia and other es-
tuarine species, Richman et al. 1977, 1980), or (2) have
evolved mechanisms Wwhich alleviate the direct dependence
on a variable food spectrum (e.g., oil and lipid reserves,
seasonal and/or diurnal vertical migrations, and overwin-
tering responses in larger calanoids ).

In the present study, for example, the response by
Acartia females of preferentially feeding on the intermed-
iate cells in the particle distribution (Fig.6 ) could
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have resulted from their assessing the high abundance of
Isochrysis during the preconditioning period prior to an

experiment. The copepods may thus have actively overlapped
their setae and subsequently closed down the setule spacings
on the filter in order to remove a portion of this known,
and very abundant food item. In addition, they may have
subsequently had to reject the larger cells within that
distribution, or possibly were inefficient in transferring
those cells to the mouth.

Although the analyses of the size class-specific data
indicated that cell capture rates generally followed the
shape of the cell distributions, a qualitative analysis of
these dafa indicated a complicated relationship between
phytoplankton growth rates and copepod grazing rates measur-
ed within a cell type distribution. Maximum grazing rates
were often associated with that portion of a particle spec-
trum where the growth rate was highest (in both experimen-
tal and control flasks). Often, this trend was independent
of whether the size class with the highest growth rate re-
presented a large or small cell within the distribution.

The trend was observed in experiments for both species at
all concentration levels. Higher filtration rates within

a particle distribution were thus associated either with .
the modal siZe class within the distribution'(i.e., the

most abundant particle), or with the portion of the distri-
bution having the highest growth rate. In addition, higher
grazing and filtration rates were sometimes observed to the
far right of the diatom distribution, which may have repre-
sented grazing removal of cell doublets. These confounding
factors often resulted in tiered filtration rate curves,
i.e.,, curves having several increasing slopes. across a par-
ticle distribution interrupted by one to several plateaus.
These results suggested a response similar to that described
by Richman et al. (1977) as "tracking behavior". Since this
result was observed in experiments with the youngest copep-
odites of both species as well as for adults, it is possible
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that the basic "tracking" response is a result of the rela-
tive availability of cells across a particle spectrum, as
forwarded by Poulet (1973, 1974, 1977), rather than due to
an active assessment of the size spectra, at least for the
younger developmental stages. Thus, the relative availabil-
ity of different particle types within a natural particle
spectrum may be an appropriate measurement to make -in or-
der to predict where in the spectrum a copepod's ration will
be derived. Beyond this response to relative cell encounter
rates, the data also Supported the development of additional
selection capabilities in the adult female Acartia, and
possibly the development of additional physiological capa-
bilities in the older stages of both species. These results
fit coherently into the developing hypothesis that at least
some estuarine copepods have additional mechanisms by which
food quality as well as food quantity may be assessed (Rich-
man et al. 1977, 1980; Donaghay 1980a, 1980b). 1In the field,
the increased availability of a particle type within a spec-
trum of cells could be due either to a high standing stock
of that particle type or due to a high growth rate. Feeding
on peaks .across a particle spectrum has been noted by a
variety of researchers, although the data have been ‘used to
support both active (Richman et al. 1977) and passive
(Poulet 1974) feeding responses in copepods. Regardless
of the feeding mechanism involved, it would appear that
preferentially feeding on peaks as they develop temporally
across a particle spectrum due to the differential growth
rate of cells, could be just as effective a response as
feeding on "stable" peaks of high standing stock, and could
result in an increased quality of the ration (Raymont 1980).
A final qualitative result of the grazing experiments,
discussed briefly above, was that as food concentration de-
creased, copepodite and adults of both species shifted to-
ward the preferential removal of cells nearer the biomass
and abundance peak within both cell distributions. Since
at low food concentrations, one may hypothesize a decrease
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in selectivity (Conover 1978), the lower food concentrations
may have approached the threshold level at which energetic
considerations were such that removing the most abundant
cells was the most advantageous response (Schoener 1971,

Lam and Frost 1976, Lehman 1976).
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Experimental Problems

Recent studies have indicated a variety of problems
which are typically encountered in conducting laboratory
grazing experiments. In addition, the need for caution in
interpreting the data in support of active, behavioral se-
lection in copepods has been expressed (Boyd 1976, Deason
1980, Roman and Rublee 1980, Harbison and McAllister 1980).
Specifically, the problems of particle production in graz-
ing flasks, differential growth of cells within a particle
spectrum, different growth rates between paired control
and experimental flasks, and the effects of excreted ammon-
ia on cell size or growth rate, may all contribute to appa-
rent grazing removals. Additional sources of error may be
derived directly from the use, and abuse, of data generated
from electronic particle counters. Although in the present
study, care was taken to remove these biages prior to initi-
ating experiments, often the extent of the problem was not
determined until after an experiment had been terminated.

The specific problems encountered in the present study
were: (1) ammonia-induced, apparent swelling of small cells
(i.e., apparent loss of cells from the first five to ten
size classes of a distribution) especially in the flagellate
distribution; (2) differential growth rates measured between
cell size categories within a distribution; and (3) the for- -
mation of doublets in the diatom cultures. All these biases
may have interacted to produce the effect of apprently active
selection for particular cell types, or may have caused an
overestimate of grazing removal, if not specifically account-
ed for in the analyses of the data. These, and related pro-
blems encountered in the laboratory grazing eXperiments are
discussed below.

Increases in cell number or volume as measured by an
electronic particle counter may occur during a grazing ex-
periment due to an actual increase in the number of cells
in a particular size category, or due to the shifting of
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of particles from one size class to a higher size class as
individual cells grow (i.e., shifting into a larger equiva-
lent spherical diameter category across the distribution).
This apparent loss of cells in the small size classes of a
distribution due to growth or swelling will be significant
if the cells are not repiaced by new cells formed from the
division of doublets or cells in the largest size classes
of a distribution. Recent studies have indicated the im-
portance of contolling for the excretion of ammonia by
copepods during a grazing experiment (Donaghay 1980Ca, Roman
and Rublee 1980, Harbison and McAllister 1980) for a simi-
lar reason. Ammonia excretions, along with the addition of
dissolved organics from the breakage of cells during feed-
ing, may preferentially stimulate the growth of smaller
cells within a culture, resulting, again, in an apparent
loss of cells in the small size cidasses of a distribution.
In the present study, ammonia effects in cultures of the
larger diatom were minimal, and generally only affected a
few size classes at the lower end of the diatom spectrum.
These channels were usually excluded from subsequent graz-
ing analyses anyway, due to poor counting statistics, par-
ticle production, or detrital formation. The exclusion of
cells in these size classes only represented a 1-2% reduc-
tion in the total cell number oxr volume. However, in the
distributions of Isochrysis, there was often an apparent
loss of cells in the first five to ten chaunnels, even
though equal amounts of ammonia were added to control and
experimental flasks to specifically control for ammonia
excretion by the copepods. Thus, grazing rates on Isochry-
gis were initially overestimated by a factor of five when
ingestion rates were calculated on a total cell volume
basis. The channels where these problems visibly occurred
were subsequently excluded from all final grazing analyses.
This procedure reduced the problem of differential cell
growth or swelling, but may have over- or underestimated

the actual grazing removal by some unknown amount, since
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additional ammonia-induced cell growth may also have been
present in size classes to the right of the excluded por-
tion of the distribution. Thus, the two components of
"growth" measured by the particle counter, i.e., (1) the
real increase in cell numbers, and (2) the shifting of
cells into larger size classes, could not be completely
differentiated. This effect may have occurred even when
ammonia was added equally to control and grazer flasks in
amounts presumably sufficient to compensate for any ammonia
excreted by the grazersa, and in situations where excess
ammonia is measurable throughout a grazing experiment.
Preliminary calculations indicated that at the higher food
levels typically used in laboratory grazing experiments,
and especially where small cells are used as a food, the
cultures may, in fact, become nitrogen-limited during the
course of a 24 hour grazing experiment. It would appear
that a better understanding of algal physiology, and the
specific cell characteristics for ammonia uptake, must be
investigated to a fuller extent in order to appropriately
compensate for this effect in future grazing experiments.
This problem could be especially important in experiments
using natural particle spectra, where flagellates or other
small cells are abundant, yet not easily counted by micro-
scope. In these situations, significant biases could be
introduced by the interpretation of cell counts generated
from an electronic particle counter on a volume basis.

A second problem encountered in the analysis of the
grazing data was that growth rates calculated for different
cell size categories varied within a single food-type dis-
tribution. Increased growth of small cells within a distri-
bution might have been caused by the ammonia additions
(Donaghay 1980b). This effect was also enhanced at low food
concentrations where relative growth rates were higher.
Shading effects at the higher food levels, greater avail-
ability of nutrients at lower food levels, and the differ-
ential enhancement of cell growth from the release of
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dissolved organics inte.the water from the leaking and
breaking of cells during the grazing process itself, may
all have contributed to over- or underestimates of grazing
due to deviation from the basic assumption of constant,
exponential growth inherent in the basic grazing calcula-
tions.

A final cautionary note must be made regarding the
use of size class analyses in studying selection patterms
in copepod feeding responses. In the present study, the
larger cell was typically easier to count using an electron-
ic particle counter because detrital interference, particle
coincidence, and cell swelling effects were minimal. How-
ever, because of the log- base 2 scale used to represent
particle diameter, the grouping of the size class-specific
data into 1 um ESD intervals resulted in some categories
being represented by only a few size classes. This occurr-
ed because the smaller size classes within a disteibution
are broader compared to those to the right of the distri-
bution peak. Also, the statistics on the last 10 to 30
channels of a distribution (as counted on a 64 channel ana-
lyzer) were often insufficient to include the data in sub-
sequent analyses due to the low cell numbers in these chan-
nels. Under these conditions, interpreting differences bet-
ween size classes on a channel by channel basis as indica-
tive of active selection events may be a gross extension
of the data. However,expressing grazing removals directly
on a total cell basis, without summing the data only from
the appropriate size classes, also introduced significant
errors. In the present study, all final analyses were thus
reported ag 1 pm ESD size categories from data summed from
the appropriate size classes. The Coulter Counter measures
both the displacement of electrical current by a cell {and
thus measures cell volume), and records the number of dis-
crete pulses from particles in a given volume of water {and
thus the measurement of cell number). However, the apparent
swelling of cells from ammonia excretion or due to an
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increase in temperature during a count, preferentially
biases the estimates of particle concentration when measured
on a cell volume basis; however, these problems do not
affect the measurement of cell number, since the number of
discrete pulses in a given volume of water remains constant
regardless of changes in cell volume. Therefore, the data
were analysed on a cell number basis primarily, in order to
minimize the experimental biases in estimating changes in
cell concentration induced by the use of an electronic
particle counter.

Conclusions

With these experimental problems in mind as caviats
for the analyses presented, the data from the laboratory
grazing experiments may be used to support several of the
original hypotheses under consideration. Based on these
analyses, it would appear that:

(1) all Pseudocalanus developmental Stages and the
younger stages of Acartia clausi generally removed cells
in proportion to the relative effective availability of
cells within the particle spectrum. Results supported the
hypothesis that the younger developmental stages of both

species were feeding passively,

(2) Pseudocalanus developmental stages generally had
higher ingestion and capture rates than comparable Acartia
stages on a per animal basis, but generally lower rates on
a weight-specific basis. Younger developmental stages of
both species generally ate more Isochrysis than the older
stages, due primarily to the higher efficiency with which
small cells were retained on the filter compared to older
stages. These results indicated that Pseudocalanus develop-
mental stages and the younger stages of Acartia could effec-
tively specialize on small cells within a particle distri-
bution,

(3) the Acartia female was the only developmental stage
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that actively altered its selection of particles away from
those expected, based on a mechanistic model of feeding.
These results supported the hypothesis that at least the
Acartia female may be able to assess the distribution of
cells within a particle spectrum, and take advantage of

the cells in highest abundance, regardless of particle size,

(4) the lower limit of cells eaten by each species
was effectively defined by the smallest pore sizes measured
on the main filter setae of the second maxillae. These
results were ,ndicative'of the importance of incorporating
the limitations and capabilities imposed by the morphology
of the feeding appendages in predicting the feeding res-
ponses of different developmental stages or species;

(5)the non-saturating, linear response in the oldest
copepodite stages of both Pseudocalanus and Acartia feed-
ing on both cell types suggested that the ability to adjust
physiologically to feeding on introduced particles may only
be present in the older copepodite stages. Thus, precondi-
tioning a copepod to a particular food in the laboratory,
or an acclimated ingestion response to natural particle
spectra in the field, may not be possible for the younger
developmental stages of estuarine copepod species.

Clearly, there are sufficient data to say that the
limitations and capabilities imposed by the morphology of
the mouthparts of copepods plays some role in determining
the range and size of particles eaten by copepods. TYet
beyond this mechanistic explanation, a variety of studies
have indicated that chemosensory, physiological, and possi=-
bly behavioral adaptations for assessing changes in a food
spectrum which varies considerably in both quality and
quantity over the lifetime of an animal may also be quite
important, and that these capabilities may vary between
copepods adapted to different food environments. In the
present study, there was evidence for a physiological
acclimation to the experimental food types offered to the
older copepodites of both estuarine species, and possibly
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an active assessment of the particle spectrum by the
Acartia female, and the selection of particles not ex-
pected from a passive filtration, mechanistic model of
feeding. Although a variety of models have been used to
explain specific behaviors observed in copepods (Boyd
1976, Rubenstein and Koehl 1977, Richman et ai. 1977,
Poulet and Marsot 1980, Landry 1981, Koehl and Strickler
1981, Strickler 1982), perhaps the more parsimonious pos-
ition would be the interpretation of these various re-
sponses by considering both the specific experimental
conditions in which the "behavior'" was observed, and
more importantly, the probable food environment in which
the particular animal evolved.
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CHAPTER 4

Developmental Grazing Capabilities of Pseudocalanug sp.
and Acartia clausi (CI to Adult).

III. Ecological Applications
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Developmental Grazing Capabilities of Pseudocalanus sp.

and Acartia clausi (CI to Adult). III. Ecological Applications

Introduction

Data such as those generated from the gomparative
morphology study and laboratory grazing experiments can be
used to define the feeding capabilities of adult and copep-
odite stages for locally dominant estuarine and nearshore
copepod populations. This information becomes ecologically
important when applied to a field situation where a parti-
cular species is a dominant member of the zooplankton com-
munity, and where the food resource is known and relatively
predictable. In such a case, these data may be used to in-
dicate the potential for intraspecific and interspecific
competition or partitioning of the food resource, and to
assess the grazing impact on, and/or the zooplankton con-
trol of the phytoplankton community.

In this regard, selected data from a five month survey
(from late March through July, 1980) of an embayment within
Puget Sound, Washington (East Sound, Orcas Island), were
used to study the gfazing impact of a natural zooplankton
population. A preliminary analysis of the data indicated
that the bay provided for the internal development of the
plankton populations within East Sound, without significant
influxes of new populations from outside the bay. FPseudo-

calanus sp. and ACartia clausi remained the dominant cope-

pods present in the zooplankton community throughout the
study period. The data also indicated a reasonably close
biological coupling between nutrient concentrations, phyto-
plankton abundance, and zooplankton abundance, especially
during the spring bloom period. This gituation provided

the appropriate field application for the grazing parameters
measured in the laboratory: a known zooplankton population
feeding on a known phytoplankton community, without sig-
nificant influences from outside the area.
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A summary of the seascnal biological and physical
characteristics of East Sound is presented for winter, the
spring bloom transitional period, and summer conditions,
Eight dates during the survey period were chosen to repre-
sent the different biological situations (i.e., high and
low food concentrations, and different relative abundances
of phytoplankton and zooplankton) present in Bast Sound.
Using a modified version of the grazing impact model pre-
sented by Bartram (1981), grazing estimates for the devel-
opmental stages of Pseudocalanus sp. and Acartia clausi
were calculated for each of these dates and for the mean
conditions during each of the three seasons studied.

Field Site

East Sound is a fjord-like embayment within Puget
Sound, Washington, 13 km long, 2 km wide, 18.6 km° in area,
and 30 meters mean depth in mid-channel (Rattray 1967).

The tidal range is approximately 2.4 meteras. The bottom
bathymetry is flat, shoaling slightly upbay, and the shore-
lines are quite abrupt. The major bathymetric feature is

a large sill extending approximately two-thirds of the
distance across the mouth of the bay to within 10 meters of
the surface. Exchange of water thus occurs primarily at
the surface over the s3ill, and through a narrow channel
located toward the eastern shoreline. Water depth in the
channel immediately outside the bay drops to 90 meters or
more.
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Materials and Methods

Field measurements were taken at four stations every
three to five days throughout most of the five month survey
period (Pig. 1). Most of the data (Table 1) were generated
from water samples pumped from six depths to the surface
with a shipboard plankton pumping system (Jabsco gas-driven
impellor pump with a three inch diameter intake and outflow
hose)}. At each depth a bucket sample was drawn directly
from the outflow hose for water temperature and salinity,
particulate carbon and nitrogen (C/N) samples, particulate
chlorophyll, and fluorescence. Samples for nutrient analy-
ses were taken directly from the pump outflow and kept on
ice during sampling. After transport to the laboratory,
the samples were either fun fresh that day, or frozen for
processing on the subsequent day. For chlorophyll and C/N
samples, 100-200 ml were filtered through a Whatman GFC
filter, and the filters kept on ice in a cooler during
sampling and transport. In the laboratory, filters were
frozen for later processing. Fluorescence determinations
were measured on board ship with a Turner Designs or Aminco
fluorometer et on discrete mode. The data were recorded
manually. A 1 liter sample for phytoplankton épecies iden-
tification and cell enumeration was taken from the pump
outflow directly, preserved with 2.5% gluteraldehyde, and
transported to the laboratory in a cooler. In the labora-
tory, a portion of each sample was processed through 1 and
10 um meshes for subsequent size fractionation analyses,
and a portion was retained for unfiltered cell counts
(Fagerness, in prep.). For counting, 100-200 ml were set-
tled and optically counted with an inverted microscope us-
ing the Utermohl method. Zooplankton samples were taken
at each depth by pumping directly through a half-meter
zooplankton net {64 ym inner mesh with 500 pm mesh outer
protective lining). During pumping, the net was suspended
overboard from a metal frame which positioned the net collar
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17

& map of East Sound, Washington, showing the

four sampling stations used in the field survey.
Station 2 was chosen to represent conditions witn-
in Bast Sound, and Stution 4 was cnosen to repre-
Sent conditions in chanpel waters outside the bay.



Table 4-1 Measurements taken during the survey of East Sound,Washington, in 1980.

Parameter Frocedure

Tem perature Water bucket sample

Salinity Water bucket sample

Light Transmission, Irradiance

Nutrients Fump sample

(N03+NO2, 5i0,,

PO4, NH4)

Fluorescence Water bucket sample
a. w/ and wo/ DCMU
b. discrete samples
¢c. continuous flow
d. discrete samples

Carbon/Nitrogen Water bucket sample

100-200 ml filtered
Water bucket sample
100-200 ml filtered

Chlorophyll a

Primary Production in situ ¢’ incubations
Phytoplankton Pump sample
unfiltered
filtered: 1, 10 ym mesh
Fump sample
64 pm mesh plankton net

Zooplankton

Equipment

Dates Samples Taken

YSi T-3 probe
YSi T-S probe
Hi-Tech optical
Transmissoimeter
Technicon
Autoanalyser

Turner Designs
5
Flurometer

Aminco Fluorometer

CHNO Perkin-Elmer
Analyser

Manual, Strickland

& Parsons Modified
Chlorophyll
Analysis

Liquid Scintillation
Preserved with 2.5%
gluteraldehyde

Preserved with 10%
buffered formalin

April-July
April-July
Jecasional

March-July

April-July
April-July
April-May

May-~Jduly
June-July

May-July

May-June

April-July
March-duly

March-July

8Li
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and mouth just above the surface of the water during fil-
tering. A 3-5 minute pumping time per sample (at 150-200
gallons/minute} was used so that 1=2um3 of water were fil-
tered, except during intense blooms when net clogging was
a problem. After pumping each sample, the net mesh was
rinsed down into the cod end and the contents of the cod
end preserved with 10% buffered formalin. Zooplankton
abundance estimates were calculated in the laboratory from
microscopic species identification and animal enumeration
of several 1 ml subsamples removed from each decanted sam-
ple by Stempel pipette. The dominant zooplankton taxa were
identified to species and developmehtal stage using a Wild
M-5 binocular microscope. Fhytoplankton species identifi-
cation and cell enumerations were done by V., Fagerness,
nutrient analyses by S. Moore, zooplankton identification
and enumerations by B. Dexter, chlorophyll analyses by R.
Leatham and B. Dexter, C/N and fluorescence determinations
by all of the above. |
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Results

Environmental Conditions in East Sound

The temperatures measured over the study period (March-
July, 1980) at 5 and 20 meters for each station indicated
that a well-mixed water column was present during winter
until May at all stations (Pig. 2). An increasingly homo-
geneous system was also observed downbay, approaching Sta-
tion 4 in the channel. Thermal stratification began in late
April to early May within the bay and became well establish-
ed by June or July, especially at the upper twoc bay stations.
By summer, a difference of 4-5°C between 5 and 20 meters
was observed at Stations 1 and 2. Winter temperatures at
all stations were 7-9°C, and warmed to 14-16°C at the sur-
face by late July.

Nutrient concentrations at all four stations generally
decreased from winter to summer (Fig. 3 and 4). Maximum
values of 2% pM/l nitrate + nitrite (Pig. 3), and 50 pM/1
silicate (Fig. 4) were measured during winter. Nutrient
depletion at the surface (and throughout much of the water
column) first occurred in May at Stations 1 and 2, with
apparent nutrient pulses occurring in mid-May and mid-June.
During these pulses, nutrient concentrations within the bay
increased to values similar to those measured at Station 4
in the main channel. Surface waters became nutrient-deplet-
ed again in July.

Seasonal changes in phytoplankton abundance (Fig. 5)
indicated a close correlation between periods of phyto-
plankton increase and nutrient depletion. ZTeriods of high
phytoplankton abundance lagged the nutrient pulses by a
week to 10 days. An increase in phytoplankton cell number
first occurred in mid-April, which represented a small bloom
of silicoflagellates (Dictyoca sp.). The three primary
phytoplankton peaks observed during the study period (Fig.
5) resulted from blooms of chain-forming diatoms. The



Figure 42 Temperature (°C) in East Sound measured at
Station 1-4, for 5 meters and 20 meters
from April through July, 1980.
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Figure 4-3 Nitrate + nitrite concentrations {(uM/1l) at
5 meters in EFast Sound measured at Station
1-4.
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Figure 4-4 Silicate concentrations (uM/l} at 5 meters
in East Sound measured at Station 1-4.
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Figure 45 Seasonzal abundance of phytoplanxkton and zooplank-
ton at 5 meters in Fast Sound mezsured at
Station 2. (A.) Phytoplankton abundance {cells/
ml). (B.) Pseudoczlanus (@) and Acartia clausi
(#) adults (males + females) abundance (animals/
(C.) Copepodite {(CI-CV) abundance_for Pseudo-
Calsnus and Aeartia clausi (animals/m”).
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phytoplankton was dominated by Thalassionema nitzschoides

in May (76% relative abundance by cell number at 5 meters,
Fig. 5), Skeletonema costatum in June (58%), and Chaeto-

ceros spp. in July (50%). The phytoplankton community
became increasing diverse through the year, as indicated

by the decreasing percent relative abundance for each of
the bloom species (Pig. 5). The peaks in phytoplankton
cell number at 5 metera were also duplicated in the chloro-

phyll a and relative fluorescence data (not shown).
Although zooplankton abundances were more variable,

the data indicated a good correlation between large increas-
es in phyfoplankton cell number and subsequent increases in
zooplankton (Fig. 5). At times, copepodite abundances in-
creased by an order of magnitude between sampling dates
(e.g., from about 1000/m> in May, to SO,OOO/m3 Pseudocala-
nus copepodites in June, Fig. 5). Adult copepods generally
remained at lower relative abundances, but were still quite
numerous. A small increase in adult copepods was observed
at the time of the first silicoflagellate bloom in mid-
April. Peak abundances for Pseudocalanus adults coincided
with the Thalassionema bloom in early May. Peak abundances
for Acartia reached nearly 18,OOO/m3 in June (Fig. 9).
Acartia copepodites also increased during the May Thalassio-

nema bloom. Pseudocalanus copepodites (and Acartia adults)
peaked shortly after the Skeletonema bloom. The abundance

of Pseudocalanus adults and Acartia copepodites increased
slightly at this time. Copepodites of both species re-
gsponded to the mid-July Chaetoceros bloom, but the number
of adults increased only slightly in July at this station
and depth.

Vertical profiles of adult Acartia and Pseudocalanus
concentrations indicated the development of an abundance
peak at 5 meters within East Sound (Fig. 6). Acartia dom-
inated the zooplankton community during April, May, and June
in the upper 10 meters. Pseudocalanus adults reached their
abundance peak at 5 meters during April and May; however,
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Figure 4-6 Vertical abundance of Eseudocalanus and Acartia
clausi adults (animals/mJ) at Station 2. Data
are monthly estimates from samples collected on

3 March (a{ 11 April (&), 8 1 May (+), 17 June
(x), and 15 July (Q).
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by July, the depth of peak abundance dropped to 10-20 m.
Pseudocalanus adults were not found in surface and 5 meter
samples by late July. Zooplankton concentrations at Sta-
tion 4 were always considerably lower than at Station 2
(not shown), and the zooplankton community at Station 4
typically included many more oceanic species at higher
frequencies of occurrence (e.g., eupahusiids, chaetognaths,
Calanus, Bucalanus, and Metridia, Table 2 and 3).

In summary, three general sets of conditions existed
in East Sound during the study period. The winter period,
ending in March-April, was characterized by cold water
(less than 10°C), very high nutrient levels (nitrate +
pitrite greater than 20 uM/l; silicate greater than 50 wM/1)
and low plankton abundances. The spring transition period
extended from April through June in 1980. This period was
characterized by variable biological and physical conditions:
gradually increasing temperature and the onset of a warm
surface layer (surface to 10 meters), and two large phyto-
plankton blooms, with associated decreases in nutrient
levels. Pulses of high zooplankton abundance were associa-
ted with each of the phytoplamkton blooms. There were also
appreciable storm-related influxes of channel water at this
time of year, resulting in high-nutrient, cold-water plumes
extending well into the bay. Summer conditions of warmer
water, relatively high plankton abundances, and low nutrient
levels began in late June and July. As a strong thermocline
was established, the depth of the peak abundance of the
adult Pseudocalanus population dropped to 10-20 meters,
whereas Acartia adults remained most abundant at 5 meters.

Although advection events clearly occurred during the
sampling period, the integrity of the plankton populations
within East Sound was retained. JFseudocalanus and Acartia
clausi remained the dominant zooplankton species throughout
the study period. Zooplankton associated with channel waters
that were periodically advected into Zast Sound generally
dissipated from the bay zooplankton sampled within a week




Table 42 Frequency of occurrence of the major zooplankton taxa present at Station 2.
Common species were present in)> 50% of the samples counted for this analysis
(Nt=28). Uncommon species were present in 10-50% of the samples. Rare species
were present in {10% of the samples. Taxa are listed by rank order based
upon the total number of samples in which taxa were present (in parentheses).

Common Uncommon Rare
Pseudocalanug copepodites (28% Appendicularians 13 Bucalanus 3
Acartia clausi adults (28 Tortanus copepodites 311 Chaetognaths 3
Acartia copepodites (28 Coryceaus 11 Gastropod eggs 3
Oithona (27 Crab zoea (10} Amphipods (3)
Copepod nauplii (27 Epilabidocera Lamellibranch
copepodites 510) larvae (3)
Centropages copepodites {26) Pteropods 10) Epilabidocera
adults {2)
Pseudocalanus adults (23) Decapod larvae é 9) Sea cucumber eggs{1)
Folychaete larvae (21) Gastropod larvae 83 Paracalanus (1)
Centropages adults (20) Harpacticoids (7 suphausiid
| furcilia (1)
Oncea (19) Tortanus adults % 6%
Barnacle nauplii (10) Calanus 6
Acartia longiremis (14) Metridia { 5)
Microcalanus ( 9)
Cladocerans { 4)

iet



Table 43 Prequency of occurrence of the major zooplankton taxa present at Station 4.
Notation as in Table 2.

Common

Copepod nauplii
Polychaete larvae

Acartia copepodites
Pseudocalanus Copepodites
Oithona

Barnacle nauplii

Acartia clausi adults
Appendicularians
Centropages copepodites
Pseudocalanus adults
Oncea

Centropages adults
Epilabidocera copepodites
Crab Zoea

Acartia longiremis
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Uncommon

Harpacticoids
Tortanus copepodites
Barnacle cypris
Pteropods
Cladocerans

Calanus

Metridia
Lamellibranch larvae
Tortanus adults
Chaetognaths
Gastropod eggs
Decapod larvae
Euphausiid furecilia
Gastropod larvae
Eucalanus
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Microcalanus
Fuphausiid calyptopis
Paracalanus

Isopods %
(

Clausocalanus
Amphipods
¥chinoderm larvae

2el



_ 133
of an event. They never replaced the indigenous species in
either rank order or relative abundance. The same success-
ion and periodicity of phytoplankton blooms that had occur-
red in previous years also occurred in 1980, indicating
that a relatively predictable food resource existed for the
zooplankton of Bast Sound on a long-term basis. However,
the smaller-scale temporal (seasonal) and spatial (vertical)
differences in zooplankton and phytoplankton species abun-
‘dances indicated that several different possible "food
environments" could be identified for the dominant copepods
of East Sound.

Eight dates during the survey period were selected to
represent the nominally different food conditions encounter-
ed by Pseudocalanus and Acartia clausi developmental stages
within Bast Sound {Table 5). Phytoplankton concentrations
from 31 May and 5 June were both used in conjunction with
the zooplankton abundances from 5 June in order to study
the impact of the same zooplankton population under condi=-
tions of both high (31 May) and low (5June) food concentra-
tion (Table 7).

Grazing Impact Model of East Sound

The grazing removal rates for the developmental stages
of Pseudocalanus and Acartia clausi were calculated on a
stage-specific basis qgi) using an equation modified from
Bartram (1981):

= (P3)-(Hj)-(B) -(P),

where Fj = stage-specific maximum filtration rate (mls/ani-
mal/day), HJ = gtage-specific grazer concentration (animal/
m ) for each developmental stage, ds E = cell capture effi-
ciency, and P = total phytoplankton concentration (cells/ml).
Fj was derived from the laboratory grazing experiments as
;ze mean maximum filtration rate calculated over all four
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food levels for each developmental stage (Table 6). E was
calculated as the mean capture efficiency empirically de-
rived from the laboratory grazing experiments for each de-
velopmental stage (EI (1), Chapter 3, Table 9)}. This ratio
(Capture Rate/Encounter Rate) was considered the best es-
timate of minimum cell capture efficiency for each species
(Table 6). The data were summed over all developmental
stages to calculate the grazing removal for the entire pop-

ulation of Pseudocalanus and Acartia clausi separately. and

for the two grazer populations combined. (Future analyses
will incorporate the size class-specific, theoretical reten-
tion efficiencies generated in the comparative morphology
study in conjunction with the size class analyses of the
natural particle spectra in order to generate an efficiency
term which is specific for both phytoplankton cell size and
copepod developmental stage. This model can be generated
once the size-fractionated phytoplanmkton concentrations have
been completed; Fagerness, in 2332.). ‘

The field data from East Sound were used to define the
average winter, spring, and summer conditions observed over
the survey period, and to depict the probable food environ-
ments encountered by the dominant copepod grazers at Station
2 (Table 4). The grazing impact of @ach Ppopulation was cal-

culated using the phytoplankton and zooplankton concentrations

from eight dates during the survey period, and for the mean
conditions observed at Station 2. The grazing impact of each
population was calculated using the phytoplankton and zoo-
plankton concentrations from eight dates during the survey
period, and for the mean conditions observed at Station 2.
These dates were chosen to represent (1) bloom conditions,
(2) background conditions, when phytoplankton concentrations
were low and flagellates dominated, and (3) the seasonal
mean conditions observed over the survey period (Table 5).
Grazing impact calculations using the empirically-derived
maximum filtration rate and minimum capture efficiency es-
timate were compared to grazing impact calculations using



Table 44 Environmental conditions present in East Sound on selected dates during the

survey period.

Data from these dates were used to calculate the grazing

impact of the dominant copepod grazer populations in East Sound during winter,

spring, and summer.

Date Environmental Conditions
Phytoplankton Dominant Nutrients Temperature
Abundance Level Zooplankton
(Bloom Species) Taxa
Winter
% March Background Acartia copepodites Winter Maximum Winter Minimum
11 April Background Acartia adults Decreasing Low
Spring
38 May Bloom '
(Thalassionema) Acartia copepodites Surface Depletion Increasing
16 May Background Acartia copepodites Nutrient Pulse Increasing
31 May Bloom Pseudocalanus Near Depletion Increasing
(Skeletonema) copepodites
5 June Background Pseudocalanus Near Depletion Increasing
copepodites
Summer
17 June Background Pseudocalanus Nutrient Pulse Summer Maximum
copepodites
15 dJuly Bloom Pseudocalanus Summer Minimum Summer Maximum
(Chaetoceros) copepodites

19"



Table 45 Stage-specific abundances for Pseudocalanus and Acartia clausi and the

phytoplankton abundances measured at Station 2 (5 meters). These data were
used to calculate the stage-specific grazing impact on each date for each
species, and for the seasonal mean conditions (Mean), blccm conditions
(Bloom), and during periods of low, background level phytoplankton concentra-
tions (Bacxground) Fhytoplankton concentrations measured on both 31 May

and 5 June were used in conjunction with the zooplankton abundances measured
on 5 June todetermine the range of values for the grazing impact of the same
population during high and low food abundances. The phytoplankton concen-
tration for March was the monthly average.

% Mar 11 Apr 8 May 16 May 31 May/ 17 Jun 15 Jul Mean Bloom Bkgrd

5 Jun
10%ce11s/m>y 55.5 330.5 1153.0  175.0 4712/100 50 2502 1135 2789 142
Stage Zooplankton  Abundance (animals/mB)
Pseudocalanus sp.
Hemale 202 2082 4138 52% 2742 1919 524 1733 2468 1182
Cvy 202 1340 1390 175 3988 5234 673 1858 2019 1737
civ 527 646 2642 274 5484 2169 449 1713 2858 854
CIIT 466 1125 2194 399 16849 1122 1197 3337 6747 718
Cit 358 168 1147 573 19840 474 748 3330 7245 393
CI 762 24 349 ) 4686 648 673 1131 1903 552
Total 2311 5385 11866 2717 53589 11566 4264 13102 23240 5496
Acartia clausi
Female 995 2656 12064 2347% 6082 1479 7106 4674 8417 1866
cv 824 814 7104 1321 947 598 2618 20%2 3556 889
CIV 715 239. 6854 T48 648 249 1571 1575 3024 . 4838
CIII 591 503 5559 598 1396 75 2618 1591 3124 4472
CII 871 646 g 798 1147 ?24 28%2 1331 2260 635 .
o1 1042 ol 947 1147 (98 goes 1931 3257 9% O
Total 5033 5815 9133 0755 11367 3415 20420 151 4 23638 5256 o
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Table 4-6 Input for the stage-specific grazing impact
model, wnich used a stage-specific maximum
filtration rate {(mean +§— 1 Standard deviation)
and a species-specific cell capture efficiency
term. Fhytoplankton concentrations and gzooplank-
ton abundances used in this wodel are listed in
Table 5.

Stage-specific Maximum Filtration Rate (ml/animal/day)

Stage Pseudocalanus Acartia

Female 18.67 +/- 7.4 16.39 +/- 2.7
Cv 11.09 +/- 5.4 6.67 +/- 2.0
CIV 7.21 +/=- 3.6 6.76 +/- 2.9
CIII 6.19 +/- 1.9 6.76 +/- 2.9
CI + CII 5.53 +/- 1.2 7.95 +/- 3.9

Species-specific Cell Capture Efficiency (%)
(Cells Captured/Cells Encountered{

13.%6 +/- 8.5 13.,5% +/- 10.6
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a maximum, theoretical capture effigiency of 1.0, which
assumed 100% retention for all cells encountered by the
filter, and 100%consumption of those cells retained by the
filter.

The stage-specific daily grazing removal rates for the
developmental stages of the Pseudocalanus and Acartia popu-
lations in East Sound indicated that only during phytoplank-
ton bloom conditions could the dominant grazer populations
have removed more than a few percent of the measurable ...
standing stock (Table 7 and 8). Maximum removal rates and
the percent of the standing stock theoretically removed by
each grazer popuiation occurred on the three designated
bloom dates (16 May, 5 June, and 15 July; Table 7). An
average of 6.9% of the standing stock was theoretically re-
moved during average bloom conditions for the two species
combined (Table 8), Assuming 100% efficiency for cell re-
tention and ingestion, theoretically 43% of the standing
stoqk could have been removed by the combined grazer popula-
tions during bloom conditions (Table 8), due both to the
high concentration of phytoplankton cells in the water, and
the high abundances reached by both grazer populations at
this time. ‘

During periods of low phytoplankton abundance, the two
copepod populations each removed, on average, less than 2%

of the measured standing stock, assuming the minimum estimate
for cell capture efficiency, and approximately 5% of the
standing stock assuming a maximum efficiency of 100%¥ (Table
8). The Acartia population theoretically could have removed
twice the amount of measured, available phytoplankton com-
pared to the Pseudocalanus population (Table 8), even though
the effective availability of cells was theoretically less
for Acartia developmental stages (Table 6) due to the rela-
tive inefficiency with which small cells were retained by
the filtering apparatus. On average, the population abun-

dances of the two species were comparable during periods of
both high and low cell abundances (Table 5). The stage-
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Table 4-7 Stage-specific grazing removal by Pseudccalanus

and Acartia populations on selected dates during
winter, spring, and summer in East Sound, Wash-
ington. Grazing removals for 5 June were calcu-
lated using phytoplankton abundances measured on
both 31 May and 5 June faor comparison.

Winter Spring Summer

3 Mar 11 Apr 8 May 16 Nay 5dun 17 Jun 15 Jul
Pseudocalanus 31 May 5 Jun
Female 0.07 2.48 17.25 0.33 46.70 0.93 0.35 4.78
Ccv 0.04 0.95 3.46 0.07 40.35 0.86 0.56 3.65
CIV Q.05 0.30 4.25 0.07 3%6.07 0.77 0.15 1.58
CIII 0.06 0.44 3.03 0.08 110.82 2.02 0.07 3.62
CII 0.04 0.05 1.42 0.11 112.03 2.12 0.03 2.02
CI 0.08 0,01 0.43 0.14 23.64 0.50 0.03 1.82
Species Total:

0.34 4.24 29.83 0.30 369.61 7T.26 0.38 17.47
% Stock Removed:

Q.34 1.29 2.53 0.4¢6 7.80 7.30 0.80 2.90
Acartia clausi
Female 0.22 1.94 30.85 0.91 63%.55 1.35 0.16 39.46
cv 0.07 0.24 7.39 0.27 4.03 0.089 0.03%3 5,91
CIVv Q.07 0.07 7.2 0.12 2.79 0.06 0.01 3,00
CITI 0.05 0.15% 5.65 0.10 6.02 0.13 0.003% 5.99
CII 0.09 (.23 3.46 0.15 5.81 0.12 0.01 7.65
CI 0.11 0.34 6.15 0.18 5.81 0.12 0.04 9.86
Species Total:

% Stock

0.62 2.98 60.73 1.66 88.017 1.87 0.26 72.44
Removed:
0.62 0.71 5.27 0.99 1.30 1.80 0.40 0.70

Total Daily Removal for Combined Populations:

% Stock

0.96 7.22 90.56 2,46 457.62 9.13 0.64 89.91

Removed by Combined Populations:
0.90 2.20 7.36  1.41 9.70 9,10 1.20 3.59
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Table 4-8 Stage-specific grazing removal of Pseudocalanus
and Acartia populations for the mean conditions
in Eas ound. Estimates of the daily razing
removal (100 cells removed/stage/m>/day) were
calculated using the data listed in Table 5 andé.
The maximum daily grazing removal was calculated
for each stage assuming 100% efficiency for cell
retention. Minimum estimates of grazing removal
were calculated assuming the lowest efficiency
calculated from the laboratory grazing experi-
ments. ¥ = percent of the estimated standing
stock removed by each stage, each species, and
for the two populations combined.
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Table 4-8

Laily Grazing Removal

Fean Conditions Rloom Conditions Background Ccnditions

10%Cells % 10%Cells % 10°%Cells %

A. Maximum Grazing Impzct: assumes 100% efficiency in
capturing cells

Fseudocalanus
Female 36.72 3.24 128.51 4,61 3.13% 2.12
cv 23.38 2.06 62.45 2.24 2.74 1.93
ClVv 14.02 1.24 57 .47 2.06 0.87 0.62
CIIiI 2%.44 2.07 115.48 4.18 0.68 0.48
CII 20.90 0.18 111.74 4.01 0.31 0.22
CI 7.10 0.63 29.35 1.05 0.4% 0.30
Total 125.57 11.06 505.99 13.14 8.17 5.75
Acartia clausi
female 86.95 7.66 334.76 13.30 4.%4 3.06
cv 19.82 1.75 00.15 2.37 0.13 0.09
CIV 12.08 1.06 57.01 2.04 0.47 0.3%3%
CIII 12.21 1.08 58.30 2.11 0.42 0.30
CII 12.01 1.06 50.11 1.80 0.72 0.50
cI 17.42 1.54 72.22 2.59 1.06 0.74
Total 160.49 14.14 089.14 24.71 T.14 5.02
Combined Total:

286.07 25.20 1195.14 42.85 15.31 10.78

B. Minimum Grazing Impact: assumes lowest species-specific
efficiency in capturing cells

Pseudocalanus

Female 7.11 0.63% 24.88 0.89 0.61 0.43
CcVv 4.5% 0.40 12.09 0.473 0.5% .37
CIV 2.71 0.24 11.13% 0.40 G117 0.12
CIII 4,54 0.40 22.55 0.81 0.13 0.09
CII 4.05 0.36 21.63 g.78 0.53 0.04
CI 1.37 0.12 5.68 0.20 0.34 0.06
Total 24.%1 2,14 97 .96 3.5 1.53 1.11
Acartia clausi

FPemzle 11.74 1.03 51.94 1.864 0,59 Q.41
C 2.68 0.24 2.93 0.32 0.17 0.01
CIV 1.63 0.14 7.70 0.23 Q.63 0.04
CIII 1.65 0.15 7.95 0.29 0.57 0.04
CII 1.62 0.4 5.76 0.24 0.97 0.07
CI 2.35 0.21 9.75 0.35 0.14 0.10
Total 21.67 1.91 33.03 3.34 0.96 0.68

Combined Total:
45.98 4.05 1390.99 0.85 2.54 1.79
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gpecific grazing removals for the female population of each
species were always highest. The only exception to this
pattern was noted on 17 June, when Pseudocalanus stage CV
removed slightly more than the female (Table .7).

The stage-specific grazing removals were used to calcu-

late the grazing impact of each developmental stage on a
dry weight basis (Z!), using the equation:

Iw = {FJ) - (HJ) (Bj)-(B)/(Hj)-(w3),

where EQ = stage-gspecific maximum filtration rate, Hj =
éoﬁepod developmental stage abundance, §1 = ¢ell capture
efficiency, P = total phytoplankton concentration, and %j =
stage-specific copepod dry weight. Thus, the total number
of cells theoretically removed by each developmental stage
(j) was divided by the total dry weight for that stage, to
yileld a grazing removal estimate with the dimensions of
cells removed/ug dry weight/day. The body weight for each
developmental stage was calculated as mean dry weight (ug)
from individuals sorted from East Sound preserved plankton
samples (Station 2, 5 meters). Groups of animals (n = 50)
were transferred to tared pieces of aluminun foil, dried
for three to five days at 60°C, and subsequently weighed on
a Cahn Electrobalance (Table 9). T
Weight-specific removal rates calculated for the mean
bloom, mean background, and seasonal mean conditions in
East Sound were much higher for Acartia than for Pseudocala-
nus developmental stages (Table 10). Although stage-speci-
fic abundances and grazing removal rates for the two species
were generally comparable, the higher weight-specific rates
for Acartia were generally due to the relative differences
measured for copepod dry weight in comparable developmental
stages of the two species., On average, the Acartia popula-
tion could remove 3.3-3.5 times more cells per ug dry weight
than the Pseudocalanus population. There was greater than
an order of magnitude range in the estimated number of cells
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Table 49 Dry weight estimates (pg dry weight/copepod)
for the developmental stages of Pseudocalanus
and Acartia clausi used as input values for the
weight-specific grazing impact model.

Copepod Body Weight (ng)

Stage Pseudocalanus Acartia
Female 10.97 4.58
cv 8.6 1.6
CIV 3.7 0.9
CIII 2.9 0.6
CII 1.6 0.4
CI 0.8 0.2

¥*
Seasonal mean welights
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Table 4-19 Weight-gpecific grazing impact for the mean
conditions in East Sound, using the maximum and
minimum estimates for cell capture efficiency.
Dimensions are cells removed/pg copepod dry
weight/day.



Stage

Mean
Conditions

Table 4-10

Daily Grazing Removal

Bloom

A. Maximum Grazing Impact: assumes 100% efficiency in

capturing cells

Fseudocalanus sp.

Female 1932
cv 1464
CI1v 2212
CIIT 2423
CII 3923
Ccl 7344
Total 19798
Mean 3300
Acartia clausi
Female 4062
Ccv 6096
CIV 8h22
CIII 12782
CIT 22575
CI 45140
Total 99177
Mean 1653

B. Minimum Graging Impact:

Conditions

4747
3657
5435
5953
9639
19284
48715
8119

9994
11626
20945
31429
55432

110931
240357
40060

efficiency for capturing cells

Pseudocalanus sp.

Female 374
Ccv 28373
CIV 428
CIII 469
CII 759
CI 1519
Total 3832
Mean 639
Acartia clausi

Female 548
cv 823
civ _ 1151
CIII 1726
CIi 30438
CIl 6094
Total 13390

Mean 2232

319

696
1052
1153
1866
37733
3419
1570

1347
1569
2828
4243
7483
14976
32446

5408

Background
Conditious

242
183
277
303
191
981
2477
413

508
89
1067
1601
2822
5651
11738
1956

47

54
59
95
190
480
80

69
12
144
216
381

1582

264

145

assumes lowest speclies-specific
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removed per stage as calculated using the minimum and maxi-
mum estimate for capture efficiency.

Since the female stages of both sSpecies generally re-
moved the highest percentages of the measurable standing
stock (Table 7), a final grazing impact model was calculaed
10 determine the effect of cnanges in female body size and
welght on the grazing removal of females. The cephalothorax
length was measured for 50 females scrted from samples taken
on nine dates during the survey period at Station 2 (5 m).
The mean body length was calculated for the females from .
each date (Table 11). Estimates for female body weight were

then calculated using the equation Y = 11.48X2'88 for
-53.52
X

Pseudocalanus, and ¥ = 11.59 for Acartia, where Y =

copepod dry weight in ug, and X = cephalothorax length in
mm. These empirically-derived equations closely approxima-
ted the theoretical relationship between copepod body weight
and body length (W = L7, Steele and NMullin 1977). The max-
imum, minimum, and seasonal mean female weight were used in
conjunction with the minimum species-specific efficiency
estimates (Table 11) to calculate the seasonal range of
values for female grazing removal under the mean conditions.
observed in East Sound over the study period (Table 12).
Estimated female body weight ranged from a summer low
of 7.94 ug for Pseudocalanus and 2.79 pg for Acartia, to a

winter maximum of 1%.21 mg for Pseudocalanus and 5.76 pg for

Acartia (‘fable 11). This represented a 60% decrease in body
weight for Pseudocalanus and a 48% decrease for Acartia fe-

males from winter to summer. During winter, Acartia females
at their maximum weight were 44% of the weight of Fseudocala-

nus females, and 35% of the Pseudocalanus female weight at

their minimum weight estimated in summer {mean = 42%). How-
ever, the weight-specific grazing impact caiculated for

these individuals indicated that Acartia females were theo-
retically capable of removing 50-80% more phytcplankton per
unit dry weight than comparable Fseudocalanus females over
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Table 411 Cephalothorax length (mm) and estimated dry
weight (ug) for females of Pseudocalanus and
Acartis clausi from plankton samples collected
in Zast Sound. Dry weights were calculated from
the relationship between body length and weight
given in the text for each species.

Pseudocalanus sp. Acartia c¢lausi

Date Body Length Body Weight Body Length Body Weight

3 ¥ar 1.04 12.85 0.76 4.41
11 Apr 1.05 13.21 0.82 5.76
3 May 1.05 13,21 0.82 5.76
16 May 1.03 12.50 0.82 5.76
31 May 0.98 - 10.83 0.78 4.33
5 June 0.94 9.61 0.77 4.62
17 June 0.93% 9.3%1 0.74 . 4.02
15 July 0.93 9.3 0.70 3.30
27 July 0.88 7.94 0.68 2.79
 Minimum .88 7.94 0.68 2.79

| Maximum 1.05 13.21 0.82 5.76
Mean 0.98 10.97 0.76 4.58
|
\



148

the mean bloom, mean background, and seasonal mean condi-
tions (Table 12).
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Table 412 Effects of seasonal changes in female body weight
on thne grazing impact of FPseudocalanus and
Acartia clausi for the seasonal mean, mean bloom,
and mean background conditions in East Sound.
The maximum,mminimum, and mean estimates for
female body weight were determined from the data
in Table 11. Daily removals were calculated using
the minimum estimate for capture efficiency and
then compared to estimates calculated using the
theoretical maximum cell capture efficiency.
Results were calculated as cells removed/ ng
female dry weight/day.
Female Welght Capture Daily Grazing Removal
(ng) Efficiency
Seasonal Mean Mean
Mean Bloom Background
Fseudocalanus sp.
Maximum 13.21 0.1936 311 763 39
1.0 1604 3942 201
Minimum 7.94 0.1936 517 1270 65
1.0 2669 6558 334
Mean 10.97 0.1936 374 919 47
1.0 1932 4747 242
Acartia clausi
Maximum 5.76 0.1350 436 1071 55
1.0 3230 7936 404
Minimum 2.79 0.1350 310 2212 113
1.0 6740 16384 834
Mean 4.58 0.1350 548 1347 69
1.0 4062 9951 508
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Discussion

Physical processes generally control the onset of phyto-
plankton blooms in temperate marine ecosystems via the ad-
vection of a seed population into an area, or due to increas-
es in nutrient concentrations (Parsons and Takahashi 1973,
Ramont 1980). However, grazers may play an important role
in the duration and extent of a phytoplankton bloom (Parsons
and Takahashi 1973, Bougis 1976, Walsh 1976, Raymont 1980).
Grazing has thus generally been included as an important loss
term for the phytoplankton in marine ecosystem models (Steele
1974, Steele and Mullin 1977, Steele and Frost 1978). 1In
East Sound, both physical and biological processes were im-
portant in determining the dynamics of the plamkton commun-
ity. The physical data indicated that intrusions of nutrient-
rich water occurred prior to each of the primary increases
in phytoplankton concentration. Except for this input of
new nutrients, presumably from outside the bay, nutrient
depletion occurred seasonally, and primarily in surface (o-
10 meters) water. The most probable cause for these nutri-
ent pulses was from the advection of channel water into
Bast Sound at the surface due to two extensive storm systems
which dominated the local weather patterns at those times.
Prevailing winds in the area (generally in an upbay direc-
tion from personal observations, and Rattray 1967) were such
that significant advection over the sill always accompanied
the large storms passing through the area, especially during
the spring transition period. These storm-induced intrusions
of high nutrient water probably established the conditions
necessary for subsequent phytoplankton blooms to develop.

The calculations of stage-specific grazing impact
(Table 7 and 8) indicated that, in all cases, the combined
removal of cells by the younger developmental stages of
Pseudocalanus was theoretically greater than the cell removal
by adult females. Grazing removals for the combined copepo-
dite stages (CI-CV) ranged from 1.6 to 2.9 (mean conditions =
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2.4) times the removal of the female population during low
and high level food conditions, respectively. For Acartia,
however, the female population removal was 0.6 to 0.8 (mean
conditions = 0.85) times greater than the combined removal

of all the copepodite stages. Although at times the relative
abundance of the female stages was low, their grazing remov-
al was generally the highest stage~specific rate calculated
for both species. On a weight basis, the theoretical maxi-
mum grazing removal for Pseudocalanus copepodites was con-
sistently 9.2-9.3 times the daily mean female removal (cells
removed/ug dry weight/day). Acartia copepodites theoretical-
ly removed 22.1-23.1 times the weight-specific removal of

the mean female Acartia. The population of smaller females
observed in summer theoretically could have removed twice

the number of cells per unit dry weight than the larger in-

dividuals present in winter, due both to the seasonal de-
crease in weight,g_fof adult grazers and the increase in
average cell concentration. However, this calculation
assumed that the maximum filtration rates derived from the
laboratory grazing experiments were valid estimates for all
gizes of females.

Based on the results from laboratory grazing experi-
ments, the size range of cells available to indivi&uals of
these two species overlépped considerably. A lower cell
size limit of approximately 2-3 um was apparent for the
copepodite stages of Pseudocalanus. Acartia developmental
stages effectively grazed the 3-4 or 5 um particles. Acartia
individuals also appeared to be slightly more efficient in
capturing, or preferred to eat, the larger cells in the dia-
tom distribution as young copepodites. However, Acartia
females showed an apparently active selection for intermed-
iate sized cells, possibly reflecting the preconditioning

influence of a particle spectrum composed of very abundant
but small particles. In this regard, including the size
class analyses of the particle spectra of East Sound (Fager-
ness, in EEEE:) in the calculation of effective availability
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for different cell types will be an important parameter to
consider in future analyses of relative grazing impact.

Although the effective availability of small cells to
the developmental stages of Acartia was theoretically lower
than for Pseudocalanus, the Acartia population maintained
itself at equivalent levels during periods of both low
(background) and high (bloom) phytoplankton abundances with-
in Fast Sound. Theoreticaliy, the Acartia population
removed a higher percentage of the available standing stock
compared to the Pseudocalanus population during bloom condi-
tions, assuming 100% efficiency for cell retention and in-
gestion, and amounts equivalent to the Pseudocalanus popula-
tion using the minimum estimate for cell capture efficiency
(Table 8). Individual cells of all the major bloom species
were within the size range and type of cells eaten by both
species. It was also interesting to note that the phytoe-
plankton species succession and monthly periodicity of
blooms observed in 1980 were the same patterns recorded 50
years earlier specifically for the phytoplankton in East
Sound, and for the Puget Sound region in general (Gran and
Thompson 1931, Phifer 1934b).

The smaller developmental stages theoretically might
have had difficulty handling the spined diatoms (Chaetoceros)
or longer chains (both Thalassionema and Skeletonema) due to
the increase in the effective cell size caused by the spines
and by chain formation (Schnack 1979, Gifford et al. 1981)
relative to the small size of their feeding appendages. The
high abundances of Acartia clausi developmental stages pre-
sent throughout the study period, may be indicative of the
development of additional particle selection capabilities
obgerved for females of this species in the present study.
That is, the ability to assess differential food quality,
and the equivalent efficiency with which a ration was procur-
ed over the same size range of cells available to Pseudocala-
nus, could have allowed Acartia to effectively compete with
Pseudocalanus developmental stages. Assuming an allometric




153

relationship between body size (or weight) and the size and
dimensions of the feeding structures (Frost 1972b, Schnack
1982), it is also possible that the smaller animals observed
in summer effectively had a wider range (as well as a great-
er abundance) of cells available to them. These animals

may have been able to take advantage of the small cell re-
source typically abundant as a component in particulate
"background" levels, as well as being capable of eating the
larger diatom cells. The decrease in body size from winter
to summer, and the increase in the number of younger copep-
odite stages during late spring and summer for both species,
may also suggest an increasingly efficient use of the small
cell portion of the particle spectrum by the populations of
both species.

The populations of Pseudocalanus and Acartia dominated

the zooplankton community in East Sound throughout the sur-
vey period (83.8% of the total number of calanoid copepods
estimated at Station 2 during periods of both high and low
phytoplankton abundance). Although not directly measured,
differential predation on the zoopiankton probably was not
a factor in creating the measurable differences in copepod
species composition and abundance observed inside and out-
side the bay. The primary predation pressure from schools
of herring and "blooms” ¢f jeilyfish and other gelatinous
zooplankton which were periodically observed in the bay,
cccurred at the same time and to the same apparent degree as
in channel waters outside East Scund, and throughout much
of the ruget Sound region.

The range of values calcuiated for the grazing impact
of these populations indicated that they could have had a
significant effect in decimating (using the estimates for
maximum grazing removai), or at least modifying the phyto-
plankten standing stock (using the minimum estimate for graz-
ing removal), although they were probably never in a situa-
tion of food limitation. The rate calculations assuming
100% efficiency for cell capture, retention, and ingestion
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were probably unrealistically high, since the efficiency
estimates calculated from the actual removal of cells in

the laboratory grazing experiments (i.e., the species-speci-
fic values for BEI (1)) were relatively low for both:species.
The removal rates calculated using the minimum efficiency
estimates for cell retention and ingestion indicated the
importance of including both the effects of numerically
abundant, younger developmental stages, and the effect of
seasonal variations in the mean size of grazers, in estimat-
ing the full impact of a grazer population on their food
resource.

Clearly there are limitations in a study of this kind.
one must always be careful when using laboratory-derived
estimates for grazing removal to predict the interaction of
grazer populations in the field. In this regard, the study
must be considered a theoretical treatment of the data.
However, recent studies have indicated that ingestion rates
in the field may approximate the maximum rates obtained from
laboratory grazing experiments during bloom conditions
(Poulet 1974, Landry 1981), or when non-food particle inter-
ference occurs (Huntley 1982). Also, at this point, data
from only a limited number of dates was available for analy-
8is, and thus only the seasonal mean conditions in East Sound
could be effectively treated. Although primary production
estimates, rather than measurements of standing stock, would
have been the more appropriate and perhaps more interesting
comparison to make in prediecting the dynamic impact of these
grazer populations on the phytoplankton community of East
Sound, estimates of standing stock have been used in the
literature (e.g., Poulet 1974) to indicate the balance bet-
ween production and consumption in the field. This relation-
ship may be used most appropriately where phytoplankton and
zooplankton populations develop together (Raymont 1980).
Additional data from gut contents analyses (e.g., Schnack
1975, 1981) would alsc have been useful in determining the
exact nature of the dietary overlap between the different
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species and developmental stages, since the presence of a
large standing stock for a particular food species may in-
dicate that it is not being eaten.

Since the range of particle sizes eaten by marine cope-
pods is considered to be gquite narrow (Raymont 1980), the
potential exists for considerable overlap in diets (Mullin
1966, Frost 1972b, Poulet 1974) consumed by animals of very
different sizes (Harris 1982). This overlap may result in
both intraspecific and interspecific competition for the
planktonic food resource; especially during periocds of low
food abundance, or when the particle spectrum varies rapidly
in time or space. Recent models of the dynamics of plank-
tonic systems (e.g., Steele and Frost 1977) have been based
upon the assumption that there was a correlation between
copepod size and the size of the particles eaten. Tradition-
ally, it has been hypothesized that larger copepods feed
more efficiently on larger cells, if for no other reason
than the morphological limitations of their feeding appara-
tus (Parsons et al. 1969, Parsons and LeBrasseur 1970, Frost
1972b, Bougis 1976, Harris 1982).

The basic controversy regarding size selection was
addressed by .Frost (1972b) in a comparison of the more gen-
eral, theoretical considerations of Schoener (1971) and the
clasgical theory of size-selection efficiency forwarded by
Brooks and Dodson (1967) for freshwater copepods. As applied
to copepods, Schoener hypothesized that all grazers were
equally specialized (i.e., equally efficient) in capturing
cells and attaining a ration from a particular portion of a
natural particle spectrum, but - that different grazers have
become more efficient (i.e., specialized) on different re-
gions of the particle spectrum. Thus, he hypothesized that
direct competition for the food resource should only occur
at low food densities. Small grazers could outcompete larger
grazers under these conditions since the portion of the food
spectrum composed of small cells, which numerically dominate
the particle spectra of marine systems, would be available to
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them. Brooks and Dodson (1967) hypothesized the opposite
result of competition at low food densities. Since small
cells were equally available to large and small herbivores
alike, they hypothesized that the higher ingestion rates
and larger size of the feeding appendages characteristic of
large herbivores would allow them to be more efficient at
procuring a ration from larger cells in the distribution,
as well as having small cells available to them as food.
For marine copepods, Parsons et al. (1969) suggested
that Calanus growth in the Straits of Georgia was limited
by an inadequate food supply during times of low phyto-
plankton abundance (i.e., below feeding threshold levels,
Frost 1972a), and when u-flagellates dominated the particle
spectrum, whereas smaller cells were effectively used by
Pseudocalanus. Similar results were reported for Pseudo-
calanus in Saanich Inlet, where it dominated the zocoplankton
biomass throughout the year (Koeller et El' 1979). Harris
(1982) specifically tested the size—ez}iciency hypothesis
for these two species under natural but enclosed conditions
(a2 CEPEX experiment). Although the shapes of the ingestion
curves varied between experiments, Harris concluded that
even though the body sizes of Pseudocalanus and Calanus
differed by an order of magnitude, the range of particles
eaten was quite similar. Similar conclusions have been
drawn by Richman et al. (1977), Poulet (1978), Gamble (1978),
and Cowles (1979), for a variety of marine copepods from

coastal to estuarine environments. ‘

In the present study, Pseudocalanus, the larger copepod
at all developmental stages, had smaller setule spacings
dominating the filter, was able to eat cells of a slightly
smaller size in a laboratory mix of particles, and had a
higher percent of the total ration coming from the flagellate
distribution at all developmental stages, compared to Acartia.
However, the Acartia female preferentially selected small
cells within the diatom distribution. In addition, the

appropriate morphology exists for the capture of individual
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particles, as well as for filtering cells, in both species
(Conover 1956, Marshall 1973, Corkett and McLaren 1978).

The piercing and sucking of very large cells, and the eat-
ing of chains in a spaghetti-like motion are apparently
capabilities which a variety of copepods have (Conover 1956,
Poulet 1974, Alcaraz et al. 1980, Koehl and Strickler 1981).
Thus, similar abilities may exist for ingesting very large
particles and/or particle chains. These data would'suggest
that body size does not necessarily correctly predict the
size range of types of particles eaten by marine herbivor-
ous copepods. '

Temperate marine and coastal environments may be char-
acterized by a variable food resource in both space and
time, and with respect to the size, composition and concen-
tration of food particles available to grazers (Sheldon et
al. 1972, Poulet 1973, Poulet 1974, Landry 1981). Switch-
ing the grazing pressure between peaks of varying relative
abundance (Poulet 1974, Richman et al. 1977), or switching
between different types of prey (Landry 1981) as they grow
and change seasonally (or on shorter time scales, e.g.,
‘during bloom conditions), would be an effective mechanism
by which an herbivore could maintain a varied food resource
(Hilbert et al. 1981, Harris 1982). Whether this response
occurs as the result of an active process (Richman et al.
1977, Donaghay 1980b) or is based on as simple an assump-
tion as the differential relative availability of different
types or sizes of particles (Poulet 1974, Poulet and Marsot
1980), the effect would appear to be an adaptive response
for a grazer living in a food environment which is quasi-
unpredictable on a short term basis, but which may be char-
acterized by generally high food abundance on longer time
scales.

No single, overiding paradigm for phytoplankton- zoo-
plankton grazing interactions has yet been developed to
coherently explain or interpret the massive amount of data
regarding the extent of selection capabilities in marine
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copepods. The data suggest that a variety of responses
exist. It would appear, however, that we have arrived

at the point where a synthesis of those data is necessary.
We can no longer run laboratory grazing experiments with-
out having a field application in mind. And we can no
longer promote the study of copepod feeding behavior with-
out considering at the same time an ecological and evolu-
tionary perspective. Should some brave soul attempt the
feat, the overiding consideration should, of course, be
that the individual organisms involved in primary and
secondary production are inherently co-adapted, just as
has been proposed for benthic grazers (Lubchenco and
Gaines 1980), and for nutrient-phytoplankton interactions
in the sea (Peterson 1975, Walsh 1976, Brand 1981).
Marine copepods do behave in the sense that they are able
to respond to both physical and biological variables in
their environment in more than jﬁst a passive manner, and
thus remain inordinately attuned to the vagaries of a
planktonic existence. We need now only to understand the
level of interaction of those variables, at the appropriate
time and space scales on which they operate with respect
to the lifespan of an individual grazer, in order to
synthesize the data into an evolutionary perspective for
marine phytoplankton-zooplankton interactions.
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