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INTRODUCTI ON

It has been suggested by Hardy (1956) that planktonic
copepods are more numerous than all other metazoan animals
combined. Whether or not this is an exaggeratlion, the im-
portance of calanoild copepods in natural waters has long been
recognized by virtue of their sheer numbers. Experimental
studies on individual species under controlled laboratory
conditions have been a profitable and even indispensable ap-
proach to our understanding of the role of these animals in
nature, Yet, such studies have been almost entirely limited
to but a few marine species. The present investigation was
undertaken in order to gain firsthand information about cer-

tain salient features of the biology of Epischura lacustris

Forbes, a common fresh-water calanoid. It was selected for
Study because, in spite of its frequent appearanée in the
plankton of our larger lakes, almost nothing was hitherto
known of its life history or ecology. Further, the animal
was readily available and relatively easy to recognize macro-
scopically in the adult stage, since it was the largest cope-
pod present in the collections. Larval development, feeding
habits, and reproductive activities were investigated by ob-
serving living animals. In addition, periodic collections
from a southeastern Michigan lake provided the basis for
determining the seasonal distribution of the species 1n nature.

The best known copepod is the marine calanoid Calanus
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finmérchiCus (Gunnerus) (summary by Marshall and Orr, 1955).

No fresh-water zooplankter has been studied, in scope or in-
tenslty, to a comparable degree. Seasonal studies of natural
populations of Calanus, such as that of Marshall, Nicholls, and
Orr (193%), owe much of their thoroughness to a detalled know-
ledge of the mofphology, development, and reproduétive behavior
of the species, accumulated by several workers over many years,
Of equal importance, anrd forming an indispensable background
for making interpretations of changes observed in nature, have
been extensive experimental studies with living animals. Re-
search with Calanus has developed principally in two directions:
that relating to the acquisition and supply of food and that
involving respiratory rates, the 1ntérest being focussed on
"balancing the budget" between the copepod's food requirements
and the amount of food normally available to it in the sea,.

Epischura lacustris, a relatively large planktonic species,

has been described as a typical summer form inhabiting deep cold
lakes of temperate North America (Marsh, 1933; Pennak, 1953),.
Its distribution extends from the northeastern coastal states
and provinces west to Minnesota and the Northwest Territories
according to Wilson (1959), who further states that in northern

Canada it may be found associated with E. nevadensis Lilljeborg.

The species, the type for the genus, was flrst described by
Forbes 1in 1882, who found it a conspicuous member of the Octo-
ber plankton in Grand Traverse Bay, Lake Michigan. It has
been recorded on numerous lists of planktonic organishs (e.g.,

Birge, 1897; cChandler, 1940; Davis, 1954, 1959a; Forbes,
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1882, 1891; Herrick and Turner, 1895; Juday, 1903; Marsh,
-Wi893, 1895, 1897, 1903; Sars, 1915; Wells, 1960; Wilson,
1929) but 1ittle can be learned from these lists as to the
animal's seasonal distribution. In most cases the data pre-
sumably were based on adult individuals taken during the
summer and fall months; at the same time 1t seems unlikely
that distinctions were consistently made between adult and
late copepodild stages.
The most complete study of the limnetic distribution of
E. lacustris was made in Lake Nipissing, Ontario, by Langford
in 1938. Collections were made with a plankﬁon trap from May
to September for two successive years and all copepodid stages
were considered together. Nauplil were not distinguished from
those of the other copepods present. Langford believed the
population's horiéontal distribution to be nearly random, but
numbers taken in any one sample were so low than an adequate
treatment of changes in population size was not possible,
Adults of the specles are known to be active swimmers and reg-
ularly make extensive vertical migrations (Juday, 1903; Lang-
ford, 1938; Marsh, 1897; Welch, 1952; Wells, 1960). Marsh
(1897) has suggested an assoclation between these dally ver-
tical movements and a richer food supply near the surface.
Nothing definite has been reported about the kinds and amounts
of food utilized by the animal as 1s the case with most other
fresh-water calanoids., Despite the scarcity of winper collec-
| tions, avallable records point to the animal's absence from

the plankton during this presumably unfavorable season. The
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method of survival from year to year has-yet to be demonstrated,

Marsh (1900) published a preliminary description of cer-
tain changes in male development with the intention of doing a
more thorough treatment at a later time. Unfortunately this |
work never appeared. His figures are not detalled nor were thre
larval stages identified. In any case, the larval stages of
E. lacustris have not hitherto been described.

The natural food of copepods has been investigated in a
variety of ways. 1In Summarizing the status of our knowledge of
the trophic relations of the three dominant groups of limnetic
zooplankton (Cladocera, rotifers, and copepods, especlally cala-
noids ), Edmondson (1957) has emphasized the need for precise
knowledge about food demands of‘individual Species, Other
authors have expressed similar views (Fryer, 1957; Gurney,
1931; Welch, 1952). Even the more refined and direct methods
of assessing the sultabllity and/or avallabillity of food seem
to be accompanied by difficult technical problems. The rela-
tive importance of the ma jor components of the seston (1nc1uding
nonliving tripton) as sources of food 1is iﬁ fact largely un-
known for most zooplankton Specles. In contrast there is de-
talled information for Calanus on ingestion rates, preferences,
slze, and assimilation of food materials (summary by Marshall
and Orr, 1955). Techniques which have proven successful in
studying food utilization in Calanus have not been used in in-
vestigations with fresh-water calanoids.

All calanoids in which food acquisition has been investi-

gated are filter feeders. Nearly identical food-filtering mech-
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anisms have been described for Calanus and a relatively unre-

lated fresh-water calanoid,_Diaptomus_gracilis Sérs (Cannon,

1928; Lowndes, 1935; Storch and Pfisterer, 1925). The feed-
ing movements, being intimately associated with those used in
swimming, suggested an automatic and indiscriminate removal of
suspended particles. Subsequent gut examinations have served
to confirm this idea. However, particle size and shape often
appear to be of critical importance for the degree of effective
retention by the maxillary filters in a variety of calanoids
(reviews by Jgrgensen, 1955; Marshall and Orr, 1955, 1955a).
Selection of one kind of food in favor of another has been de-
monstrated experimentally in Calanus (Harvey, 1937). Selective
feeding by other species in nature has been reported by Fryer
(1954) and Conover (1956).

Although diatoms doubtless serve as its principal source
of food, Calanus 1s capable of capturing larger organisms. In-
deed, Marshall and Orr (1958) believe that the copepod may rély
largely on predation for survival when, as during the winter
months, algae are scarce and food requirements cannot be met
solely by phytoplankton filtration. Digby (1954) has made the
sﬁggestion that the large decline in the overwintering stock
might be due to cannibalism. The fresh-water calanoid Hetero-
cope appears to be a consistent predator of the plankton (Bos-
sone and Tonolli, 1954; Elster, 1936, 1954%; Naumann, 1923);
in fact, Burckhardt (1944) has described a situation in several
Swiss lakes in which the predatory activities of H. sallens

has resulted in wholesale depletion of zooplankton populations,
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The significance of specific differences 1in food selection
has recelved little more than theoretical consideration. Hﬁtch-
inson (1951) has presented evidence to indicate that coexisting,
| closely related épecies of limnetic copepods consistently vary
in body size. He suggested that permanent coexistence could be
explained by the species! selecting food of different particle
size such that interspecific competition for food 1is negligible.
The mechanisms involved in selective feeding are unknown. Ac-
cording to Fryer (1957), shape and consistency as well as size
may play a role in determining what organisms are eaten by

Acanthocyclops viridis in nature, Little consideration has

been given to this problem 1n oalanoids. Some are known not

to feed f'or rather long perlods of time, and there 1s evidence
that Calanus 1is not obliged to ingest continuously while ac-
tively swimming (Gauld, 1951; Marshall and Orr, 1955a). More-
over, Lowndes (1935) has reported that Calanus may bring cer-
tain mouthparts into play to divert the feeding current away
from collecting surfaces. Esterly (1916) has observed Calanus
to scatter food by a flick of the maxillipeds after it has
accumulated it on the filltering setae.

Distinguishing copepod larval stages requires careful
detalled observation. For the limnologist confronted with the
task of segregating 1ndividuals of two or more coexisting
speclies, the problem poses speclal difficulties., While the
copepodid stages resemble a miniature adult, the nauplii of
nearly all planktonlc specles are so similar that they can be

distinguished only with difficulty. The general morphologs~
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of individual instars in calanolds has been described by Oberg
(1906), Grandori (1912), Dietrich (1915), and Ewers (1930),
and thoroughly summarized by Gurney (1931). For generic and
specific distinctions, descriptions by Elster (1932), Ravera
(1953 ), Wuthrich (1948), and especially Humes (1955) are of
value, _

In the literature on fresh-water calanoids, population
studies of a particular'species over an entire year are scarce,
A few examples of the most detalled investigations are those
of Comita (1956), Comita and Anderson (1959), Bossone and To-
nolli (1954), Elster (1936, 1954), Humes (1955), Klein (1938),
and Ravera (1954%, 1955). In the more elaborate of these, all
twelve life-history stages were segregated and speclal pains
were taken to obtain qﬂantitative information about a variety of
structural changes in the populations. For the most part, how-
ever, causal interpretations have been highly speculative or
neglected, doubtless due to a lack of preclse knowledge about
the ecologlical requirements of the species concerned. It 1is
becomling increasingly clear that some kinds of information
necessary to interpret changes in natural populations can be
obtained only under controlled conditions.

The papers by Humes (1954, 1955) on the systematics and

life history of Eplschura massachusettsensis Pearse and the

studles of Elster (1932, 1936, 1954) on Heterocope borealis

Fischer deserve special mention. Thelr morphological descrip-
tions are among the most thorough to be found in the literature

dealing with free-living copepods. Humes (1954%) included a



comprehensive review of the adult morphology of the seven re-
cognized species of Eplschura. Humes (1955) described larval
development and seasonal distiribution. Qualitative plankton
collections from a small, shallow pond were taken over a 13-
monﬁh period. The appearance of the specles was assoclated
with pronounced changes in the pﬁysical conditions of the pond,

E. massachusettsensis is the only specles of the genus for

which the nauplius stages have been described or in which thelr
seasonal bccurrence has been investigated. Cértainly one of
the most comprehensive studies of any fresh-water calanoid is
the work of Elster (1932, 1936, 1954), in which the population
of H. borealis in the Bodensee was examined in relatlon to the
entire plankton community. Laboratory observations on certain
aspects of feeding and reproductive behavior, egg production
and hatching, and rate of development provided a wealth of
information necessary in the analysis.

The species composition of limnetic zooplankton communi-
ties in terms of relative abundance has receilved little atten-
tion. Pennak (1957) has reviewed this subject in connection
with the "niche" concept, attempting to demonstrate the relative
simplicity of associations of specles at any one time, E. la-
custris seems consistently to be associated with a number of

other calanoids, most commonly including Diaptomus oregonensis

Lill,, D. minutus L1l1l., and Limnocalanus macrurus Sars (Birge,

1897; Juday, 1903; Langford, 1938; Marsh, 1893). In the
Great Lakes additional coexisting species are D. ashlandi

Marsh, D. sicilis Forbes, D. siclloides Lill., and Senecella
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calanoides Juday (Chandler, 1940; Davis, 1954, 1959a; Marsh,

1929; Wells, 1960). Also noteworthy are the repeated obser-
vations that populations of E. lacustris are often composed of
relatively few individuals. For example, Juday (1903) in a
comparative study of the plankton of elght Wisconsin lakes
stated that sparse numbers prevented him from making quanti-
tative analyses. As previously mentioned, Langford (1938) re-
ported an extremely small population in Lake Nipissing; Birge
(1897), Davis (1959a), and Wells (1960) have noted similar
situations in Lakes Mendota, Erie, and Michigan, respectively.
The present work advances our knowledge of the larval de-
velopment, ecological 1life history, and feeding behavior of a
widely distributed fresh-water calanoid copepod by augmenting a
fleld study with laboratory experiments and observations., The
descriptive part concerns the larval ildentification of E. la-
custrls and the seasonal occurrence of all twelve stages during
a 15-month period in Whitmore Lake, Michigan. Egg viability
in relatlon to temperature was investigated with particular
reference to the appearance of the copepod in nature. Matters
pertalning to food were pursued by examining the contents of
the digestive tract, measuring the filtration rate, and by
assessing the sultabllity of a variety of organisms by offering

them to laboratory cultures of animals,



GENERAL METHODS
Life History

Fleld collections

Plankton samples were taken from a small boat in the
northeast basin of Whitmore Lake. Throughout the period of
study, Eplschura was found to be scarce or absent from the
shailow areas surrounding this basin, circumscribed by 1its
steeply sloping sides, as shown in Fig. 1. Large qualitative
tows were taken with a #10 standard silk plankton net on 59
dates from March 2, 1956, to June 12, 1957. On the average
the plankton was sampled once every six days during ice-free
conditions. The aperture of the net's mesh (O.158 mm square)
was just fine enough to retain the first nauplius stage. In
an effort to obtain representative samples, the net was towed
from near the bottom (17 m or more) to the surface several
hundred feet across the deepest part of the lake, except dur-
ing the winter when a series of vertical hauls was made through
the lce at a single station.

Surface and alr temperatures were recorded on each visit
to the lake. Every few weeks the vertical distribution of
temperature was determined by lowering to the bottom of the
deepest depression a Whitney resistance thermometer on a
calibrated line.

Unlike the majority of fresh-water copepods which carry

their eggs in one or a pair of ovisacs, E. lacustris sheds

10
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them directly into the water. ' Since eggs oviposited even at
the lake's surface might be expected to Sink to the bottom
before they could hatch, bottom samples were dredged and ex-
amined for the presence of eggs. As a result of finding

them there in abundance, routine bottom sampling was under-
taken in an attempt to relate the occurrence of viable eggs
to the copepod's seasonal appearance in the plankton. Month-
ly collections were made with an Ekman dredge (six inch size)
durlng the first half of 1957. The samples, taken along a
transect extehding'from near shore to the profundal region,

reflected a variety of sediment types.

Morphological treatment

Distinguishing nauplius stages was accomplished only
after eggs, procured from freshly captured females, were
allowed to hatch in the laboratory and the development of the
resulting larvae followed through one or two molts. Immature
copepodids were relatively easy to recognize because of their
simllarity to the adult. Individual nauplius sﬁages were com-

pared with those of E. massachusettsensis (Humes, 1955), and

all instars were identified by noting differences in body

size and 1n the state of development of the appendages. Body
length measurements of more than 200 nauplii and 150 copepo-
dlids were made. The adult second maxilla, the appendage
which in calanoids serves as a filter, as well as the sexually
dimorphic fifth legs of the last tpree copepodid stages were
described and drawn.

Through experience in examining a large number of cope-
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pods, living individuals of the cpecies could be distinguished
simply by scanning a fresh plankton sample with a dissecting
microscope. The distinctive position of the swimming appen-
dages in the 1living nauplius and the animal's-characterist;c
swimming behgvior made this possible, thus obviating time-
consuming microscopic examination under high magnification,
usually required to recognize nauplius stages in preserved
plankton collections.

Living instars were photographed to illustrate some df
thelr characteristic features. Photographs of the egg and
six nauplius stages were taken with a 35 mm camera mounted
on a Zelss Plankton Microscope designed by Utermohl. Copepo-
dids were photographed with a Bausch and Lomb binocular dis-
secting microscope fitted with a Micro-Ibso attachment and a
Lelca camera box. Specimens were 1mmobilized'b& rapid cool-
ing to near freezing or by immersion in 10’“ concentration
of MS 222 (tricaine methylsulphonate).

Figures were drawn with the ald of a camera lucida at
275 and 430 magnifications. To determine detail a 95X oil
1mmersion lens was used. Examinations of whole specimens and
dissected appendages were made using animals previously stored
for a few days 1n a mixture of 20% glycerine in 70% alcohol.
This made them easler to manipulate and to_dissect and pre-

vented the material from drying out.

Instar analysis of Whitmore Lake population
The seasonal distribution of instars was determined by

recording their presence in each of the preserved plankton
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samples. The method was essentially the same as that em-
ployed by Humes (1955), no attempt being made to obtain quan-
titative data. '

On occasion it was necessary to examine the entire con-
tents of a given sample. Those in which a relatively large
number of Epischura were encountered were subsampled and only
a fraction of the original sample studied. Twelve instars
were segregated. The numbers of adult males and females (Co-
pepodid stage VI) were recorded and adult females further di-
vided according to the proportion carrylng ripening eggs in
their oviducal diverticula. The transparency of the body and
the dark opacity of the eggs made these individuals easy to
pick out. Usually 100 adults, taken at random from each sam-
ple, were used to estimate the sex ratio. For a measure of
the occurrence of egg production, in most cases 50 adult fe-
males were examined. On a few dates, a fewer number of adults
were examined due to the small number of individuals present

in the collections.

Egg viability

It was noted that the length of time necessary for eggs
to hatch 1in the laboratory varied considerably, often by as
much as several weeks. VYet all eggs examined appeared struc-
turally similar. The discovery that large numbers of viable
eggs rested in the bottom mud some months after the ma jor
period of egg production in the fall of the year established
that there were overwintering or resting eggs. Although the

term "resting" egg is usually reserved for specilal thick-
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walled eggs known to be produced by some speciles of calia-
noids (e.g., Limnocalanus macrurus), it is commonly sup-
posed that ordinary eggs may occasionally overwinter in an
extended 1ncubation period (Gurney, 1931; Pennak, 1953).
It seemed reasonable to expect to explain differences in in-
cubation time on the basis of temperature, 1In the lake, eggs
would be exposed to different temperatures depending on the
time of year, Eggs laid during the warm months of the year
would experience low temperatures only in the lower water
layers. Eggs produced in tpe late fall, on the other hand,
would encounter continually'decreasing temperatures and ulti-
mately almost uniformly cold conditions regardless of depth,
Two methods were used to investigate egg viability.
One employed eggs laid in the laboratory by freshly capﬁured
animals so that the time of laying and usually the number of
eggs per .Jemale were known. The other involved recording the
frequency of hatching of €ggs occurring in mud samples by
noting the presence of Nauplius I individuals. Culture ves-
sels containing eithér the laboratory-laid eggs or small
quantities of mud in filtered lake water were exposed to one
of two constant temperatures: 20.0° ¢ (18.7 to 21.5° ¢) and
5.0° ¢ (4.7 to 5.2° C). The vessels were examined at inter-
vals varying from one to seldom more than ten days, and as
nauplii appeared, they were removed by decanting and counted.
It was possible to retrieve virtually all nauplii due to
their tendency to swim up from the bottom of the culture ves -

Sels. Unhatched eggs and sediment remained undisturbed.
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Water removed was replaced by filtered lake water kept at the
experimental temperature.

it was recognized that while enroute from the lake to
the laboratory and especially during the time required to
isolate the gravid females, plankton and mud samples were
subjJected to fluctuating and generally increased temperatures.
For experimental material destined to be kept at 20° C the
effect may not have been significant in that 20° was for the
most part higher than any pre-experimental temperature like-
ly to have been encountered. 1In any case the time elapsing
between collecting and maintaining the material at the desired
temperature was kept to a minimum,

In 1solating females whose eggs were to be exposed to
the lower temperatures, special precautions were taken to avoid
elevated temperatures. Living plankton was stored in a re-
frigerator immedlately upon return from the lake. Subsequent-
ly, small subsamples were examined and ovigerous individuals
isolated and promptly returned to the refrigerator where ovi-
position was allowed to take place at a temperature of about
50 C. The number of eggs laid was not counted directly but
was estimated from the number of nauplii subsequently recovered.

The procedure with eggs taken in mud samples was much the
same as that used for laboratory-laid eggs. Bottom sampling
was restricted to a period (January to June, 1957) during
which no sexually mature Epischura were present in the lake,
Consequently, all eggs taken in mud samples must have been

produced by the population of the preceding season, or even
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earlier. Freshly collected mud was allowed to settle, then

- decanted, and stored in sealed jars at each of the two experi-
mental temperatures. Decanting effectively removed the few
microcrustaceans present. Eggs were retained in the settled
portion., No reliable method was found to distinguish the

eggs of Egischuba from those of the other crustaceans in the
bottom debris. Therefore, the eggs were not removed nor was
1t possible to estimate the numbers actually present. A small
amount (about 10 grams ) of moist mud was placed in each of
several culture dishes, flooded with filtered lake water, and
thereafter maintalned at one of the experimental temperatures.
Stored moist mud samples which had been shown to contain a
large number of viable eggs sometimes were subsampled again

and treated similarly,.
Food Relations

Feeding studies were initiated in an effort to prolong
the laboratory survival of mature female Epischura taken from
live plankton hauls in connection with egg viability and lar-
val identification work. The problem of determining food pre-
ferences was approached first by exposing laboratory popula-
tions to known species of phytoplankton suspended in filtered
lake.water. Differences in growfh and survival of the animals,
maintained in small aquaria, were recorded according to the
algal organism offered.

Gut dissections of both experimental and freshly captured

Epischura provided direct evidence of the kinds of food con-
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sumed, and variations in fecal pellet production by laboratory
animals were noted. As could be inferred by'carefully exémin-
ing the contents of the fecal pellets, the degree of digestion
was also taken into account in assessing food suitability.

In order to substantiate and, if possible, amplify the
results of these preliminary observations, measurements of
the rates at which the copepod ingested different algae were
made., The phytoplankton species used were largely those which
seemed to be consistently aSsoeiated with significant differ-
ences in growth and survival of the copepods in the earlier
work. The method 1nvblved determining the change in phyto-
plankton concenfration occurring during the period in whichAl
Epischura were allowed to graze upon 1t., 1In order to keep the
algae in constant Suspension, a grézing apparatus, designed to
accommodate 12 experimental bottles Simultaneously, was con-
structed. A brief description of the equipment appears later.

Finally, the possibility was investigated that crustacean
plankton itself might be an important item in the animal's
natural diet. A variety of crustaceans were offered to stage
III, IV, V, and adult copepods and the rate was noted at which
the different ones were consumed., These consisted primarily
of diaptomid, cyclopoid, and brine shrimp nauplii as well as
those of Epischura itself, Daphnids, other cladocerans, and
late-stage copepods also were tested. The sultability of
crustaceans as the sole source of food was examined by rearing
individual Epischura which were periodically supplied with

freshly-hatched Artemia larvae,
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Laboratory rearing

The prospects of eventually establishing a self-perpet-
uating laboratory population of Epischura at no time were
considered very likely. Still, the most direct approach in
obtaining detailéd iInformation about the animal's food habits
seemed to bring the copepods in from nature from time to time
and to study them under a variety of controlled conditions.
In maintaining animals for purposes of trying to raise them
on differenf kinds of foods, three procedures ultimately were
used. Conditions common to all three, as they seemed to be
best for survival, were a medium consisting of microfiltered
lake water (Reeve Angel paper #202), a controlled temperature
of 20.0° ¢ ( %1.5), and indirect fluorescent illumination
(not measured). It was found that at about 10.0° C, adults
had difficulty in feeding.

Cultures initiated with adults and other copepodid stages
were kept in 8-10 liter aquaria allowing as much as a liter
of medium per animal. The copepodid's comparatively large
slze permitted easy observation for censusing. For rearing
nauplii, small Petri dishes were used in order to change the
medium at more frequent intervals. Up to a dozen young
nauplii were maintained in each of several cultures contain-
ing about 10 ml of lake water and offered fresh dilute con-
centrations of algae every few days. Eglggggggrraised on
Artemla larvae were 1solated in jars of about 100 ml capaclity.
The cultures were initiated with 30 stage V copepodids of

both sexes, For each individual daily records were kept on



19

mortality, molting, egg production, and number or prey con-
sumed. Bacterial contaminatlon resulting from uningested |
food was minimized—by‘daiiy replacement of lake water.

In de;ermining what algae to use, convenience of cul-
turing, si;e, ahd similarity to forms represented in the
lake's plankton were considered. The significance of size
and shape of filterable food particles was mentioned pre-
viously. Accordingiy, a wlde range 1n size among foods to
be tested was chosen, Avérage sizes varied from about a U4

p diameter for Chlorella vulgaris to that of Pediastrum

biradiatum, which measured approximately 68 P in diameter

and 10 p in thickness. Except for Chlamydomonas, all genera

were represented in the plankton of Whitmore Lake and occur-
red throughout much of the year.

Blue-green algae and diatoms were not used in rearing.
Their ommission may not be as serious as would first appear.
The former, although dominant in the lake's summer flora, are

not generally recognized as important in crustacean nutrition.

Species of Anabaena, Oscillatoria, Fragilaria, andg Synedra
were 1isolated from living plankton samples but failed to
multiply in any of the culture media used. Two species of
diatoms were subsequently obtained from the Culture Collection
of Algae, Department of Botany, Indiana University, Blooming-
ton, Indiana, and were cultured Successfully. Their suitabil-
ity was evaluated by measuring their rates of ingestion by
Epischura as is described in a later section.

The phytoplankton offered to laboratory populations were:
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Species , Indiana University
culture number

Ankistrodesmus sp.

Chlamydomonas reinhardi

Chlorella vulgaris #397
Oocxstié Sp.

Pediastrum biradiatum # 37
Scenedesmus quadricauda # 17

The three species indicated by culture numbers, correspr 1ding
to those published by Starr (1956), were procured from the

Indlana University collection. Ankistrodesmus and Oocystis

were obtained by isolating individual cells or coenobia from
settled volumes of Whitmore Lake surface water.

The liquid nutrient medium which satisfied the growth
requirements of the slx algal species sufficiently to permit
mass culturing was found to be a slight modification of culture

medium #10 reported by Chu (1942). Its composition was as

follows:
Constituent Concentration in grams per liter
Ca (No3)2 0.08
K, HPO) | 0.02
Mg Sou.7H20 0.025
Nas CO3 0.02
Na Si 03 0.025
Fe citrate citric acid 0.000Y4 Fet++

50 ml of soll extract per liter
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Unialgal mass culturing was carried out in 100 ml of medium
contained in 350 and 500 ml Erlenmeyer flasks using a constant
1llumination provided by two U40-Watt, daylight type, fluores-
cent tubes at a temperature of 20.0° ¢ (£1.5). One ml inocu-
lations to fresh sterile medium were made perilodically so as
to have algal popuiations in active cell growth when needed.

In supplying each of the laboratory populations of Epl-
schura with one of the algal specles, care was taken to use
cultures 1in a rel:tively active state of growth. Feeding con-
sisted of washing, centrifuging, and resuspending a sample of
the culture in flltered lake water before adding it to the ap-
propriate aquarium and Petri dish containing the copepods,
Nauplius populations were given a change of medium and fresh
algae every two or three days. Water in the larger aquaria
was replaced only rarely, and algal food, eventually allowed
to accumulate on the bottom of each tank, was offered less
frequently. A record was kept of mortality. This record was
less complete for the few copepodid populations which had
managed to reproduce, in that no attempt was made to census
nauplii, which 1n at least one aquarium appeared in abundance.
However, the times of the occurrence of copulation, egg forma-
tlon, and newly-hatched larvae were noted. Occasionally, one
or more anlmals were sacrificed in order to examine gut and
fecel pellet contents.

Dried eggs of Artemia salina were hatched in brine and

the nauplil rinsed in fresh water prior to introducing them

to vessels containing isolated copepods. Generally the brine
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shrimp remained actively swimming for twelve or more hours.
None metamorphosed beyond the second nauplius stage. It was
possible to obtain a fairly accurate count of the numbers con-
sumed as fresh media and food were supplied daily and the
nauplii for the most part were taken in whole. Almost invar-
lably one or more brine shrimp we;e found untouched at the
end of each 24-hour period, thus food supply doubtless was in

excess of the copepod's needs.

Gut analysis

Gut analyses were made by placing live animals individ-
ually in a clean drop of water on a glass slide and compres-
sing them with a cover slip. The technique was similar to
that described by Fryer (1957) in that by smearing the extru-
ded contents across the slide it was possible to identify in-
dividual components. Remains arising from the rectum and
foregut frequently could be distihguished.

The use of gut analyses in determining the natural food
of copepods is open to question. Gurney (1931) bellieved that
it 1is essentially impossible to recognize the food once it has
entered the digestive tract. On the other hand, Fryer has re-
lied entirely on gut examinations to demonstrate specific food
habits of a variety of fresh-water cyclopolds. Undoubtedly,
certain food organisms, because of delicate structure and
digestibility, become unrecognizable immediately or soon after
belng Ingested, whereas others resist digestion and apparently
are not serlously affected by passing through the alimentary

tract. Moreover, the fact that partly digested organisms
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usually cannot be distingulished from ingested organic detri-
tus sheds l;ttle light on the question of whether the latter
1s a maJor source of copepod nutrition, as maintailned by some
investigators (Naumann, 1923; Jirnefelt, 1940; Pennak, 1955).
The consensus appears to be that remains which are recognizable
do not necessarlly portray food preferences of natural popu-
lations (Edmondson, 1957; Marshall and Orr, 1955).
Accordingly, the guts of freshly-captured limnetic
Eplschura were examined only after algal food preferences of
experimental animals had been investigated, The analyses were
expected to give merely an indication of the kinds of materials
eaten in nature. Nilnety-six adult and stage V copepods, taken
in August and September, were studied individually as soon as
possible after colleqtion, and recognizable remains in their

guts were recorded,

Measurement of filtering rate

The method of employing concentrations of suspended food
particles before and after exposure to filter-feeding copepods
as a means of determining lngestion rates is a familiar one
(Fuller and Clarke, 1936; Fuller, 1937; Gauld, 1951; Mar-
shall and Orr, 1955a; Conover, 1956; Edmondson, 1957). A
major difficulty seems to arise from an inability té determine
to what extent the confinement of the animals interferes with
normal feeding activity. Similarly, measures taken to insure
a constant suspension of food, such as agitating experimental
vessels so as to make different foods equally available to the

copepods, may inhibit filtering behavior. The method must
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therefore be used with caution by the investigator concerned
wlth absolute filtration rates. On the other hand, insofar
as they may be considered to affect filtering rates uniformly,
standard treatments are not likely to alter seriously genuine
food preferences.

At least as serious are other factors which uhdoubtedly
influence measurements of filtering rates, and a remarkable
fact in all studies to date 1is the great variation in the
results, even under supposedly similar conditions, Differen-
ces attributable to such things as cessation of feeding,
crowding of experimental animals, inhibitory substances pro-
duced by senescent algal cultures, variations in food concen-
tration, and inevitable errors in counting are difficult to
take into account. Typically, the procedure has been to aver-
age the results from a large number of experiments, although
some lnvestigators have takeh the maximum values as the most
reliable. 1In the present work, measurements of the rates at
which different algae were ingested were taken as a measure
of the food's relative suitabllity, although for reasons to
be explained later, the highest rates were thought to actually
approxlimate those normally occurring in nature.

One hundred and four experiments with the following nine
specles of algae were run in 13 series. Eleven experiments
were discarded without counting, due to abnormally high mor-
tality and accidental spilling. The organisms are ranked
according to their approximate mean size, determined by direct

measurement of cells or colonies.
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Specles Indiana University mean size
culture number in p
Chlorella vulgaris # 397 4 dia
Navicula pelliculosa # 6u45 10 X 3
Nitzschla closterium
. minutissima # 642 19 X 3.5
Chlamydomonas reinhardi 15 X 11
Oocystis sp. | b x9
Scenedesmus quadricauda # 717 20 X 14
Ankistrodesmus sp. | 62 X 10
Pediastrum biradiatum - # 37 10 x 65 dia
Closterium littorale # T36LB 20 X 150

Three of these, Navicula, Nitzschia, and Closterium, are ad-

ditlons to ones previously used in rearing the copepods. The

diatoms were included because they are presumably important

in the diet of calanoids. Closterium was chosen on account of
1ts large slze and the fact that it was easily cultured. It

was found that the best growth was obtained in the three specles
by using heavier concentrations of soil extract.

The grazing apparatus consisted of a simplified modifica-
tion of one described and used by Conover (1956). Two drums,
each equipped with six holes into which experimental bottles
were 1nserted and held securely in place, were mounted on a
shaft which was turned by a 1/2 hp electric kymograph motor.

A rheostat on the motor made 1t possible to rotate the drums
at a speed as low as two rpm (s8lower than in Conover's equlp-

ment ). Slow rotation rates were thought to have had the least
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inhibitory effect on the copepod'!s feeding behavior, yet were
more than adequate to keep the phytoplankton in constant sus-
pension. Experiments were run at a temperature of 20.06 C
(121.5). For any one series, temperature variations were mini-
mlzed by submerging the drums in a large water bath equipped
with a heating element and by maintaining the entire apparatus
in a room with a constant temperature of 10.0° ¢ (+ 1.5).
Freshly-captured copepods were segregated according to
‘'stage and then condltioned in filtered lake water prior to
thelr introduction into experimental bottles. All but ten ex-
periments involved adult Eplschura, usually of one sex. Animals
were conditioned by allowing them to remain 24 hours or more at
the experimental temperature in microfiltered lake water. Only
active, healthy appearing individuals then were selected for
use in the experiments. Each species of phytoplankton was cen-
trifuged, washed; and resuspended in filtered water, the sus-
pension further diluted to give a desired algal concentration.
Approximate concentrations were estimated with the aid of a
Sedgwick-Rafter counting cell according to methods described
by Welch (1948). Between five and 21, but more often ten ani-
mals were introduced into each of a series of glass-stoppered
bottles of known volume, filled with suspended food. Bottle
volumes averaged about 125 ml. One bottle, containing no ani-
mals, was used as a control; all were then mounted on the
grazing apparatus and the experiment run in the dark. The ex-
perimental period varied from between ten and 24 hours; most

often it was 16 hours.
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The filtration rate was determined from differences in

phytoplankton concentrations between experimental and cbntrol
«bottles, as measured by Sedgwick-Rafter counts. It was based
" on the equation:

F=v(lnC, - 1n C.), -

after Gauld (1951) as modified by Conover (1956), where F is

the volume of water swept free of food in 24 hours, v the vol-

ume of water per animal, Ct the experimental algal concentra-

tion after 24 hours, and Co the control algal concentration

after 24 hours.

Immediately following an experiment, after removal and
brief examination of animals, 100 ml of the thoroughly mixed
contents of each bottle were preserved with Lugol's iodine
solution (American Public Health Association, 1959). Enumera-
tion procedures with the Sedgwick-Rafter cell followed essen-
tlally those prescribed by Serfling (19h9). Depending on the
size and concentration of organisms, one of two magniflications
was employed and the volumes represented by their corresponding
microscope fields calculated. A minimum of 100 organisms and
30 filelds, distributed symmetrically over the chamber, were
counted. The mean of individual field counts was set at five
or more; rarely this requirement necessitated concentrating
the original sample. To evaluate the reliability of the counts,
the coefficient of variation (relative standard deviation),
based upon the range of ten observations, was estimated for
each sémple mean (Snedecor, 1946). It was used to calculate

the standard error, a function of sample size, in percentage
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of the mean (relative error), Counting additional fields

beyond the minimum number, arbitrarily set at 30, served to

control the latter; in a few instances as many as 100 fields

per sample were counted.



RESULTS

Life History

Postembryonic development

The egg. - The entire series of developmental stages
from egg to adult, in which the living instars appear iﬁ vent-
ral view, is shown in Plates 1 and 2. Summer and overwintering
eggs produced at different times of year are représented in
Figs. a and b of Plate 1 respectively. As mentioned previous-
1y, they could not be distinguished morphologically. The
Summer eggs were retrieved from a specimen collected August 3,
1958. They hatched within 24 hours. The overwintering or
resting eggs were oviposited in the laboratory by animals taken
in the plankton on October 2, 1956, No instance of hatehing
among the more than 2000 eggs subsequently retrieved was ob-
served as late as early March, 1957 when the photograph was
taken. Yet all managed to hatch by April of that year, As is
evident in the photographs, clutches laid in the fall some -
times were composed of slightly larger eggs than those pro-
duced in summer, but there seemed to be no consistent trend in
this relation or in the chahge in clutch size. Fig. ¢ of
Plate 1 illustrates part of a clutch of eggs produced by lab-
oratory-reared Epischura which had been isolated at Copepodid
stage V and fed brine shrimp larvae. They were not fertil-
ized and eventually disintegrated.

Hatching requires but a very few minutes. Rupturing of

29
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the sheil appears to follow a predetermined line of dehis-
cence resulting in a nearly complete pair of identically shaped
hemispherés: The hemispheres do not completely separéte but
remain attached along a short hinge-like segment. After es-
Vcape of the naublius, the two discarded transparent halves
remaln gaping open at an angle of about 30°., Some of these
features are clearly seen in Fig, d of Plate 1. The presence
of an inner membrane, common to the eggs of all eucopepods

in which the hatching process has been described (summary by
Davis, 1959b; Elster, 1936), was not positively verified. In
Calanus it 1s of such a delicate and hyaline nature that it

may be easlly overlooked (Marshall and Orr, 1955). Apparently
1t 1s most obvious, as a spherical bubble containing the nau-
plius, during its period of swelling and subsequent emergence
from the ruptured outer shell or membrane. Although this se-
quence of events in the hatching process of E. lacustris was
not observed, 1t is entirely possible that the finely tattered
debrls frequently found associated with discarded shells (barely
discernible in Fig. d) is in fact the remains of inner mem-
branes,

Hatching 1n Heterocope borealis and Diaptomus gracilis

has been thoroughly described by Elster (1936), but this work
apparently was overlooked by Davis (1959b). Eggs of the former
are gquite large (0.23 mm in diameter); in both a delicate
hyaline "bubble", homologous to an inner shell swells bsmotic-
ally. The outer shell ruptures by a "meridional crack", with
the two halves gaping apart to allow escape of the bubble con-

talning the nauplius. The entire process lasts from three to
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eight minutes, The observations of hatching in Epischura,
while less complete, appear to conform precisely with those
made by Elster,

Nauplius stages. - Nauplius stages, with the exception
of stage I, were most readlly distinguished from those of other
copepods by a peculiar apposition of the first pair of antennae,
These appendages do not function in locomotion but remain in
a fixed position. As 1llustrated in Plate 1 (Figs. f - J),
they appear at first glance as a single structure projecting
anteriorly. This feature alone makes possible the identifi-
cation of larvae of E. lacustris in living plankton samples
even though dominated by the nauplil of other copepods.
Whether the character 1s unique to the species 18 not known.
It is strongly suggested in the figures of entire nauplii of

Heterocope borealls in Elster's detalled monograph, but not in

those of H. saliens by Ravera (1953). It should be noted, how-
ever, that the latter are somewhat diagrammatic and that both
investigators presumébly based thelr descriptions on preserved
rather than living material. In Epischura, upon preservation
or death the first antennae are drawn more or less apart so
that the feature is almost always lost.

Referring again to Plate 1, the first nauplius stage
specimen was newly hatched in the laboratory; the other speci-
mens shown were taken directly from Whitmore Lake plankton.
Consequently, from the figures alone, a reasonably accurate
estimate of natural slze 1increase among the first six instars
is possible. Epizolc colored microorganisms were found attached

to several individuals. A number are noticeable on the body
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and second palr of antennae of Nauplius stage IV in Fig. h,
They were not identified. Their occurrence seemed to be re-
lated to the time of molting since newly metamcrphosed spec-
imens generally were devoid of such growths.

For positive species identification, preserved nauplii
and living specimens of Nauplius stage I require high power
microscopic'examination. On the other hand, more or less
gross characters were useful in identifying naupliil to sub-
order or genus. Cyclcpoids were most easily distinguished
from calanolds on the basis of body shape and development of
caudal setae., The former have a body which is pear-shaped,
never laterally compressed, but sometimes flattened; in the
latter, the body is compressed and usually elongate, Similar-
ly, caudal or furcal setae are invariably symmetrical in
cyclopoids, but after stage I always asymmetrical in calanoids,
These features, shown semi-dlagrammatically in Plate 3 (Figs.
a - d), require no painstaking manipulation or dissection to
be observed clearly. In contrast are other dlagnostlic feat-
ures which, while at least as applicable, are much more diffi-
cult to see. For example, Ewers (1930) and Gurney (1931) re-
fer to masticatory structures on the second antenna and mand-
ible, relative flatness of distal segments and length of the
first antenna, and the stage in which certain appendages first
appear as rudimentary lobes.

Nauplii of Diaptomus may be distinguished from those of
Eplschura by the setation of the first and second segments of
the first antenna. As these two genera regularly occur to-

gether, thelr larval stages frequently may be confused. Body
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CYCLOPOIDA
Scale .—&'——mm_.
CALANOIDA
Cc
Scale : 0._mm —
Diaptomus E. massachusettsensis
E. /lacustris
h

PLATE 3. Morphological characters useful in distinguishing nauplii of different
species. (a) onterior view and (b) coudal setae of Mesocyclops edax;
(c) anterior view and (d) caudal setae of Epischura /acustris, (e),
(f), and (g) first antennae of Digpramus minutus, E. lacustris, and
E. moassachusettsensis respectively; (h) ond (i) caudal setae of £,
lacustris ond E. massachusettsensis. (a) through (g) Nauplivs  stage
il; (h) and (i) Nouplius stage V. (g) and (i) after Humes, 1955.
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‘dimensions have only a limited value in species identification.
Humes' generic distinction may now be emended to include E.
lacustris. In this species, the most proximal seta 1s indeed

very short, as in g. massachusettsensis, but the middle seta

is absent altogether. These characters are illustrated by
Figs. e, f, and g of Plate 3 which are lateral views of the

first antennae of Nauplius stage III of Diaptomus minutus,

E. lacustrils, and E. massachusettsensis, respectively, Nauplii

of D. minutus were reared from the egg after isolating live
ovigerous females from the plankton.

Other distinctions between the two species of Epischura
were found. Setatlon 1s much more developed in E. lacustris;
stage for stage, setae are not only proportionately longer but
more heavily feathered. This difference 1s most noticeable on
distal segments and caudal areas (Plate 3, Figs., f, g, h, 1; .
Plate 4). For E. lacustris, an inhabitant of the open water
of deep lakes, an increase in surface area no doubt serves as

an aid to flotation. E. magsachusettsensis, on the other hand,

1s known only from small and extremely shallow ponds. Similar-
ly, a higher degree of asymmetry is apparent in the caudal
setae, Humes (1955) noted that the middle seta of the right

caudal ramus in E. massachusettsensis is slightly shorter than

that on the left and bent somewhat dorsally. In E. lacustris,
there 1s not much difference in length, but the curvature of

the large, right caudal seta is more pronounced in all nauplius
stages (Plate 4, Figs. g through 1). In Nauplius stage VI
(Plate L4, Figs. 1 and m), this seta is usually directed dorsally
with the tip poilnting forward.
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First antenna and caudal setae of six Nauplius stages of Epischura
lacustris. (a-f) first antenna, (g-1) caudal setae in ventral aspect,
of stages | through Vi respectively. (m) coudal setae of stage VI as
observed from the right side.
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In other respects, the morphology of the nauplius
stages ofwthe two species 1s in close agreement (cf. first
pair of antennae, Plate Y4, Figs. a - f).

Copepodid stages. - The copepodld stages of the genus
Epischura are more or less adequately:known, and in two specles,

E. baikalensis and E. massachusettsensis, they have been de-

scribed in detail (Garber, 19U4l; Humes, 1955). Therefore a
description of the fifth pair of legs of both sexes and cer-
tain general features of the morphology of these stages in

E. lacustris was included in the present study,

All copepodid stages of Eplschura and Heterocope have one
character in common: each furcal ramus is equipped with three
well-developed plumose terminal setae, a slender, dorsal, in-
ner seta, and usually a reduced or spiniform outer seta
(Wilson, 1959; Humes, 1955, 1954; Borutskii, 1947; Marsh, 1933,
1900; Elster, 1932; Juday and Muttkowski, 1915; Sars, 1900;
Schacht, 1898; Lilljeborg, 1889; Forbes, 1882). The character
1s used by Wilson (1959) to distinguish genera of North Amer-
lcan calanoids. These three large setae are very noticeable
in E. lacustris and are not difficult to make out in some of
the photographs shown in Plate 2.

A common and frequently necessary practice 1n identifying
copepod larval stages 1s to assoclate them with the species
that are known to occur in a particular body of water. 1In the
Calanolda, copepodid stages follow a similar pattern of de-
velopment with respect to segmentation and appearance of ap-
pendages, so that by following a standard formula individual

instars may be told apart. As was expected, development in
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E. lacustris follows the basic formula described by Wilson
(1959), and corresponds strikingly with that of E. massa-
chusettsensis,

As in other calanoids, species of Epischura may be clear-
ly distinguished on the basis of the fifth legs alone. As far
as 1s known, this applies not only to the adult but to dével-
opmental stages of elther sex. These appendages in E. lacus-
Erls have been described for the adult, although not in precise
detail (Forbes, 1882; Marsh, 1900, 1933). For the larva
(Copepodids IV and V), the one previous description was neither
thorough nor accurate.

Plate 5 illustrates the fifth pair of legs as it appears
in specimens taken from Whitmore Lake. 1In general the devel-

opment agrees with that described for E. massachusettsensis.

The agreement is very close in the female, especially in stage
IV, although even here the distal sSegment 1s narrower and its
spines slightly more attenuated in E. lacustris, This distinc-
tlon was noted in the adult stage by Humes (1954), who fur-
ther remarked on the variable number of spines which has been
reported for the female armature of the distal segment in E.
lacustris. Forbes (1882) described six spines, four terminal
and one on each side. Schacht (1898) reexamined the type
specimens plus material taken in the same locality as the type
(Normal, Illinois), and other specimens collected in Illinois,
Indiana, and Michigan. He reported a constant number of seven
spines, three on the outer margin, three terminal, and one on
the inner margin., Humes (1954) found seven simllarly arranged

spines 1n specimens from Lake Erie,.
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PLATE 5. Fifth pair of legs of Epischura lacustris. (a-c) female and (d-f)

male Copepodid stages 1V, V, and VI respectively. (g) male right
fifth leg in posterior view.
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Females from the Whitmore Lake population usually possess
six spines arranged as showh in the original figures of Forbes,
However, a few individuals were found to have slix on one leg
and seven on the other. Examples appear 1n Figs. b and ¢ of
Plate 5. It may be noted that fine spinules first appear in
stage V. On the distal segment they are restricted to spines

located terminally on the inner margin (in E. massachusettsen-'

sis they occur only 1n the adult stage but on all the spines
of the distal segment). Only one specimen was encountered
which had seven spines on both legs, so it was probably of
rare occurrence in the population.

The female fifth legs of adult speclmens from Lake Mich-
igan (off Grand Haven) and Lake Winnebago, Wisconsin, also
were examined by the writer, The Lake Michigan material
possessed seven spines, but in Lake Winnebago the number
varied from six to eight, sometimes in the same individual,.

Intraspeciflc variation in the number and arrangement

of these spines has been reported for E. nevadensis (Forbes,

1893; Marsh, 1933) and E. nordenskioldl (Schacht, 1898). 1In

the former specles, the position of the spines was found to
be different 1n the two legs of a single individual, but there
has been no previous report for any species of a variable
number within a single specimen.

Other cases of this kind 1n calanolds are well known,
especially in diaptomids (Wilson, 1959). In E. lacustris,
for example, the armature of the second exopod segment of

the male left fifth leg is similarly variable (Schacht, 1898).
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Often it is armed with an outer distal spine. In.specimens
from Whitmore Lake this structure is usually lacking in the
adult (Fig. f Plate 5), although present in the preceding
instars, and was neither described nor flgured by Forbes.

It seems fair to conclude that Forbes! original descrip-
tion was correet for his material, and that the number and
distribution of the spines on the third exopod segment of the
female fifth legs in Epischura should be considered at present
as characters which vary intraspecifically,

The spermatophore is a persistent and characteristic
structure in the adult female. It occurs singly, firmly at-
tached to the genital somite (Plate 2 Fig. i), and only very
rarely is a fully metamorphosed animal found lacking one, Un-
like the situation in Calanus (Marshall and Orr, 1955) and
many dlaptomids, only one case was observed in which an Epl-
Schura possessed an extra one, and no instances were recorded
of stage V females (Plate 2 Fig. e) or males bearing spermato-
phores. Therefore, copulation no doubt is confined to a
limited period immediately following the female's final molt.

Growth factor. - Body length measurements, summarized in

Table 1, were of practical value in preliminary identification
of instars. E. lacustris is considerably smaller than E,.

massachusettsensis and it was of interest to compare their

growth patterns. Growth factors, or the ratios of lengths
between two succeeding instars, were calculated for the two
specles., They are recorded as mean values (i.e., average for
all instars) in Table 2, along with those determined for a

number of other related calanoids. Despite the size difference,
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Table 1. - Mean sizes and extreme ranges of eggs, nauplii,
copepodids, and adults of Epischura lacustris.

Stage Number of | Body length from tip of | Growth

measurements | rostrum to end of caud- Factor

: al rami, (mm)
~ Range mean
egg* 7 ~0.105 - 0.110 | 0.108
NI y7 0.117 - 0.131 0.120
NII 52 0.145 - 0.161 0.152 1.267
NIII 31 0.174% - 0.207 0.188 1.237
NIV 45 0.221 - 0.268 0.237 1.261
NV 12 0.277 - 0.316 0.288 1.215
NVI 16 0.325 - 0.360 0.348 1,208
cI 11 0.490 - 0.541 0.518 1.488
CII 15 0.592 - 0.709 0.650 1.255
CIII 25 0.782 - 0.876 0.823 1.266
CIV & 17 0.998 - 1.064 1.039 1.262
CIV ¢ 16 1.011 - 1.186 1.07h .1.305
cV & 14 1.300 - 1.511 1.394 1.341
CV 9 20 1.372 - 1.52% 1.469 1.368
CcVI & 17 1.608 - 1.748 1.681 1.206
CVI ¢ 16 1.722 - 1.867 | 1.795 1.222
~ ¥ dlameters ol living eggs

p——

e gt

—

——

Table 2, - Mean growth factors for a variety of calanoids of

the Famlly Temoridae.
length data given in indicated references.

Values calculated from

Species Adult Mean Reference

size (mm) | Growth

Factor

Epischura lacustris 3 1.68 1.273
Epischura massachusetts- | @ 3.13 1,278
ensis Q 3.40 1.287 Humes (1955)
Eurytemora hirundoides d1.53 1.283

Q 1.60 1.287 | Davis (1943)
Eurytemora velox al.u7 1.269

Q 1.77 1.284 [Gurney (1931)
Heterocope borealis 2.35 1,211 |Elster (1936)
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the average relative increase in length for eachvsex is in
remarkably close agreement in the two species.

It has been theorized that among crustaceaﬂs in general
there is a fixed relative increase in size at each successive
molt, which is characteristic for each specles and sex. The
idea, known as "Brooks's law" and attributed to Fowler (1909),
has received only partial substantiation. It has been dis-
cussed by Skogsberg (1920) in his studies on marine ostracods
and examined in marine and fresh-water copepods by Sewell (1912)
and Gurney (1929, 1931). Sewell's account attempted to explain
dimorphic adult forms by postulating entirely different male
and female growth factors leading to alternative possibilities
of development. A growth factor of 1.26 generally has been
taken as normal, However, Gurney did not find a sufficlently
uniform or specific growth rate in fresh-water dlaptomids t»
support Sewell's theory. He considered an empirically deter-
mined growth factor not much exceeding 1.3, except for the
molt from Nauplius stage VI to Copepodid I; to be typlecal.

The change in shape from nauplius to copepodid was offered to
explain a higher ratio of increase at this point of develop-
ment,

In successive instars of Limnocalanus Jjohanseni, Comita

(1956) reported a fairly uniform growth factor which averaged
less than 1.21, but curiously the length ratio between the
last nauplius and first copepodid was one of the very smallest
in the series (1.08).

In North American fresh-water calanoids, sexual differ-

entiation appears first at Copepodid stage IV. 1In Eplschura,
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structural differences in the right first antenna and fifth
pair of legs are quite noticeable. A sexual difference in
body length appears in this stage in E. lacustris (Table 1)
and becomes progressively stronger in the two subsequent stages;
a pronounced sexual size difference does not occur in E. massa-

chusettsensis until the adult stage. Humes measured over 1100

individuals yet found no size overlap among individual instars.
This Seems to be true for E. lacustris as well, although a much
smaller number of épecimens was measured. In diaptomids for
which data are available,-successive instars are often of the
same size (Wuthrich, 19&8). Based on mean lengths, growth
factors in Instars of E. lacustris ranged from 1.206 to 1,488
(Table 1), the latter value falling between nauplius and co-
pepodid stages. This degree of variation is not unusual,

| Mean growth factors for a number of fresh and brackish-
water temorids (Table 2) demonstrate that usually there 'is only
a slight variation between species or séxes; Considering the
difficulty in obtaining accurate measurements and the fact
that size 1s definitely known to vary with food supply in at
least some species, such differences are probably not sig-
nificant. No doubt, among copepods, a more or less fixed rel-
ative increase in size at each molt does exist; certainly it

has a practical application in the study of larval development.

Seasonal occurrence in Whitmore Lake

Description of the lake. - Whitmore Lake, located 12 miles

north of Ann Arbor in Washtenaw and Livingston Counties

(F. 1S., R. 6 E., Sec. 5, and T. 1 N., R. 6 E., Sec. 32), has
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an area of 677 acres, a mean depth of 14,2 feet, and neither
inlet nor outlet, It has a well developed littoral zone of
sand and peat dominated by rooted aquatic vegetation and a
ma jor depression in the northeast end which extends to a max-
imum depth of 69 feet (Fig. 1). Certain aspects of its phys-
ical and chemical characteristics, some of which indicate
pollution from domestic drainage, have been reported by
Hooper (1956).

' The net plankton was variable and frequently abundant,
Occurring at least most of the year in prevalent numbers were

the crustaceans Diaptomus oregonensis Lill jeborg, D. minutus

. Lill jeborg, Cyclops bicuspidatus thomasi S, A, Forbes, Meso-

cyclops edax (S. A. Forbes), Daphnia retrocurva Forbes, D.

galeata Sars mendotae Birge, Diaphanosoma brachyurum (Lieven),

Bosmina coregoni Baird, and rotifers of the genera Keratella,

 Kellicottia, and Synchaeta. Besides Epischura, less conspic-

uous or sporadically appearing forms were Diaptomus sicilis

S. A. Forbes, Daphnia pulex Leydig, Chydorus sphaericus (0. F,

Muller), Leptodora kindtii (Focke), Latona sp., Polyarthra sp.,

and Asplanchna sp.

Phytoplankton organisms were identified from periodic
surface tows. Usually a #20 mesh net was used. Forms commonly
present during the period of growth and development of the
Epischura population were:

Cyanophyta
Anabaena Chroococcus Oscillatoria
Aphanocapsa - Gloeotrichia Polycystils

Coelosphaerium Lyngbya
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Chrysophyta
Asterionella Cyclotella Navicula
Bbtgxococcus Dinobryon Synedra
Chlorophyta
Ankistrodesmus Mougeotia Sphaerocystis
Closterium , Oocystis Spirogyra
Crucigenia Pedlastrum Volvox
Dictyosphaerium Scenedesmus Volvulina
Pyrrophyta
Ceratium

Additional forms at other times included Micrasterias and

Staurastrum in early spring, Gomphosphaeria, Gyrosigma, Melo-

sira, Gloeocystis, Glenodinium and abundant numbers of Fragil-

aria in the fall.

Temperature distribution. - Surface and air temperatures

for each date of collection are recorded in Table 3; subsur-
face temperatures in the northeast basin in Table U4, These
data were the basis for constructing the depth-time dliagram
shown in Fig, 2. Surface temperatures ranged from a maximum
of 26.5° C on July 16, 1956 to a low of 0.22° C recorded on
February 18, 1957; bottom temperatures (18.5 m) from 9.81° ¢
to 2.80° C on October 22, 1956 and February 18, 1957, respect-
ively. An ice cover existed for a short time at the outset
of the study (March 2 to April 3, 1956), and again for a per-
lod of nearly four months the following winter (November 22,
1956 to March 17, 1957). It reached a thickness of over 16
inches on February 18, 1957.
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Table 3. - Sampling dates and surface temperatures, Whitmore
Lake, 1956-1957.
Date Tem?gr?ture Date Tempgrature
o c
Surface alr Surface air
1956
2 Mar 01.5 -03.0 20 Sep 17.5 og.s
21 Mar 03.23 05.0 23 Sep 16.75 16.0
3 Apr (lake ice-free) | 25 Sep 16.5 15.0
%5 May el %S | BNy S 1
12 May 17.52 2& 0 | 15 oct 17.0 25.5
22 May 19.0 28.0 22 Oct 16.03 22.0
Towoo®3 RS 4w #3899
u L 2 L
Jun 19.5 24.0 19 Nov oz 10.5
11 Jun 21.50 2% 8 22 Nov ice cover)
15 Jun 25.0 2 1997
20 Jun 2h.0 24.0
25 Jun 2k, 26.5 13 Jan 02.40 2
29 Jun 23. 21.0 Feb 00,22 0
3 Jul 20.21 20.0 5 Mar 02.5
7 Jul 23.5 26.0 17 Mar (lake 1ce- free)
12 Jul 25.0 22.5 22 Mar 03.5 og .0
16 Jul 26.5 25.0 28 Mar 03. 75 ol.s5
20 Jul 23.5 22 .0 11 Apr 02 .
25 Jul 25.0 26.0 18 Apr 48 10.5
30 Jul 25.0 23 .0 25 Apr 16.06 22.0
3 Aug 2h.0 2h.5 30 Apr 17.0 18.5
7 Aug 2k, 25.0 4 May 14,0 08.5
15 Aug 25.05 21.0 May 16.7 21.0
20 Aug 25.0 19.0 14 May 17.0 19.0
24 Aug 22.0 1Z .5 18 May 12 5 10.0
28 Aug 23. 5 26.0 23 May 16.0 19.5
1 Sep 22 21.0 28 May 17.2 17.0
Sep 0 lg .0 1 Jun 20.5 19.0
11 Sep 20.0 18.5 Jun 21.0 22.0
15 Sep 20.5 13.0 12 Jun 21.5 21.0
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Permanent thermal stratification was established in both
years early in May, preceded by nearly homothefﬁal conditionq
for much of March and April., Otherwise the rates of heating
were quite different. In 1956, a relatively late thaw was
followed by gradual uniform heating. In 1957, there was at
first a longer period of instability, then extensive, rapid
heating, and finally in May only a slight temperature change,
So that by the first of June, temperatures in the upper water
layers were still considerably higher than in the previous
year. The fall overturn in 1956 was followed rather quickly
by surface freezing.

Instar distribution. - Adults of E. lacustris were present
in ﬁhitmore Lake from May or early June to mid-November, with
an abrupt decrease in numbers after Octéber. The seasonal
occurrence of individual instars from March 2, 1956 to June
12, 1957, 1s shown 1in Fig, 3. During the winter, a period
marked by a permanent ice cover, only eggs persisted in the
bottom mud, and neither adults nor lmmature stages were to be
found. Nauplii first appeared at the time of the spring thaw.
In 1956, Nauplius stages I through V were present in the earli-
est collection, April 24, three weeks followling the melting of
the ice. The next year, a sample taken on March 22, Jjust five
days after the lake beééme ice-free, contained only stage I and
stage II nauplii; so it 1s likely that hatching had already
commenced some few days before the ice had melted, perhaps
about March 13, Nauplius stage III appeared six days later,

but after that a precise picture of an orderly succession of
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instars is obscure., Breaks in the data to do with the sequence
and continuity of individual stages in the spring of both yéars )
are a result of the sparseness of the population. In Whitmore
Lake, Egischura was consplcuous on account of its size, not its
numbers. Probably, at no time did it represent more than about
five ber cent of the total standing crop of calanoids present
(four species). Usually it was much less.

Mortallty among the young nauplii must have occurred on a
large scale in April and May. Typically, the first two stages
were relatively common in spring collections, but Nauplius III
and succeeding stages became increasingly scarce. While it 1s
likely that a complete examination of all the specimens in each
sample would have eliminated some of the gaps 1n the record, it
was.considered not worth the time which would have been required,

Despite this discontinuity, 1t is possible from Fig. 3 to
estimate the growth rate from the time of hatching to the ap-

Development in the spring required

pearance of the adult stage.
about 64 days in 1956 and about 55 days in 1957, or an average
of five to six days per stage. The difference may have been
partly the result of different rates of heating in the two
years., 1In 1956, the first gravid females appeared on July 7,
which gives a period of egg maturation of approximately 27 days,
About two weeks later, a large influx of young larvae made its
‘appearance. This summer generation, presumably resulting from
eggs produced by the mature members of the sSpring population,
grew rapidly and reached adulthood in perhaps 38 to 4o days -
(July 22 to August 30). The duration of each stage of the

summer brood up to the last two or three instars is fairly well
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defined in Fig. 3; this indicates a higher populhtion density
as a consequence of conditions more favorable to hatching and
growth.

Egg production continued at a variable but generally in-
creasing rate throughout the summer and féll, reaching a peak
on the last day (November 8) that any Epischura were found in
the collections., Only 13 females were present in that sample,
so the populatlon had already largely disappeared, but six of
them were gravid;

Spring and summer broods were not clearly distinguishable
in adult and late copepodid stages. As a consequence gravid
females from both generations may have existed together during
the last of the season. However, 1t seems reasonable to sup-
pose that eggs destined to overwinter were laid by animals pro-
duced during the summer, and that the sharp cessation of hatch-
ing shortly after mid-September corresponds to the end of the
spring brood's egg production, This would give a date of about
September 15 for the first appearance of gravid summer-generation
females, which thereafter laid nothing but resting eggs. Temp-
erature conditions 1ln the summer and fall are of Interest, The
lake was strongly stratified during the period of summer growth
in August and early September, with surface temperatures close
to 20° C or above, and the bottom slightly below 9° C. Afteri
mid-September there was a gradual drop in the temperature of
the epilimnion from about 18° C to near 13° C by the first of
November. At the same time, the hypolimnion reached a maximum
bottom temperature of close to 10° C. Such conditions may have

been unfavorable for hatching, larval growth, or both. The
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influence of temperature on hatching is taken up in the follow-
ing section.

An estimate of the adult sex ratio is illustrated in Fig. 3.
On most dates males outnumbered females; the reverse was true
for a short period prior to the population's collapse in the fall.
Females may take longer to reach maturity, probably live longer,
and undoubtedly are hardler than males, which may partly account
for the relative lncrease in thelr numbers toward the.end of the
seasdn. In the laboratory, male mortality was very high, es-
pecially following copulation,

The act of mating was observed several times, although the
initial selzure by the male invarlably was missed, Handling
under bright light may have interfered with normal behavior as
spermatophore transfer was not witnessed, It may be noted that
Calanus has never been known to copulate in the laboratory;
therefore the possibillity of rearing it through one complete
generation can automatically be ruled out. Elster (1936) re-

ported that copulating pairs of Heterocope borealis separated

upon handling but that the entire process lasted only a few
minutes, 1In Epischura it may continue for at least a few hours.
The strong, pincer-1like structure on the abdomen and the swim-
ming legs of the male are used to hold the female. An eventual
shifting brings the two ventral sldes together with the animals
heading in opposite directions. The male's abdomen 1s wrapped
closely around that of the female., His fifth legs are then in
a position close to the female's genital segment; meanwhile he
is being dragged upside-down by the female's steady forward

progress. Elster observed the attachment of the spermatophore:
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by the fifth legs of a male Heterocope on one occasion. He

further noted that following mating, the male's right first
antenna, which functions in grasping the female's abdomen or
furcal ramus, remained in a flexed position. Apparently this
appendage serves a similar purpose in Epischura as the genlc-
ulate antenna frequently was found to be strongly flexed in

males which had mated in laboratory cultures.

Egg viability

Laboratory-laid eggs. - Table 5 summarizes the fate of

eggs retrieved from freshly-caught Eplschura and kept at con-
stant temperatures of 5.0° C and 20.0° C in the laboratory.
Censuses were made at frequent but irregular intervals as in-
dicated in the left-hand column. Usually they were contlnued
for a period of several weeks depending upon the occurrence

and frequency of hatching. In one case, all eggs hatched with-
in one day, and in another, periodlc inspections were contilnued
for a period of more than nine months. Animals counted and re-
moved at each census were usually stage I nauplil, although
sometimes they had reached stage II.

Hatching at 20.0° C in Series A required less than 24
hours. it was typical of summer eggs which presumably were
produced by spring-generation Epischura and which undoubtedly
encountered comparable or warmer temperatures in waters of the
epilimnion during their maturation. In contrast were the ex-
tended incubation periods of eggs in the other 20.0° cultures
(Series B, C, E, G) collected in September and October. Most
hatching was delayed for up to several days but 1n one case

i1t was postponed for over two months. While 20.0° is consider-
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ably abové the-temperatures to which the eggs normally would
have been exposed for most of the period, it is possible that
some hatching did take place in nature. A large number of
eggs falled to hatch within the experimental period and many
of' them decomposed'(Table 5). The infrequency of hatching for
several weeks prior to the last census suggests that they would
not have survived the winter. If they were destined to over-
winter on the floor of the lake under relatively stable and
reduced temperature conditions, the experimental exposure to
20.0° C may well have inhibited normal development. Nonetheless
the data imply that in September a change in the egg's response
to temperature took place. A genuine physiological difference
would lend support to the hypothesis that in nature eggs lald
after mid-September were produced by summer-generation Epischura.
The results of the 5° C experiments (Series D, F, H in
Table 5) are of immediate interest in that not a single instance
of hatching among the estimated 2599 eggs involved was noted for
at least five months. In two of the series, hatching started
almost simultaneously during the second week of March, 1957, and
was explosive., Two weeks later, 97% of the eggs 1n each flask
had hatched; within a month, all had. The results of the final
experimental series (H), involving eggs laid toward the end of
October, show an even greater arrest in development. A post-
ponement of more than nine months is remarkable, but such dis-
crepancy seemed contradlctory and was puzzling at first. The
explanation no doubt lies in the treatment received by the three
culture flasks. Upon being placed in the refrigerator they were

stoppered so as to reduce water loss by evaporation. The
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discovery that two of the stoppers were perforated whereas
that used in the Series H flask was not, was made toward the
end of July. This unintentional procedure evidently resulted
in near anaerobic conditions in the latter. When uns toppered
a strong HoS odor was noted, and upon examination the contents
were seen to be incompletely decomposed. The bodies of several
microcrustaceans were nearly intact and even recognizable. The
eggs looked normal. It was decided on July 29 to attempt to
induce hatching by aerating and washing the material and by
raising the temperature. Egg hatching commenced shortly there-
after, a striking demonstration of the resistance of resting
eggs to oxygen depletion and the inherent toxlicity of hydrogen
sulfide. It .lasted less than three weeks. The numbers of dis-
carded shells and retrieved nauplii were in close agreement,
which suggests a 100 per cent survival. Very likely the eggs
might have been able to withstand these conditions considerably
longer. 1In nature, such adaptation may be of real significance
in certain situations.

An experimental temperature of 5° C 1s simlilar to that
found over much of the bottom of the lake during the winter.
In Series D and F (Table 5) the outburst of hatching during
March conforms so precisely with the time that larvae first
appearedhin the plankton in 1957 (previously Judged to have
been about March 13) that the coincidence must be more than
accidental. A rise in temperature preceding the spring thaw,
however slight, would seem to be the logical choice as the
major factor responsible for stimulating the hatching process.

Yet this 1s not supported by the experimental results., As far
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as is known, the temperature 1n'the refrigerator was controlled
within narrow limits during the entire period of observation.
That no prolonged rise in temperature took place is certain.
The data hint at the possibility of an internal regulatory
mechanism which could be interpreted as a provision for larval
production at a time favorable for survival. In such a case,
temperature might be expected to play a significant but perhaps
secondary role. A different experimental design than the one
used would be necessary to lnvestigate the matter.

Davis (1959b) was unsuccessful in attempting to demonstrate
a hatching enzyme among several fresh-water species of copepods.
Investigations to date indicate that the inner membrane expands
by osmotic inbibition of water, and that the pressure exerted
ruptures the outer membrane. Changes prior to normal hatching
include an increase in the lnner membrane's permeability as
well as a steadily increasing osmotic pressure of the fluid
within 1t. Davis suggested that the former was brought about
by "chemicals produced by the larva" and that the latter was
caused by the excretion or secretlion of external metabolites.
He further reported that hatching can be arrested by subjecting
the eggs to solutions of concentrated sugar.

Seasonal changes in clutch size in E. lacustris were not
investigated as such. But the numbers given in Table 5 were
typical for the specles throughout the period of egg production
in Whitmore Lake. The smallest number observed was six, the
maximum 28, but a wider range may have existed. The two-month
trend indicated in Table 5 may have some general significance

(e.g., in relation to food supply). It was observed that large
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clutches occurring in frequent bursts were typical of individ-
ual animals during October and November.

Eggs laid in nature. - The benthic distribution of resting

eggs occurring in bottom samples and a record of their hatching
are given 1in Table 6. Presumably these eggs had overwintered
but one season, but the dredge may have exhumed eggs, perhaps
from the deeper sediments, which actually had beeh lying there
much longer. The inability to know how many eggs wére present
in the samples as well as the effects of 1neV1tab1y rapid temp-
erature changes immediately following collection_hinders 1ntér-
pretation. Yet, one aspect of the distributlion appears unmis-
takably clear: viable eggs occurred only in the soft "muck"
assoclated with deep and consequently cold water; from sedi-
ments of coarse sand and peat mixed with sand, at depths of
nine meters or less, they were absent. Evidently, eggs which
were deposited the previous fall in relatively shallow areas
had falled to survive, In the absence of reduced fall temp-
eratures many if not most may have hatched before the onset of
winter. If so, the larvae must have been subjected to unfavor-
able conditions, as they clearly did not occur in numbers large
enough to make their appearance 1n the plankton collections,
Resting eggs were present on each sampling date during the
six-month period from January to June, 1957. While it 1s de-
cidedly risky to make use of quantitative comparisons, certain
trends in the hatching record of benthic eggs seem to be re-
lated to the seasonal occurrence of immature stages in nature,
The great majority of eggs kept at 5° hatched in March and
April. Relatively few nauplil were retrieved from the June 1
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sample although it was taken from the very deepest part of the
lake. The liberation of nauplii in May, June, and even July
(20° series) seems to indicate that an overwintering stock 1is
stlll potentially avallable as late as early summer. However,
it 18 possible that these eggs were 8imply induced to hatch by
exposing them to a temperature much higher than they would have
encountered in the lake., So it might be supposed that many
would have normally failed to hatch. Clearly, a more immediate
response was evoked in all 20° experiments.

Subsequent treatment of the original samples, which had
been stored as semisolid mud in sealed containers, is of inter-
est in this connection (Series J, X, L, O, P, T, U, V, X,

Table 6). By flooding small subsamples with lake water it was
usually possible to recover nauplii months after the collection
was made. The most striking example of arrested development

and a presumably adaptive resistance is demonstrated by Series V,
in which an egg taken from the lake floor on May 9, 1957, did
not hatch until mid-March, 1958, This must be taken at the very
least as a total delay of 16 months from the time of laying.

In the lake, a large number of resting eggs probably do not
hatch at all. It seems reasonable from Fig. 3 and the data in
Table 6 to set the date for the cessation of spring hatching in
1957 as about June 1 or a little earlier. The decline in hatch-
ing of experimental eggs during this period is in general agree-
ment with the absence of young stages from the plankton.

Resistance to adverse conditions does not include those of
freezing or drying. No instances of hatching were noted among

eggs which were either air-dried or brought to the freezing
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point, even briefly. Eggs sink to the bottom soon after being
laid, and they may be found in the bottom mud at any time of
year. All may be potential resting eggs which are adapted to
withstand prolonged periods of reduced temperatures or anaer-
obic conditioné. Those laid in the fall serve to tide the
species over the winter.

The seasonal .reproductive cycle of Epischura lacustris in

Whitmore Lake is very similar to that of Heterocope borealis in

the Bodensee (Elster, 1936). All the eggs produced by Hetero-
cope are reéting eggs. In the years 1920-1932, egg-laying occur-
red from August to December but hatching lasted only about half
as long, from March to mid-May. Elster estimated that the eggs
sank at a rate of six cm per minute, so that they would have
had time to reach the bottom (170-250 m) in no more than two
days. It was calculated that the mean density during the 1la-
tent incubation period amounted to over one million eggs per
Square meter of mud surface, but that 95 per cent subsequently
died without hatching. ‘Beginning in May, widespread mortality
among the entire larval population was so severe that only
about 10 per cent of the individuals lived to maturity.

Long after the natural period of hatching, eggs lying on
the bottom were still viable. It was possible to induce all of
the living ones to hatch in the laboratory by exposing them
first to an elevated temperature (13.5° to 16° C) and subsequent-
ly returning them to a temperature close to that (4° C) of the
lake's floor. Elevated temperatures alone inhibited hatching.
In other experiments, a definite rhythm in the frequency of

hatching under controlled temperature conditions was observed.
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It colincided with the time of hatching in nature, Elster was
unable to relate the period of hatching to a particular envi-
ronmental stimulus ("external factor"), but thought that the

influence of temperature at the bottom of the Bodensee could

be ruled out on account of its uniformity.

Heterocope was found to be strongly monocyclic, yet the

mean life span was something less than one year. Its super-
abundant production of eggs, however bilologically wasteful,
undoubtedly insures survival, Elster considered such over-
production among pelagic zooplankters an extreme case of com-
petition against parthenogenetic reproduction in cladocerans,

A similar situation appears to be characteristic of E. lacustris.
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Food Relations
Utilization of Algae

Laboratory populations
Ingestion and survival. - Rearing Epischura on algal

organisms was only partly successful. While it was not pos-
sible to establish a single population which perpetuated 1it-
self much beyond one generation, favorable growth and sur-
vival were obtained in several cases.

Active, healthy animals regularly ingested all six of the
species of phytoplankton to which they were exposed. Despite
the artificiality of providing starving copepods with excessive
amounts of but one kind of food, the ingestion of such diverse
organisms polnts to automatic filtration as the common means
of food acquisition. Under these circumstances, essentially
any suspended particulate matter of suitable size might be
expected to be eaten., In the laboratory, Epischura readily
ingested Euglena, yeast cells, and carmine particles, as well
as crustaceans.

Successful growth and survival occurred only in popula-

tions supplied with Pediastrum biradiatum, but even in these,

mortality was disappointingly high, especially among nauplii
and freshly-captured adults. Data derived from censusing
algal-fed cultures are reported in Table {. The cultures were
kept in 8-10 liter aguaria and initiated with copepodids of
various stages., Only the most reliable estimates of the du-

ration of individual instars are included. They are limited
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Table 7. - Survival, growth, and reproduction of individual
Epischura lacustris in laboratory populations sup-
pEIea with diiTerent species of algae, N= naup-
lius; C=copepodid. *denotes animal died in stage.

Algal food| Estimated number of days in stage:| Reproduction
provided NI-CI CI CII CIITI CIV CV CVI sex
Starved 5 1%
(filtered 2| 3%| &
lake 3| =] @
water) 3%| &
12 | 7*| ¢
6*| ¢ 1 clutch
Ankistro- 2-3 8*
desmus sp- 20 | 3% ¢
Chlamydo- 5]11%
monas 2-4] 6 3%
relnhardi 51 6% ¢
Chlorella 2%
vuIsarIs 3:
3-5 o
2| 2%
h*| Q@
3 1%| &
5% ¢
Oocystis
8p. 1-2 5-7| T* Q
6 9| 2%| @
3 8gx| &
o*| ¢ 1 clutch
Pedlastrum
bIradlatum 4 5 7 |58%] @ 4 clutches (a)
16 | 3] 4 |2-3*
17-19] 3| 4 | & 6] 5 |23% g 2 clutches (b)
2 3 | 4-5)14% (c)
1-2 | 3-4|{o1%| &
Scenedes - 3 4 T*
mus quad- 2 [12 [19*| ¢ | (d)
ricauda

(a) eggs produced on following days after final adult
molt: 14, 28, 42, 50
b) eggs produced 17 and 21 days following final adult molt
¢ known to have mated twice
d gravid at tiwme of death
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to only a few animals for each species of alga, but are re-
presentative of the overall results obtained in rearing ex-
periménts.

The estimated number of days 1in each stage recorded in
Table 7 requires some explanation. Individual copepods were
identifled as to stage before being placed in aquaria. Peri-
odlc observation revealed approximately how many days later
the animal either died or molted. This 1s the first number to
appear opposite a particular food for each specimen reported
in the table., Nauplli were too small and sometimes too numer-
ous to be adequately censused. Therefore only the total length
of time spent in ﬁhese stages was estimated by noting the day
nauplii were first seen, and later, the day Copepodid stage I
appeared.

Starved immature animals usually molted once before dying
and lived about a week. 1In contrast were copepodids provided

with Pediastrum. For example, one female matured rapidly from

stage III and produced a quantity of eggs during the two months
sldered not only the least suitable of the algae tested, but
the evidence suggests that it was worse than no food at all,
None of the animals exposed to it survived for more than a few
days and molting was exceptional., Such a response might be
attributed to an antiblotic substance. One produced by this
species of Chlorella was found by Ryther (1954) to inhibit

feeding and longevity in Daphnia. Epischura cultured on the

other algal foods fared somewhat better than those starved.
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Several individuals molted more than once and some survived
three weeks or more. However, no eggs were produced by cope-
pods which had managed to reach the adult stage in the aquaria,
Further, there was a tendency for animals to remain in a given

stage longer than ones reared on Pediastrum. In Table 7, this

is especilally noticeable for Copepodid stages II and V reared

on Chlamydomonas, Ankistrodesmus, and Scenedesmus. Under cer-

tain conditions, then, these algae were sufficient to sustain
the anlmals for a while but did not allow for more than mini-
mal growth. It should be noted that a few females, while not
gravid at the time of collection,vdid produce eggs after a
few days in the aquaria. To attribute this to utilization of
the algae available to them is, of course, unjustified;

In Pediastrum-fed populations survival was best in cul-

tures initiated with young copepodids. This was the case with
most Epischura which lived for very long after reaching adult-
hood. The female specimen which lived longest (74 days) is of
particular interest. Fourteen days after her final molt she
produced the first of a series of at least four clutches of
eggs; the second one two weeks later is known to have contained
26 eggs. There was some evidence of yet a fifth clutch being
laid during the fifth week. This particular individual appar-
ently mated within the first few days of adulthood, but the
exact date isn't known. Only eight eggs were produced in the
last clutch, about a week before the animal died. One of her
clutches gave rise to nauplii which were allowed to remain in
the same aquarium. A few of these subsequently developed into

)
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copepodids and one even managed to reach stage III, the same
stage from which its mother was reared. It died in the pro-
cess of molting. Difficulty in molting was of common occur-
rence among late nauplii and young copepodids. Sometimes the
process lasted several hours and resulted in abnormal develop-
ment of posterior swimming appendages.

In one other case, a female reared on Pediastrum succeed-

ed 1n completing the life cycle from the egg through sexual
maturity. Although mortality among the nauplii from which she
developed was very high, with most larvae dying as nauplii,

she lived about 62 days under laboratory conditions. After
attaining full growth she was able to produce two clutches of
eggs. Such success must be attributed to an efficient utiliza-

tion of Pediastrum as a food source,

The data in Table 7 further indicate a sexual difference
in survival and perhaps growth rate. Males generally did not
live as long but may have developed faster. Adult males intro-
duced into the aquaria almost always were short-lived,

Feeding in the young stages. - More freguent censusing of

nauplii was possible by maintaining them in small Petri dishes
which could be examined efficlently. As a result, more accu-
rate estimates of survival of particular instars were obtained.
All but a very few animals failed to develop beyond stage
II. Among those that did only in the case of cultures supplied

with Pediastrum was there successful growth, This seemed sur-

prising at first since nauplii might be expected to be unable

to 1lngest such a large form. Yet, as in the case of copepo-
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dids, gut examinations revealed that all six algal species
offered as food were regularly eaten by nauplii. Further, 1t
was found that Nauplius I does not feed as the anus is not
yet developed. Feeding begins in Nauplius II. This explains
the high mortality encountered in the second instar; In some

specimens small colonies of Pedlastrum, measuring about 25 n

in diameter, were observed in the digestive tracts. It should
be noted that in Calanus the first feeding stage is Nauplius

III (Marshall and Orr, 1956a), but that in Heterocope, as in

Eplschura, the anus is first apparent in the second nauplius
stage (Elster, 1932).

The results served to confirm those obtained in rearing
experiments involving mixed larval stages and adults kept in
large aquaria. Development from the egg to Copepodid I re-
quired a minimum of about 18 days. The duration of each stage
is included in a summary in Table & and is discussed in a later
section. A few individuals managed to grow into young copepo-

dids when fed Pediastrum, but none matured. They often died

in the process of molting and appeared smaller than comparable
instars taken from the lake. For lnstance, one Copepodid I
measured 0.483 mm in length (mean size of this stage in the
natural population was 0.518 mm, Table 1). Chlorella-fed
nauplii died sooner than starved ones, sometimes in stage I
but usually in stage II. When supplied with one of the other
four algal species, growth was variable, but no animals de-

veloped beyond Nauplius stage V.

Digestion. - Fecal pellets were retrieved from copepods
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which had been actively feeding. Those produced by nauplii
were very small, transient, and extremely difficult to recog-
nize, Some tiny, pale ones were collected from late-stage
nauplii but were too few in number to obtain evidence for
digestlon. They contained nothing identifiable.

The number and appearance of fecal pellets produced by
adults and other copepodids varied according to the kind of
food but not always with the amount of material in the gut.
Many animals with apparently full guts failed to yield any at
all, which may mean that they had stopped feeding. Consist-
ehtly large, dark pellets were found associated with copepods

which had been feeding on Pediastrum. Usually the hindguts of

such animals appeared likewise dark and full, How long food
normally was retained in the gut is not known. Not nearly as
many pellets were produced with the.other algae and they were
smaller and paler. In some cases, small, transparent objects
resembling "ghost" pellets (cf. Marshall and Orr, 1955), con-
taining nothing identifiable, were observed. Occasionally, a
pellet, produced at least several days after the animal had
been taken from the lake. contained tiny diatom frustules of
a naviculoid type. Evidently, some materials may remain in
the digestive tract for a week or more.

Cells and coenobia were usually taken in whole. Those of

Chlamydomonas, Ankistrodesmus, and particularly Pediastrum

showed definite signs of more or less complete digestion. The
cell contents appeared dark brown in some cases, colorless or

void in others, But digestion may be only partial, as pellets
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were seen to contaln apparently unharmed, intact, green cells
or coenobla on several occasions., This was most common among
active animals with full guts, and was thought to be directly
related to the concentration of phytoplankton in the aquaria,

Conclusive evidence of digestion of Scenedesmus and Qocystis

was not available, in spite of the copepod's apparent utili-
zation. 1In the case of Chlorella, none of the fecel pellets
contained recognizable remalins. Only a few were recovered
but evidently the copepods had stopped feeding, and presuma-
bly the alga was left undigested in the gut.

The suitability of Closterium littorale was not tested

by rearing. However, it was discovered in filtering experi-
ments that large and well defined pellets were produced by
the copepod after only a brilef period of feeding on this des-
mid. A group are shown in Fig, U4, They were compacted and
larger (about 180 X 40 1) than those produced in response to
any of the other algae. They contained a number of almost
completely digested cells 'in addition to some which appeared
unharmed. For the most part, the cells were not broken up.
Fryer (personal communication) is of the opinion that

cells totally enclosed in cellulose (e.g., Pediastrum) must

be virtually undigestible unless ruptured. In fresh-water
cyclopoids, Fryer (1957) has reported that "almost any green

or blue-green alga such as Scenedesmus or Cosmarium which is

swallowed without having its walls ruptured, is almost cer-
tain to emerge from the anus undamaged." This is not the

case 1n Epischura and the explanation must be other than pos-
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0.20 mm

Fig. 4. Fecal pellets produced by an adult female Epischuro
aofter feeding on Closterium /Iittorale.
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tulating the presence of a cellulase., It is very possible
that the problem 1nvoives some - basic aspects of nutrlition in
natural populations and should receive more-attention in the
future.

Experimental feeding of Calanus has shown that the shape,

size, and color of the fecal pellets vary with the kind of
food (Marshall and Orr, 1955; Raymont and Gross, 1942). The
number produced in nature has been taken as an index of grazing
rate by Harvey et>a1. (1935). Generally, the number was found
to increase with an increasing concentration of food cells,
In some Interesting experiments on the effect of food on egg
production, Marshall and Orr (1952) found that Chlorella was
taken into the gut in sizeable numbers but apparently passed
through intact. Judging from the number of eggs laid, they
concluded that the alga was no better than starvation.

On the basis of fecal pellet production and content, then,

Pediastrum again must be considered as a more or less satis-

factory food for E. lacustris. Thils is not to say that it is
an ideal food in the sense that one should expect to find it
being selected by the copepod in nature., The high mortality
among animals provided with this species 1is difficult to inter-
pret in terms of overall suiltability., But clearly, a few in-
dividuals actually thrived on it; under experimentai conditions

it was greatly preferred to Ankistrodesmus, Chlamydomonas,

Qocystis, Scenedesmus, and above all, Chlorella., The last-

named alga appeared to be decidedly harmful, at least in high

concentrations.
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Growth; duration of instars. - Individual lengths of

life of successfully reared Eplschura may be compared with
estimates derived from sampling the natural population. Dif-
ferences in tehbéféfﬁre as well as in kinds and amounts of
food would be expected to influence the growth rate. Yet, 1if

it 1s assumed that Pediastrum was adequate or better for the

most successful of experimental animals, then by adding to-
gether the minimum time for each stage certain limits may be
placed on the time necessary for one complete generation of
the species in nature. 1In the same way the total 1life span
may be approximated. Table & summarizes the duration of in-
dividual instars of experimental Epischura, including the
time required for egg maturation and the tofal length of life.
Since there was poor survival of males in the laboratory, the
observed 1life span of 59 days may be short of what actually
occurs in the lake. On the other hand, Judging from the sea-
sonal occurrence of instars, 98 days may represent a good
estlmate of the length of life of the females,

In Whitmore Lake, the period of larval development of the
spring generations in 1956 and 1957, from the time of hatching
of overwintering eggs to the adult stage, was estimated as 64
and 55 days, respectively. That of the 1956 summer brood is
of more direct interest because of more comparable temperature
conditlons. This estimate, 38 to 40 days, is in striking a-
greement with the duration of larval development of experi-
mental Epischura (Table 8). It would appear that conditions

in both situations were nearly optimal, and allowed for maximal
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growth, If sd, it might be supposed that the estimate repre-
sents a theoretical 1limit for the growth rate of thé-speciés.

In the summer plankton 1mma§ure stagés were present in suffi-
cient numbers to permit the sequence of instars to be foilowed
rather cldéely. This was at a time of relatively uniforﬁ, high -
temperatures in the epilimnion (Fig. 2), which correspond with
experimental temperatures within a few degrees., Perhaps a con-
siderable part of larval development occurred in the epilimnion,
The valué for the period of development in nature is thought to
be reliable; considering that minimal times were used to esti-
Table 8. - Duration of postembryonic developmental stages, of

Epischura lacustris, estimated by censusing labora-
tory populations reared on Pediastrum biradiatum, .

(20° C)

e oo omea—e—— ==
Stage Duration in days
Egg : laying to hatching <1
NI 1
NII 3-4
NIII <3
NIV 3+
NV 3
NVI
CIl E
CiI
CIII 4
Clv E
cv ¢

Q 6
Total larval development 38-40

& as adult 1%
CVI @ to egg maturation 14

as adult 58#*
One complete generation 54
Entire life span & g
?

* maximum time these stages lived in laboratory
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mate the duration of experimental development, perhaps the
close agreement should be expected.

- In a previous section (p. 55 and Fig. 3), females in the
natural population were judged to require about 27 déys for
egg ripening in the spring and early summer (June 6 to July 3,'
1956). But later in the year, it was thought that summer-
generatlon females first reached adulthood by the end of Au-
gust and began to lay eggs about mid-September. The latter
date was arrived at indirectly by suggesting that the sharp
cessation of hatching in late summer corresponded to the end
of the spring generation's egg production. Further, it was
assumed that summer-generation copepods produced only resting
eggs. This tentative estimate of about two weeks for egg
maturation 1s supported by the fact that laboratory Epischura
produced eggs within 14 days in one case, 17 in another (Ta-
bles 7 and 8), following their final molt. The minimal time,
then, for the completion of one generation was calculated to
be 54 days (Table 8). In the lake, depending on the time of

year, 1t is usually much longer.

Gut content of Epischura in nature

Gut analyses were made before it was discovered that the
copepod was able to capture and devour relatively large zoo-
plankters. The presence of plant materials in the digestive
tracts was noticeable from merely a cursory look at whole,
living animals. The foreguts especially were often distinectly
green. Consequently, it was with the intention of identifying

the kinds and relative amounts of the algae present that de-



84

tailed examinations were undertaken.

A large percentage of the guts (42 of 96) contained noth-
ing but unidentifiable mush (Fig. 5). 1In several other cases,
unfortunately, only the most general of identifications were ’
possible, As a result, the categories were established neces-
sarily on an arbitrary basis, which makes it difficult to draw
conclusions about algal food preferences in nature, much iess
to relate the data to results of experimental feeding. For
example, a considerable fraction of the vegetable remains were
recognizable only as "indeterminate" or "colonial" algae, Per-
haps the most important single finding was the unexpected pre-
sence of large numbers of copepods. It appeared certain that
widespread predation had taken place. This discovery led to
further direct observations on the suitability of various zoo-
plankters as food.

Diaptomids greatly predominated. Of the 50 Epischura
whose guts contained recognizable material, copepodids were
present in 17, and nauplii in 12 (Fig. 5). Nauplii of cyclo-
poids were found in six guts. Skeletal remains showed that
except for really large individuals the prey was usually in-
gested whole., It was surprising to find as many as four in-
tact bodies of sub-adult Dlaptomus crammed into one digestive
tract along with skeletal fragments of perhaps several others.
Most of the material 1listed as miscellaneous Crustacea con-
sisted of the mandibles, other mouthparts, furcal rami, and
similar chitinized parts of what was taken to be largely diap-

tomid prey. Thin exuviae of nauplil were very delicate and
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Synedra B
Lyngbya (hormogonia?) 1

Fragilaria |
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Sphaerocystis ¢
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Ankistrodesmus —__l
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Anabaena
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Diaptomus copepodids 1

Misc. Crustacea l

Diaptomus nauplii |

Cyclopoid nauplii B

Insect larval remains

Eggs (Crustacea)

10 20 30
percentage occurrences

OO

Fig. 5. - Gut composition of adult and Copepodid stage V Epi-
schura lacustris shortly after collection from
Whitmore Lake; above, general; below, itemized.
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difficult to find, so undoubtedly some were missed. NUmerically,}
then, 1t 1s probable that nauplii greatly prevailed over later
stages, since tﬁey would not be expected tb,persist in the gup
as recognizable remains as long. Evidently, large copepods
were mutilated by‘the heavy mandibles prior.to ingestion.

The absence of cladocerans, rotifers, and cyclopoid cope-
podids from the diet of Epischura is conspicuous. While it is
possible that a few small daphnids and lorieate rotifers could
have been overlooked, the explanation must lie elsewhere, It
should be noted, however, that in August and September only

Keratella and Kellicottia were at all common, but both were

greatly outnumbered by the crustacean plankton., Large cyclo-
poids and cladocerané apparently either were capable of avoid-
ing capture or were unacceptable.

Unldentifiable contents recorded as indeterminate mush
were mostly from the foreguts and varied in color from green
to brown. Animal remains typically were associated with the
latter color. The bulk of the unidentifiable phytoplankton was
thought to have consisted mostly of colonial forms. Most of
the cells, even wheﬁ imbedded in a gelatinous matrix, were high-
ly compacted, often filling much of the gut. Some colonies were

tentatively identified as Sphaerocystis; others resembled Dic-

tyosphaerium, Coelosphaerium, and Pandorina.

The itemized 1list of algal remains shows that naviculoid
diatoms and Synedra occurred in 20 and 18 per cent of the guts,
respectively. The former were mostly very small forms, but

neither was abundant numerically. It is just possible that
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they had been derived from the digestive tracts of prey.
Fryer (1957) has shown that the guts of carnivorous cyclo-
polds after feeding on herbivorous prey often give the im-

pression that the copepod itself had eaten the algae. Most

et

3

gible. GSeveral were recorded on the basis of findiné a sin-

gle speclmen. For example, Pediastrum occurred in five guts

but less than twice that number of colonies were seen. While
this specles was at no time very common in the plankton, there
is insufficient evidence to suggest that it was a preferable
item of food in nature. Some infrequently-occurring algae

(Anabaena, Ceratium) may have been eaten accldentally. They

may even represent unsultable foods if it is assumed that the
ability to recognize them at all is indicative of resistance
to digestion.

Smears of crushed fecal pellets revealed Some interesting
items. The pellets were retrieved from vessels in which
Epischura had been kept for a day or two following capture.
Most noticeable were chitinized remains. Even a few transpar-
ent fragments of nauplius exuviae were found. Algal components
that were readily identifiable included small naviculoid dia-
toms, intact cells of Chlorella, and two trichomes of Lyngbya.
The diatom frustules were unbroken, but Judging from their
translucent to pale brown appearance, their contents had been
completely digested. On the other hand, the short Lyngbya
filaments, perhaps hormogonia, appeared virtually untouched,

Scattered cells of Chlorella also apparently passed through



the gut unharmed.

Gut analyses established that Epischura lacustris is an

omnivorous although not an indiscriminate feeder. Diaptomid
copepods were preferred on the one hand and probably colonial
algae on the other; only larger organisms were broken up be-
fore being swallowed. It appears that copepods form a con-
siderable and perhaps essential part of the diet of adult and

sub-adult animals. Pediastrum was eaten but may not be a pre-

ferable food item, Some inspections of the digestive tracts
of preserved Epischura from Lake Winnebago, Wisconsin, in which

Pedlastrum was very abundant in the plankton on the date of

collection (May 21, 1958), gave evidence that the alga was only
occasionally ingested. Of 15 specimens examined, the alga was
found in three, and altogether but seven colonies were seen,

Considering the sighificance of the itemized composition,
1t appears that Gurney's (1931) pessimistic view about the

value of gut examination is not without foundation.

Filtering rate

The results of 93 individual filtering rate experiments
are reported in Table 9. Nine experiments involved stage V
copepodids supplied with five of the species of phytoplankton;
but only one determination was made for stage IV (feeding on

Closterium). Of the 1,073 copepods used in this work, 62,

or just under six per cent, died during the experiments, in
splte of precautions taken to insure that only healthy animals
were selected. 1In only one case was there any evidence that

death was caused by injury due to predation so feeding was
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probably not completely normal. Nonetheless, consistently
significant filtering rates were obtained with some of the
algae tested. ” '

One of the most obvious features of the calculated rates,
expressed as volumes of water swept clear of particulate food
by a copepod in 24 hours, was the great amount of variation
between different experiments under presumable ldentical con-
ditions. As mentioned previously, large individual variations
are usual 1n studies of filtering rate in calanoid copepods,
For example, even in radiocactive tracer experiments on single
speclimens of Calanus, unaccountable deviations sometimes a-
mounted to upwards of two orders of magnitude (Marshall and
Orr, 1955a, 1956). Some of the conditions of individual ex-
periments are indicated in Table 9, but an analysis of their
effects on feeding was outside of the scope of this study.
Among the factors undoubtedly influencing the measurements,
errors introduced by sampling and counting may be largely com-
pensated for by averaging the results. On the other hand,
since the effects of sudh things as the health of the animals,
thelr confinement, substances produced by senescent algae,
and so on, must be considered of an inhibitory nature, it
could be argued that maximal values would be the most realis-
tic.

It will be noted than in seven instances (Table 9), com-
putations resulted in negative values. As meaningless as they
may appear to be, they serve to emphasize a further Source of

error which is inherent in the method. The filtering equation
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is based on the assumption that differences between control
and test-bottle concentrations are solely attributable to
feeding. Yet, within the duration of the experimental peri-
ods used, significant. differences inevitably would be expected
as a result of differential growth of the algae, at least in
some rapidly reproducing specles, even in the absence of feed-
ing. Consequently, assuming for the moment that feeding is
negligible, there is every reason to ‘suppose that growth in

- an experimental bottle would occaéionally exceed that in its
control bottle, and a negative rate would result. Whether the
presence of copepod waste products further complicates the
problem by affecting algal growth isn't known. Conover (1956)
found that excretory wastes of Acartia had no marked or regu-

lar effect on the growth rate of the dlatom Skeletonema costa-

fum, which was used as food. The problem hasn't been investi-
gated by other workers;r But 1f the findings of Conover may be
accepted 1n the present study, it seems fair to conclude that
discrepant F values caused by differential algal growth are
compensatory, so that in a given group of experiments, low or
negative rates are offset by correspondingly high ones.

Accordingly,.it apbeared that the most reliable estimates
of food'sﬁitability as determined by filtering rates would be
obtained by‘averaging the results of individual experiments
for a given food. Ranges and means for adult Epischura to-
gether with the number of experiments for each food Species
are given in Table 10. On the average, the highest rates

were obtained with Closterium and Pediastrum, the lowest with
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Table 10, - Summary of results of filtering rate experiments
on adult Epischura lacustris: means and extreme
ranges for each p yfopIanEton species tested,

Specles Number of Calculated F
experiments (ml filtered per copepod
) in 24 hours

Range Mean
Ankistrodesmus ;
sp. 8 0.13 to 3.36 1.07
Chlagydomonas
reinhardi 10 -0.04% to 6.04 2.90
Chlorella
vulgaris 11 -2.96 to 3.78 0.16
Closterium
Iittorale 13 4.21 to 11.44 7.09
Navicula
pelliculosa 6 1.71 to 4.37 3.02
Nitzschia
closterium
. minutissima 6 -0.15 to 2.78 0.90
Oocystis
sp. 13 -0.25 to 4.96 1.96
Pediastrum '
biradiatum 10 1.83 to 9.15 5.50
Scenedesmus
guadricauda 6 0.10 to 5.9% 2.33
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Chlorella and Nitzschia. Consumption of Navicula, Chlamydomo-

nas, and Scenedesmus indicated that they were distinctly in-

ferior to Closterium but somewhat more suitable than elther

Oocystis or Ankistrodesmus.

The validity of correlating food preferences with mortal-
ity is questionable, but it is of interest to note that among
the three species of algae most readlly eaten total death rate
amounted to little mone than one-half of one per cent. But in

experiments with Chlorella, Chlamydomonas, and Nitzschia, nine

per cent of the animals died. Some Epischura may have actually
starved to death, but the possibllity of noxious substances
belng produced by Chlorella 1s supported by a rather high mor-
tality of 13 per cent,.

Guts of animals feeding on Navicula were usually well
packed and dark, with fecal pellets 1in evidence, Not only did
few copepods die but they almost always appeared active and
healthy at the end of the experiments. Feeding rates with this
Species were the least variable of any of the algae tested,

The two lowest rates occurred in experiments in which a cope-
pod died. Yet the relative success with Navicula was rather
surprising considering its small size and the low rate at which
Nitzschia was eaten (a diatom somewhat larger than Navicula).
One plausible explanation for the discrepancy was disclosed in
the process of making cell counts, In the case of Navicula,
but not of Nitzschia, many cells were found to be agglutinated

to such a degree that in order to get statistically reliable

counts, 1t was necessary to shake the contents of each bottle
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with a small amount of detergent. It is entirely possible
'that clumps and strings of §uch_ce11§ formed an object of
filterable size which could have been readily ingested by
Epischura, but that single cells ordinarily passed through
the copepod's maxillary filters. Presumably, then, Nitzschia
was 1in most cases virtually unavailable to the animal. This
explanation 1s supported by the fact that in lower concentra-
tions feeding was negligible (Series IV, Table 9), but in
rich concentrations moderately high rates were encountered.

Marshall and Orr (1955a) reported a comparable situation
in feeding experiments in Calanus. When offered a mixture

of the small flagellate Dicrateria and a larger diatom, the

copepod was found to ingest both in large numbers, but was

unable to feed on the flagellate alone. The explanation was

glven that Dicrateria was too small to be efficiently removed
by itself, but in the mixture became entangled in the mucus
- exuded by the diatom.

The range of food concentrations used in the entire
series extended well above those normally occurring in nature.
It has been falrly well established that the volumes filtered
by calanoids are usually depressed in extremely rich concen-
trations (Marshall and Orr, 1955a; Conover, 1956). Both
mechanical inhibition and satiation have been offered as
possible reasons. However, in Calanus supplied with n-flag-
ellates (size below 10 u) which are too small to be effective-
ly retained, the volume filtered has often been greatest in

the highest concentrations rather than in the lowest. The
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suggestlion was made by Marshall and Orr that a gradual clog-
ging of the filtering setae would show up in just such a way,
and they concluded that even in their highest natural concen-
trations, smaller nannoplankton species could not serve as an
important source of food. 1In the present study, 1t 1is reason-
able to suppose that some algae, other than Nitzschia, which
in lower concentrations would have been unfilterable, were
frequently eaten by Epischura.

The results of most experiments indicate that crowding
and long confinement may have inhibited actiQe feeding. Usu-
ally, the highest rates were obtailned when each animal was
allowed a volume of at least ten ml and the experiments were
terminated in 16 hours or less. Experimental Calanus have
been found by Marshall and Orr (1955a) to filter more effec-
tively when the volume was increased from 20 ml per copepod
to twice that amount. Gauld (1951) kept individual Calanus
In 100 ml beakers, which may be one reason why his estimates
of the volume filtered are uncommonly high. Conover (1956),
however, provided for less than two ml per animal in experi-
ing had been suppressed. It should be noted that Epischura
lacustris is appreciably smaller than Calanus (which attains
a length of 3.h mm or more ) but larger than the species of
Acartia with which Conover worked (1.2 mm). Apparently, the
questlon of crowding has been a matter of trial and error.

The data show no obvious relation between filtering rate

and elther food concentration (except as noted for Nitzschia)
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or the age of the algal cultures, Three of the species (Chlorel-

la vulgarls, Navicula pelliculosa, and Scenedesmus guadricauda),
are those with which Ryther (195#) demonstréted inhibitory ef-
fects of senescent cultures on the grazing rate of Daphnia mag-
na. 1In vlew of the several variables and sources of error in
the present work, the absence of a trend among the relatively
few observations for any one species is not surprising,

The maximum rates (with Closterium and Peaiastrum) may

actually represent a reliable index of the filtering potential
of Epischura in nature. Cultures of these two specles certain-
ly were less subject to experimental error arising from dif-
ferential growth because their reproductive rates were ever so
much lower than those of the other algae. It was found, for
example, that changes in population density of resuspensions

of both Closterium and Pediastrum over a 16-hour experimental

period usually were hardly distinguishable from regular varia-
tions 1n counting. A volume of about 10 to 12 ml per copepod
per day, then, may be taken as the upper limit of the amount
of water from which adult Epischura is able to remove suspen-
ded matter in its natural habitat. For comparative purposes,
filtration values of different instars of Calanus are gilven be-
low (Table 11). The data are taken from Marshall and Orr
(1956a) and arranged according to mean size of the animals,
Despite differences in methodology as well as in the tempera-
tures used, the agreement for instars of comparable size is
good, especlally for maximum values, Unfortunately, the value

for stage IV Epischura is based on only one measurement, and
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since an animal died in that experiment, probably it should be
considered an underestimate., Other data for immature Calénus
are avallable in the literature, but consldering the various
techniques employed by different workers, the values given in
the table are probably among the most reliable. For a given
slze, then, Epischura 1is able to filter about the same amount

Table 11. - Comparative filtering rates: Calanus finmarchicus

feeding on Syracosphaera elongata at 14,59 C,
(from Marshall and Orr, 1956a§, and Epischura
lacustris feeding on Closterium littorale at 20° C,

Stage Size Volumes filtered

(length in mm) (ml per copepod per day)

Maximum Mean

Calanus  CIII 1.65 9.21 4.45

Epischura CVI 1.80 11.4% 7.09

Calanus CII 1.25 6.hg 2.93

Epischura CV 1.47 7.0 5.7

Calanus CI 0.94 2.81 2.12
Epischura CIV 1.06 1.70 1.70«

# one experiment only

of water as Calanus. No information on respiration for these
stages 1n elther species is available so that feeding rate data
cannot be compared with food requirements. However, as in adult
Calanus, 1t appears likely that a gap exists between the amount
of phytoplankton food normally present in nature and the meta-
bolic needs of the animals. Acartia is much more efficient in

filtration. Conover (1956) estimated the rate at 20° C to be
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about 20 ml per copepod per day for the adult. Yet it is of
a size about comparable to Calanus stage II (1.2 mm).

In summary, data on filtering rate Substantiate the re-
sults of laboratory rearing. Large algal organisms are pre-
ferred, and perhaps dnly In concentrations in which cells be-
come agglutinated can organisms smaller than about 15 n be

effectively retained. Pediastrum and Closterium were readily

digested without the rupturing of their cell walls, and the
basis of their suitability must be partly a matter of size.
Nitzschia as well as Chlorella appear to be too small. Some
forms undoubtedly resisted digestion to some extent, and the
production of substances which inhibit feeding was again in-

dicated. It is suggested that the relative unsuitability of

Ankistrodesmus and Scenedesmus may be partly due to an undesir-

able shape,

Predatory Activities

Preferences

Some microcrustaceans were readily devoured by Epischura
whereas others were definitely unacceptable (Table 12). Direct
observations were made by confining groups in depressions of
2 ml capacity into which single Epischura, usually stage V
and VI, were introduced. Calanoid nauplii, including its own,
Artemia larvae, and to some extent younger stages of cyclopolid
copepods were the most preferred prey. Ingestion of larger
copepods was less frequent and appeared to be related to size

and the abllity to escape capture, Cyclopoids were usually
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Table 12, - Predation by Epischura lacustris as determined b
direct observation. Eaten 1In large numbers (+++),
occasionally (++), rarely (+); uneaten but some-
times mutilated (-); untouched (--).

Species Approximate Individual Epischura

(lengiézin um) | Adult Cv | CIV | CIII

Artemia salina
nauplius I, II 0.4 - 0.6 tee +44 e +

Diaptomus
minutus - adults 1.0 + - -

Diaptomus sp.
copepodlds
nauplii

oNe
U
1
(o) o)
N Co
+
+
-
+
+
[
!

++ 4 ++d ++ 4 +++

Epischura lacustris
CV - CVI 1.4 - 1.8 -- --
CIII
CI - CII ++ + --
nauplii 0.1 - 0.3 tes tee 44 +44

OO
oo

Mesocyclops edax
adults 1.2 - 1.5 - --

Cyclopoida
copepodids
nauplil

4 -- - -

++ ++

- o

OO
[ |
o+
w o
f
+

Daphnia sp.
adults 1.0 -- -
young 0.2 - 0.5 -- --

Diaphanosoma
brachyurum ' 1.0 -- --

Bosmina
coregonl 0.5 -- --
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successful in avoiding contact by their sudden and even vio-
lent Jumping movements.

In contrast, there was no evidenée that cladocerans, re-
gardless of size, were ever harmed, much less eaten. Apparent-
ly they were ﬁnsuitable and were simply rejected. The possi-
bility that they were difficult to seize or were otherwlse pro-
tected by the rigidity and shape of the carapace also may have
been of importance.

Most prey were taken in whole. A few instances were noted
In which a copepod's body was cut nearly in two through the
mangling their victims, did not eat them. But usually even dis-
membered anlmals were.consumed as readlly as whole living ones.
Their being ingested whole was really remarkable considering
that many of the preferred prey were a third or more the size
of Epischura. No less surprising were the numbers eaten. On
one occaslion, an adult female consumed 172 diaptomid nauplii,
five Epischura nauplii, and three small cyclopoid copepodids in
about four hours. In another case, durlng a three-hour period,
elght Artemla were consumed by a single individual., The aver-
age dally number of brine shrimp consumed during a one-month
period ranged from 3.2 to 5.6 for individually-reared copepods.
Feeding was typlcally restricted to a few hours immediately
following the dailly introduction of fresh food and media. Con-
sequently the animals must have been satiated host of the time,
Apparently the guts were first crammed full and further feed-

ing awaited digestion and clearance. Fecal pellets produced
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from brine shrimp digestion were large, soft, and easily broken.
But there was no indication that digestion in well-fed animéls
was less complete than in starved ones,

The characteristic manner of capturing prey was carefully
noted. No chase appeared to have been involved., Small nauplii
generally were swept into the mandibular region by the filter-
ing currents, buf otherwise contact was fortuitous and depend-
ed on strictly arbitrary movements. Moreover, response by
Epischura was only momentary, limited to the brief period of
physical contact of a prey with its appendages, unless capture
was successful. Victims were firmly held by the mouthparts
and swimming legs, and sometimes were carried about for several
minutes. After seizure there were irregular but rapid motions
of maxillae and mandibles. Despite the close confinement,
however, perhaps only about ten per cent of the collisions
actually ended in capture. 1In nature, the incidence must be
much less,

The fundamental similarity in feeding habits of Epischura

lESEEEEii and European species of Heterocope, provides another

example of the striking parallelism of these forms. Elster
(1936) investigated food preferences of H. borealis by direct
observation and detailed gut analyses., 1In several small alpine
lakes, Bossone and Tonolli (1954%) and Burckhardt (1944) demon-
strated the dependence of populations of H. saliens on those

of other members of the zooplankton community, especially diap-
tomids and rotifers. These studies have confirmed some earlier

observations by Naumann (1923).



107

Elster reported widespread°predation and cannibalism,
although phytoplankton was regularly;eaten. Nauplii were be-

&
lieved to have fed largely on small algae, but certainly a

part of their diet included Asterionella, Fragilaria, Synedra,

and Cyclotella, as well as diaptomids (presumably young larvae)!

Cyclotella was thought to have been especially suitable as there
was Indirect evldence that it was selected., 1In adult guts, re-
cognizable remains ranged from pennate diatoms to nearly intact
bodies of adult copepods. But in all stages examined, the in-
gested food was often broken up and sometimes even "pulverized".
Later stages became progressively more predaceous, feeding ex-
tensively on nauplil and other copepodids, but frequently taking
adult Diaptomus and Cyclops, in addition to rotifers (species
not indicated). Clédoceran remains were noticeably scarce and
consisted solely of flltering combs and skeletal fragments.
While unquestionably omnivorous, late instars were thought to
have relied méinly on predation for survival.

Heterocope can devour larger organisms relative to its

own size than can Epischura. In a few instances, Elster watch-
ed the capture of adult individuals by other adults as well as
by Stage V animals. In the laboratory, reciprocal responses
were limited to distances of less than one mm, both escape and
capture belng attributable to '"chance and arbitrary reaction".

Elster compared the feeding apparatus of Heterocope wilth

that of Diaptomus gracilis. In the former, while the basic

calanold filtering function 1s retained, a slower and inter-

mittent rhythm of the mouthparts was noted. On the basis of
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observations using quince jelly, soot, and carmine, Elster
believedfthat much less water passed through the maxillary
filters. Filtration was not measured, In D. gracilis fil-
tration by the second maxilla, according to Elster, accounts

for all the food ingested, but in Heterocope, the appendage

apparently serves two purposes. It seems to be modified to
allow for both greater mobllity and the passage of prey toward
the mouth., Its "powerful, dagger-like, distal setae" were con-

sidered to function in "actively selzing and holding prey".

Artemia as food

The majority of the Epischura reared on Artemia thrived
on them. Despite a rather heavy ard customary initial mor-
tality within the first week, 12 of the original 30 animals
were still active after 32 days, at which time culturing was
discontinued. All but three metamorphosed to stage VI in an
average time of less than four days. Eggs were produced by
13 of the 19 females, all virgins, and were distributed among
an estimated 32 separate clutches. The number of eggs was not
counted as many of them were eaten before they could be re-
trieved. Some are shown in Plate 1, Fig. c¢. At least three
Epischura produced as many as four clutches apiece,

It seems certain that most deaths must have resulted from
something other than inadequate food. More likely, it was a
general failure to adjust to conditions imposed by confinement
following an initial shock of capture. Very few copepods fail-
ed to eat at all, but some died in the process of molting.

Occasionally several cultures became heavily contaminated with
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bacteria, despite dailly changes of water, and this may have
been detrimental. Further, mahy Epischura became gradually
encrusted with debris arising from the fragmented bodies of
their prey. Swimming was impeded but whether the animals were
seriously affected in other ways isn't known.

The results demonstrate at the very least that the food
requirements of Epischura may be completely satisfied by a
diet of crustaceans. Prey very much larger than ﬁEEE@li are
probably only rarely consumed in nature, but a dependence on

ilmmature copepods 1s strongly indicated.

The Filtering Appendage

i

The second maxilla was examined in detail in an attempt
to assoclate structure with observed feeding behavior. In this
appendage (in early terminology, the first maxilliped), the
distances between adjacent setules might be expected to‘de-
termine the lower size 1limit of fillterable particles. On the
assumption that feeding in calénoids 1s essentially automatic,
they have been taken as an estimate of the size of the foods
which aré most effectively retained (review by Jgrgensen, 1955).
However, algal organisms which have been shown experimentally
to be important as food cover a rather wide range in size, and
a close relationship between particle size and food preferences
has yet to be established. Moreover, following Elster, it might
be supposed that the second maxilla in some calanoids is to a
large extent adapted for selzing prey,

According to Gurney (1931) and Marshall and Orr (1956a),
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the appendage 1s formed of a coxa bearing two endites, a basi-
pod also with a palr of endites, and a five-segmented, distal
endopod, in which the first two segments project as endites.
The endites 1in turn bear a series of long plumose setae. In
Calanus, there are a total of 29 setae of which 20 form a

broad sheet in one plane. In Heterocope and Epischura (Fig. 6)

altogether there are only 20 or 21 setae, respectively. But

six (in Heterocope) or seven are so reduced that they must be

of little or no importance in filtration. The remaining 14
setae form the major flltering surface, and in E. lacustris
usually bear elther two or three rows of setules, as shown.

In the two most proximal setae, the setules are irregularly
spaced and project in all directions. The entire appendage 1is
specles of Diaptomus, in regard to number, arrangement, and
relative length of the setae and setules.

Over most of the filtering area, it can be seen that the
distance between setules lies between 3 and 12 p, not counting
the fine feathering on the tips of many of the setae. 1In the
great majority of cases it is more uniform, ranging from about
6 to 10 p. The sizes of the algae used in filtering experl-
ménts are alsoc shown in Fig. 6. That the filtering surface
should be exbected to adequately retain all but the three
smallest épecies seems clear. Average-sized Qocystis and

Chlamydomonas theoretically could pass only rarely. On the

other hand, both diatoms are of a size that only if oriented

with thelr long axes in the direction of water flow, would
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Fig.

Left second moxilla of Epischura lacustris adult female viewed from the
right.. Approximate mean sizes of algal organisms used in feeding ex-
periments represented by (a), Chlorella vulgaris; (b), Novicula pelliculosa;

(¢), Nitzschia closterium f. minutissima, (d), Obeystis sp.; (e) Ch/amydo-
monas reinhardi; (f), Scenedesmus quadricauda, (;), Ankistrodesmus sp. ;
(h), Pediastrum biradiatum; (i), Closterium Iittorale.
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they be expected to escape the filters altogether. Jgrgensen
believed that in Harvey's (1937) experiments, the failure of

Calanus to feed on Nitzschia closterium f. minutissima (sub-

sequently reidentified as Phaeodactylum tricornutum) could be

attributed to the same thing. It might be supposed that an

occasional cell of Ankistrodesmus similarly could be trans-

ported lengthwise through the filtering apertures, but this
must have been unusual. It seems eqgually clear, then, that
particle size cannot adequately account for differences in
filtering rate, and that the sizes of the algae tested with
Epischura correspond only roughly with food preferences,
Marshall and Orr (1956a) measured the minimum distance
varied from 2 to 11 p, but showed 1little variation with stage.
Yet the size of the organisms which were effectively filtered
was nearly always greater than 10 u, except in very rich con-
centrations when shaller cells gradually clogged the filtering
setae, Therefore 1t was not possible to demonstrate a dis-
tinct correlation between aperture size and the size of the
food., They further concluded that nauplii feed on much the
same food as the adult except for really large cells, which is
at variance with the more popular concept that immature stages
require smaller food organisms (Jﬁrgensen, 1955). It sub-
stantiates the observations of Storch (1928), however, and

seems to be supported by observations of Heterocope as well.

It may be unrealistic to expect that the distances be-

tween setules should be closely related to the size of the
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food. 1In naturé, an accumulation of suspended detritus to-
gether with only a few large algal cells would probably form
a fine meshwork retaining much smaller particles than could
otherwise be filtered. The importance of the relation be-
tween palatability and the shape and consistency of foods as
well as the significance of adsorption of very small particles
remain to be investigated. |

The function of the seven reduced setas shown in Fig. 6
1s not known. Those borne on the endites of the coxa and basi-
pod possess a double row of rather heavy setules and the en-
dites themselves bear many projecting bristles of about the
same thickness., 1In Epischura, the proximal endite of the en-

dopod has a palr of small naked setae which appear as sharply

pointed spines. In Heterocope, they are represented by a

single feathered seta. Lastly, a reflected seta, about twice
as long as the others and sparsely feathered, occurs at the
tip of the appendage.

Of more lmmediate interest perhaps are the six long curved
setae of the endopod, which were thought to be used by Hetero-
cope to grasp prey (Elster, 1936). In E. lacustris they are
certainly among the longest and stoutest of the setae, and may
even be strong enough to seize active zooplankters. These dis-

tal setae in E. massachusettsensis are somewhat more robust re-

lative to the others (Humes, 195&, Fig. 9). In Heterocope

borealis, their development is even more pronounced (Elster,
1932, Fig. 77). Some have a diameter nearly twice that of

the more proximal ones, and they do appear not unlike a series
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of curved, powerful daggers.

The morphological similarity of the second maxilla in the
three specles attests to a close generic affinity (ef, Marsh,
1933), since the structure of this appendage is quite dif-
ferent in other members of the Family Temoridae (e.g., Eury-

temora velox, Gurney, 1931, Fig. 279). But the specific
variation in setation further Suggests a direct association

with the degree of predatory feeding.



DISCUSSION

Fresh-water calanoids spend a large part of their life
span in an immature condition. It foliows that the ability to
distinguish the larvae of véfious species occurring together
in the plankton must be considered indispensable to the value
and accuracy of any serious study of their ecology. The rel-
atlvely few published accounts of copepod larval stages in-
dicate that further study will provide information about
systematic relationships which are obscured in the adult (see
Gurney, 1931, pp. 22 ff.).

It 1s well recognized that familiarity with the appear-
ance and behavior of live material can greatly simplify the
task of ldentifying many fresh-water organisms (Edmondson, 1959),

In the case of Epischura lacustris, living nauplii were readily

distinguishable on the basis of the position of the first an-
tennae, a feature which, incidentally, may have additional
taxonomic interest to the systematist. Yet upon death or pre-
servatlion, 1t ceases to be of dilagnostic value,

In Whitmore Lake the free-swimming stages of E. lacustris
are found only from March to November, or roughly that part of
the year during which the lake is ice-free. The descriptions
presented in the preceding section make 1t possible to differ-
entiate 1ts ilmmature stages from those of most other specles

with which it is known to occur, Like Heterocope, the ability

of E, lacustris to produce large numbers of resting eggs adapts

115
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i1t to withstand winter conditions. The length of the incuba-
tion period variesASeasonally. Experimental evidence indicates
that normally eggs laid by the spring generation hatch within a
day or two, whereas the fall generation produces only resting
eggs which lie dormant on the floor of the lake until the fol-
lowing spring. An indirect influence of temperature both be-
fore and after egg-laying appears largely responsible for the
dlstinetion. For an extended incubation period in nature, it
may even be necessary that the eggs be deposited in cold bottom

waters of deep, thermally stratified lakes, as such conditions

‘typify the species' habitat throughout 1ts range. Due to the

shorter period for summer growth in its northernmost limits,
E. lacustris might then be expected to produce only resting
eggs which result in but one generation per year. If 80, 1ts
life cycle in northern lakes would closely conform with those

of E. massachusettsensis and Heterocope borealis.

E. lacustris may spend up to 50 per cenf of its life as
an ilmmature animal. Judging from estimates reported for other
calanoids this 1is not unusual. Calanus regulari;}occurs as
stage V throughout the winter months (Marshall, Nicholls, and
Orr, 1934); in Lago Maggiore, Diaptomus vulgaris requires about

75 days to reach sexual maturity (Ravera, 1954). Among certain
monocyclic forms, the period of iarval development varies from

about a month or more (Limnocalanus Johanseni, Comita, 1956;

Epischura massachusettsensis, Humes, 1955) to over 100 days

(Heterocope borealis, Elster, 1936, 1954); in some instances it

may last an entire year (Diaptomus ashlandi, Comita and Anderson,

1959; D. lacinlatus, Ravera, 1954),
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Natural mortality would be expected to take a heavy toll
among the immature stages; previous mention was made of El-

ster's estimate that only about 0.5 per cent of the eggs pro-

duced by Heterocope in the Bodensee develop into sexually ma-
ture adults.v It follows that the numerical superiority and
persistence of immature individuals in a natural population
attach special significance to their activities. Yet there

are relatively few published records which deal with the lar-
vae of individual species of copepods. An unreliable picture

of species associations appears to be one of the inevitable ré-
sults. A recent example is the study by Wells (1960). Although
he frankly admits that sampling methods "unquestionably allowed
the loss of valuable data", the lack of assurance that distinc-
tions between adult and sub-adult animals were consistently
made is difficult to resolve. Moreover, it seems clear that the

assertion that limnetic communities are dominated momentarily by

one species of copepod, one cladoceran, and one rotifer (Pennak,
1957) is based largely on incomplete data. The statement that
"adequate sampling in ftypical' lakes shows that, on the aver-
age, 80 per cent of all limnetic copepods belong to one specles,
." is, at the very least, premature, since Pennak's literature
references include not a single study in which immature stages
were treated guantitatively. Considering only the adult limne-
tic copepods of Lake Michigan, Wells (1960) has shown that seven
specles may be taken regularly in the same sample; similarly,
the adults of as many as four species of calanoids coexist‘in
Lake Erie (Davis, 1959a). While these situations may be some-

what unusual, they are probably not exceptional., Even here a
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quantitative evaluation of the species composition of the com-
munity 1is unwarranted without knowledge of the numbers of larvae
present. A reasonably complete enumeration of all the organisms
sampled 1s easily as important as "adequate sampling".

It 1s not surprising that the problem of routine identifi-
cation of immature copepods has been neglected. More often
than not, avallable keys require detailed examination and diffi-
cult dissection., Yet the fact remains that frequently in any
sample of net plankton the number of larvae typically exceeds
that of the adults. That a more complete realizgtion of cope-
pod taxonomy may be derived from a knowledge of the detailed
morphology of their larvae was clearly evident in the present
study after examining a key to the developmental stages of

Heterocope constructed by Elster (1932, pp. 231-233). All of

the distinctions used in it apply not only to Heterocope bore-

alls and H. saliens (as pointed out by Elster), but -equally

well to Epischura lacustris and E. massachusettsensis. Veri-

fication is still needed for other species of these genera, It
is Just this sort ofiinformation which may lead to a more satis-
factory systematic arrangement of the Copepoda, and eventually
to a universal key of broad application. To the writer's know -
ledge, the only serious attempt at such an ambitious project is
the work of Borutskii (1960).

The tendency in quantitative plankton studies to look for
numerical correlations between standing crops of phytoplankton
and zooplankton is a familiar one. Reductions in marine diatom
populatlions as a result of zooplankton grazing have received

much attention (Clarke, 1939; Fleming, 1939; Gauld, 1950;
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Riley, 1946, 1947; Riley and Bumpus, 194%6). Similar observa-
tilons on fresh-water organisms have been published (Berg and
Nygaard, 1929; Davis, 195#; Anderson, Comita, and Engstrom-Heg,
1955; Comita and Anderson, 1959). While obviously not all de-
.clines‘in phytoplankton should be attributed to grazing, any
assessment of the demands of zooplankton populations for food
requires a thorough knowledge of the feeding behavior and food
preferences of the species concerned. Such information is
rarely avallable for fresh-water zooplankters. The present
work, for example, is the first experimental effort to determine
feeding rates or algal food preferences of a fresh-water calanoid.
Although many animals are known to prey on zooplankton,
neither the effect of predation on the plankton community as a
whole nor the significance of predation within the community
has received much attention. The lack of an obvious relation-
ship at any point in time between zooplankton populations and
their ultimate food supply in the form of phytoplankton might
be partly a result of predation. Edmondson (1957) has stressed

the point that 1t is unrealistic to expect the relation fo be a

simple one. The role of Leptodora and Bythotrephes in zooplank-
ton consumption has been shown by Mordukhai-Boltovskaia (1958)
to be of at least tihe same order as that of fish. Chaoborus
larva% apparently devour large numbers of planktonic crusta-
ceans during their pelagic existence (Decnier, 1943; Main,
1953). Certain cyclopoid copepods are highly carnivorous; in
fact, some are known to attack and destroy smail fish (Davis,
1959). Yet, in lieu of direct observation, it is decidedly un-

sound to make generallzations about the feeding habits of even
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closely related species (Fryer, 1957). Curiously, the fact that
some species of calanoids regularly eat other zooplankters ap-
pears to have largely escaped notice, It is difficult, for ex-
ample, to find outside of the foreign literature any reference

to studies dealing with the feeding behavior of Heterocope.

Pennak (1946, 1949, 1955) has strongly criticized attempts
to demonstrate a direct dependency of zooplankton,on phytoplank-
ton in fresh waters. On the grounds that "the usual plankton

diatom cells and colonies (Asterionella, Synedra, Melosira,

Fragilaria, and so on) are often too large to be ingested in-

tact by cladocerans and the small calanoid and cyclopoid cope-
_pods", Pennak (1955) has contended that limnetic crustaceans
rely heavily on fine particdiate detritus and bacteria for food.
Obvliously this author was unaware of the studies of Elséer,
Fryer, and Burckhardt; moreover, anyoné who has examined living
net plankton should be familiar with the habit of copepods,
particularly adult cyclopoids, of devouring both plant and an-
imal organisms sometimes only slightly smaller than themselves.
If, as Pennak believes, many biologists have an erroneous idea
of the complexity of limnetic zooplankton communities, it may
be due to an oversimplification of even the meager information
on species composition and feeding behavior presently available.
Even 1f Pennak is essentially correct about the nutritional de-
pendency of many small crustaceans on detritus and bacteria,

the evidence he offers is not convincing. Furthermore, his
reasons for believing that limnetic grazers do not rely on in-
tact algal cells and that therefore phytoplankton does not con-

stitute a serious limiting factor are inadequate.



ity AT T
e i 3 N

121

Epischura lacustris, like Heterocope, 1s an omnivorous

feeder. The materials it ingests cover a wide size range

and a considerable part of its natural dilet consists of other
copepods but not of cladocerans. Experimentally, the animals
can subsist if not actually flourish on certain algae (e.g.,

Pedlastrum and Closterium), whereas others are definitely un-

suitable. There is increasing evidence that Substantially
different kinds of food materials are utilized by various lim-
netlc calanoids. While reliable information 1is incomplete for
any single specles, it i1s unrealistic to assume that either
fresh-water zooplankton as a whole or even 1ts major taxonomic
groups represent but a single trophic level. h

The significance of cannibalism in natural populations is
difficult to evaluate. Elster (1954%) thought that it was of
secondary importance 1in controlling either the size or the suc-

cess of the Heterocope population in the Bodensee. It is poss-

ible that since hatching in Heterocope, as in E. lacustris,

occurs on the lake floor, the larger predaceous individuals
normally encounter young stages only sporadically in the epi-
limnion, where presumably the former are most active in feeding.
Elster had evidence that nauplii were more abundant in the
bottom water layers, and perhaps not until they have attalined
conslderable size do they migrate in large numbers into the
warmer surface waters.

A final comment about food relations Seems pertinent.
While the basic feeding mechanism of calanoids appears to be
one of flltration, the structure of the second maxilla may

provide an index as to the capacity of a species to consume
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its fellow zooplankters. Certain features as described in the
previous section, namely the stoutness of the proximal setae,

loss of feathering, and reduced filtering surface in Heterocope

and in at least some species of Epischura, are proposed as just
such structural modifications. This concept 1s not entirely
new. Lowndes (1935) was convinced that in a number of calanoids
the maxillae and maxillipeds "are in general raptorial, and not
filtratory", and that they '"cannot possibly function as strain-
ers of microscopic organiéms." According to him, females of

Euchaeta norvegica feed almost exclusively on Calanus finmarch-

icus, and Limnocalanus macrurus 1s one of several predatory

fresh-water specles. It must be more than coincidental that

Eplschura, Heterocope, and Limnocalanus are among the largest

-fresh-water calanoids, and that both Elster and Marshall and

Orr, independently, have provided evidence that young stages

feed on much the same kind of food as the adults; furthermore,
the fact that populations of E. lacustris are usually small

and are characteristically if not invariably found associated
with diaptomids in no way disputes the thesis that they depend
on these smaller and almost ubiquitous animals for food. 1In
future studies bearing on the trophic interactions of the zoo-
plankton, it should prove profitable to explore the relation
between body size and the predatory habits of calanoid copepods.



SUMMARY

l. As part of a study of the seasonal life history of
Epischura lacustris in Whitmore Lake, Michigan, from March 2,

1956, to June 12, 1957, the eleven pre-adult instars were
identified by a detalled examination of specimens both reared
from the egg and taken in the plankton.

2. The nauplii may'be distinguished from those of Diap-

tomus and Epischura massachusettsensis by the setation of the
first and second segments of the first antenna. In living
collections, they could be separated from those of the other
copepods present by the positlon of the first pair of antenﬁae.
Developmental changes at each molt followed in most respects

those of the larger E. massachusettsensis, and agreed with key

distinctions outlined by Elster (1932) for Heterocope borealis.

3. Body length measurements of successive instars indica-
ted no overlap 1in size but showed a consistently uniform per-
centage increase at each stage. Sexual differentiation was
determined on the basis of the structure of the fifth swimming
legs. The armature of the distal segment of the female fifth
leg was found to vary, sometimes within the same individual.

4, In Whitmore Lake the population was found to be di-
cyclic. The animals occurred in the plankton of the northeast
bésin only during ice-free conditions. Nauplil fifst aébeared
at the time of the spring thaw and reached sexual maturity by

July. A second generatlon appeared in August, apparently a

123
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direct result of the earlier brood's reproduction. After mid-
November neither adults nor immature stages were‘to be found.
5. _There is no ovisac. Eggs are laid frée in the water
and sink to the lake floor where they may be found 1in soft
muck throughout the year. They can withstand anaerobic con-
ditions and high concentrations of HQS, but neither freezing
nor drying. The hatching process agrees with that described

for Heterocope.

6. Egg production increased in intensity after September.
Eggs laid by the first generation required only a day or two to
hatch. Yet those produced in the fall lay dormant in an extend-
ed incubation peridd untll the following spring. An indirect
effect of temperature was thought to account for the distinc-
tlon between resting and non-resting eggs; yet preliminary ex-
periments suggested that resting eggs hatched at a time favor-
able for survival due to an internal regulatory mechanism.

Under certain conditions development was arrested for as long
as 16 months in the laboratory.

7. Feedlng is mainly by filtration, but is neitﬁer indis-
criminate nor completely automatic. Laboratory experiments dem-
onstrated a distinct preference for two kinds of phytoplankton
and certain microcrustaceans. Algae were grown individually
in mass culture. Thelr relative suitability was tested in 1lab-
oratory populations on the basis of copepod survival, growth,
fecal pellet production, and reproduction, and further assessed
by determining filtering rates, using:differential cell counts
from ten to twenty-four hour experiments. Predatory behavior

was examined by offering individual Epischura various cladoc-
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erans, copepods, and brine shrimp larvae,
8. Rearing on phytoplankton was only partly successful.

| Only in populations fed Pediastrum biradiatum was there satis-

factory growth and reproduction., The life cycle from egg to
sexual maturity was completed on two occasions. One female
lived T4 days in culture and produced four clutches of eggs.

Animals appeared to do somewhat better with Scenedesmus guadril-

cauda and Anklistrodesmus than with elther Chlamydomonas rein-

hardi or Oocystis. Chlorella vulgaris was worse than no food

at all.

9, Nauplius I does not feed as the anus is not yet devel-
oped. Carnlvorous habits and filtering rates of young stages
were not investigated. Larvae utilized the same algae as did
the adults, except for really large cells. Feeding in late-
stage Epischura appeared to have been inhibited at a temperature
of 10°%. '

10. Flltering rate measurements demonstrated distinct
algal food preferences desplite considerable variation between
individual experiments. Among experiments which resulted in
the highest rates were those utilizing algal species which were
found to have been the most successful in rearing laboratory
populations of Epischura. The maximum rates for adults occurred

in vessels containing the largest algae, Closterium littorale

and Pedlastrum blradiatum. They averaged, respectively, T7.09

and 5.50 ml of water swept free of algae per copepod per day.
The maximum rate (11.4% ml) was encountered in exposing adult

fe@ales to Closterium.
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1l. The mean filtering rate of adults supplied with.gglgg-
ella was found to be negligible, further evidence of the un-
suitability of this alga as food. Those for the other algae
ranged from about 1.0 ml per copepod per day for Nitzschia
closterium f. minutissima to about 3.0 ml for Navicula pellic-

ulosa. Among factors considered responsible for the observed
differences were size of the food and in a few cases its tend-
ency to clump, Escape of small cells through the maxillary
filters probably occurred but did not adequately account for
rate differences. Chlorella may have produced substances which
inhibited feeding.

'12. The numbers and appearance of fecal pellets were di-
rectly related to flltering rates. Usually algae were ingested
whole. Preliminary experiments with sub-adult animals showed
an increase in rate with an increase in body size., Comparing
instars of similar length, Epischura seems capable of fllter-

ing about the same amount of water as Calanus finmarchicus.

13. Independent estimates of the time required for larval
development were made by censusing laboratory populations and
by noting the succession of instars in the natural habitat.

The two were in striking agreement: 38 to 40 days. Similarly,
the tlme for one complete generation was calculated to be about
54 days; estimates of the entire life span were 59 days for
males and 98 for females. The long dgration of the larval per-
iod in many calanolds should not be overlooked in describing
tﬁe specles composition of limnetic communities.

14, Gut analyses of freshly-captured adult and stage V
Eplschura demonstrated that the copepod is omnivorous., While
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much of thé material was essentially unrecognizable, the most
abundant items were diaptomid copepods and colonial algae. Re-
mains of cladocerans, adult cyclopolds, and rotifers were not-

iceably absent. That Epischura lacustris may rely heavily on

diaptomid copepods for food in nature 1s further suggested by
its species associations throughout 1ts range.

15. Experimental Epischura devoured large numbers of
calanoids, cyclopold larvae, and Artemia nauplii, but refused

(or failed to selze) Diaphanosoma, Bosmina, and small to large

Daphnia. The intensity of carnivorous feeding increased during
development. Rarely prey were mahgled. Epischura flourished
on a diet of Artemia, devouring them whole. Small crustaceans
are swept into the oral region by filtering currents, but cap-
ture of larger animals is fortuitous.

16. The structure of the second maxilla, basically a fil-
tering appendage, may reflect carnivorous feeding in calanoids.

The similarlty of E. lacustris, E. massachusettsensis, and

Heterocope in their larval development, reproductive behavior,

and seasonal 1life history, appears to apply to their feeding
hablts as well. Predation in calanoid copepods as it bears

on limnetic phytoplankton-zooplankton relationships was brief-
ly discussed.
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