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ABSTRACT

Copepods live in a nutritionally dilute environment, experiencing temporal and spatial
variations in food supply which differ in magnitude and predictability. Understanding the
mechanisms by which organisms deal with changes in their food is a primary concern in
elucidating the nutritional ecology of zooplankton and the role of food in structuring
zooplankton communities. In this thesis, I examine changes in behavior, morphology, and
physiology of two species of calanoid copepods (Diaptomus kenai and D. leptopus) in response to
variation in food composition and density.

In Chapter Two, I present a study of population-level responses to variation in food
composition and quality, using fertilization techniques to generate a range of phytoplankton
communities in field enclosures. The phytoplankton assemblages studied supported copepod
populations which differed in such attributes as population size, reproduction, and body size.
The most striking finding of this study was the occurrence of two co-existing size classes of
D. kenai,

the abundance and clutch size of which varied among the enclosures, suggesting

differences between the two classes in their ability to utilize the different phytoplankton
communities. Chapter Three investigates patterns of lipid storage in response to changes in
food supply. I concluded that lipid stores were affected by species composition of the
phytoplankton food and the two copepod species differed in their sensitivity to differences in
cell chemistry. Chapter Four investigates behavioral responses of the two size classes of D.
kenai

to changes in food composition and abundance. Subtle differences in feeding behavior

suggest that the two sizes differ in their utilization of available food.

These results demonstrate that D. kenai and D. leptopus are capable of responding to changes in
their food supply through modifications of their behavior, morphology, and physiology over
a range of magnitudes and time scales. There can be very subtle changes in feeding behavior
or very pronounced changes in size structure. Responses occur over time scales ranging

iii
from hours to days to seasons. These results also bring into question the utility of models
generated under laboratory conditions in predicting behaviors or dynamics of copepod
populations and communities in nature.
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Chapter One

INTRODUCTION

Temperate lakes are variable environments characterized by fluctuations over a wide range
of physical, chemical, and biological parameters.

Produced by external (e.g., weather,

erosion, and human activities) and internal dynamics (e.g., circulation patterns, food web
interactions), this variation both creates opportunities for, and sets constraints upon, the
biological components. Through natural selection, the physiology, behavior, morphology,
and life history of organisms are modified to cope with the variation characteristic of their
habitat. Planktonic invertebrate herbivores must deal with substantial variations in physical
factors, food, and predation that fluctuate on time scales ranging from minutes to seasons or
years, and spatial scales ranging from micrometers to meters.

The characteristics of an

organism will affect its ability to perceive and respond to such fluctuations. For example, as
a consequence of differences in such attributes as feeding mechanisms, food preferences,
and acclimation, zooplankton will differ in their perception of temporal and spatial variation
in food quality and quantity (Donaghay 1988). This thesis concerns patterns of adjustment
on different time scales among calanoid copepods to variations in the phytoplankton foods
they need to survive, grow, and reproduce; it focuses on feeding, energy storage, and
demographics of two coexisting species of calanoid copepod, Diaptomus kenai and D. leptopus.

The composition and productivity of the zooplankton community are dominated by three
major taxonomic groups: rotifers, cladocerans, and copepods, all of which have both
herbivorous and carnivorous representatives. The rotifers are primarily suspension feeders,
ingesting food particles through the action of the coronal cilia, generally ingesting particles
less than 12 Lim (see review by Pourriot 1977), although some species, for example large
predatory Asplanchna, can even ingest small crustaceans.

In general, although individual

species have a large food-size range, coexisting rotifer species can be separated along a food

size gradient (Makarewicz and Likens 1975), presumably minimizing competitive
interactions.

There are two cladoceran groups with predaceous members that feed by

grasping their prey, but the majority of the cladocerans are suspension feeders.

As a

consequence of their feeding mechanism, ingestion is strongly correlated with food size
(Brendelberger 1975; Lampert 1987), although there are suggestions that a degree of
selectivity may occur (e.g., Butler et al. 1989).

Freshwater copepods are represented by three orders. One of these, the harpacticoids, are
primarily benthic herbivores. The cyclopoid copepods, while containing some herbivorous
representatives, are generally recognized as active predators, although there seems to be
some disagreement as to whether they are classified as primarily limnetic (Pennak 1978) or
littoral (Zaret 1980). Predatory cyclopoid copepods are characterized by an ontogenetic shift
in feeding habits, being primarily herbivorous as nauplii and carnivorous as adults. The
calanoid copepods have long been considered to be primarily herbivorous, non-selective
filter feeders, although Pennak (1978) did allow that there was perhaps some evidence of
omnivory. Calanoid copepods are now recognized as being not only omnivorous, but also
highly effective predators (Anderson 1967, 1970; Williamson and Butler 1986; Williamson
1987; Williamson and Vanderploeg 1988) as well as highly discriminating feeders (e.g.,
Fulton 1988; Butler et al. 1989; DeMott 1989; Verity and Smayda 1989).

Because a

substantial portion of the zooplankton community is often composed of calanoid copepods,
calanoid grazing and subsequent production may represent a substantial contribution to
energy flow from primary producers (the phytoplankton) to higher trophic levels (Herzig et
al. 1980; Evans 1986; Crowder et al. 1987; Black and Hairston 1988).

Consequently,

variation in their utilization of the phytoplankton can potentially have severe repercussions
throughout the food web.

Changes in the phytoplankton community can be induced by a number of factors. Grazing
by copepods can impact both size structure and species composition of the phytoplankton

community (Carpenter et al. 1987; Vanni 1987). Variations in composition and concentration
of inorganic nutrients can also affect phytoplankton community structure. The link between
nutrient levels and such phytoplankton community parameters as species composition,
biomass, and diversity has been demonstrated in theoretical, lab, and field studies (see
review by Kilham and Kilham 1984). The strong relationship between lake phosphorus
concentration and phytoplankton production (Vollenweider 1976) suggests that many lakes
are nutrient-limited, a notion further supported by demonstrated increases in phytoplankton
production induced by nutrient enrichment (e.g., Schindler et al. 1973; Schindler and Fee
1974; Lane and Goldman 1984; Stockner and Shortreed 1985).

Not only is total

phytoplankton biomass affected by variation in nutrient levels, but also phytoplankton
species composition. Lab studies have demonstrated that nutrient supply ratios may have a
strong influence on the structure of phytoplankton communities (Tilman 1981; Kilham 1986;
Turpin 1986; Tilman et al. 1986). These lab studies have been supported by field studies of
Schindler (1977) and Barica et al. (1980), who induced variation in lake phytoplankton
composition by altering the nitrogemphosphorus ratios. Not only is the overall abundance of
the phytoplankton related to nutrient levels, but also community diversity, which decreases
as nutrient loading increases (Jones etal. 1978).

Natural sources of variation in nutrient supplies range from small-scale events lasting
minutes (e.g., nutrient excretion by zooplankton: Lehman and Scavia 1982 a,b; Scavia et al.
1984) to large-scale seasonal events such as lake turnover (Wetzel 1983). Such variations
may provide temporally and spatially separate niches, permitting the persistence of diverse
assemblages of competing algal species (e.g., Richerson et al. 1970; Dickman and Efford
1972; Petersen 1975). For example, as spring turnover replenishes nutrients, there is often a
bloom of small, highly edible algae, which are slowly replaced by a summer phytoplankton
community dominated by less edible species (Reynolds 1984; Sommer et al. 1986). The
frequency and extent of fluctuations can vary among environments. Eutrophic systems,

which tend to have high primary productivity, can undergo pronounced seasonal variation in
phytoplankton community structure. Such changes can be attributed to seasonal variation in
nutrient levels (Knoechel and Kalff 1978; Tilman 1982), grazing by zooplankton (Crumpton
and Wetzel 1982; Sprules and Knoechel 1984), or differential nutrient cycling by the
zooplankton (Lehman 1984). Oligotrophic systems, on the other hand, are characterized by
low primary productivity and variation in the phytoplankton tends to occur on smaller
temporal and spatial scales (e.g., Venrick 1990).

Thus, the phytoplankton community presents to zooplankton a variable food environment
that fluctuates over a range of temporal and spatial scales. The potential consequences of a
fluctuating environment can be conceptualized at three different levels (Schoener 1989): the
individual level, reflected in behavioral, physiological, and morphological characteristics;
the population level, manifested in population dynamics and equilibria; and, ultimately, the
community level, reflecting interactions of the populations. With changes in food resources
there can be changes in competitive ability (Jacobs 1977a,b; Vanni 1986, 1987; Hoenicke
and Goldman 1987) or changes in feeding rate and diel migration patterns (Roman et al.
1988).

Zooplankton may deal with spatial variation by migrating to food rich patches

(Meyers 1984; Dagg 1985; Huntley 1985; Johnsen and Jakobsen 1987) or with temporal
variation by utilizing energy stores (Paffenhofer 1984).

Behavioral responses to variation in diet have long been popular theoretical and empirical
research topics as researchers have become increasingly aware of the consistent relationship
between food density and forager distribution (e.g., Jespersen 1924) and density (e.g., Taber
1956). We now recognize that the rate at which a forager obtains its food can vary in
complex ways with food density, distribution, and composition.

Early theoretical and

experimental work by Solomon (1949), Holling (1959), and Ivlev (1961) described the
"functional response" of a predator's feeding rate at various densities of a single prey type,
with prey capture rate shown to increase with food density. The preference for any given

food is a consequence of the interactions of consumer and food characteristics affecting the
processes of food detection, capture, and ingestion. Ivlev (1961) introduced the concept of
selective feeding, or electivity, to quantify an organism's preference for the variety of food
items available to it. By comparing the relative amount of a food type in the diet with its
abundance in the environment, he generated an index by which the food items in a
consumer's diet could be ranked. His original index has been modified by a number of
researchers (incorporating a variety of factors, including number of alternative food choices,
and relative and absolute differences in ingestion and availability) and the more commonly
used of these have been reviewed by Lechowicz (1982).

Murdoch (1969) expanded the concept of selective feeding with predictions that a forager
might "switch" preference for alternate food items as their relative abundance changes,
similar to Tinbergen's (1960) theory of search-image mediated feeding, which suggests that
search images originate from and are maintained by frequent encounters with the most
abundant food. Contrary to predictions, however, Murdoch observed that when preference
for a particular food item was strong, the forager continued to consume that item by an
amount proportional to its abundance in nature (i.e. percent ingested did not change with
food density). Further studies (Murdoch et al. 1975) suggested that switching between food
items occurred only when food preference is weak. Landry (1981) observed that feeding in
marine copepods occurred in a manner consistent with Murdoch's original (1969)
predictions, but on a much larger scale. After a bloom of a single phytoplankton species,
feeding rates on all phytoplankton species increased; as a result, feeding rates on rare
species increased as the abundance of alternate species greatly increased. These results were
contrary to the predictions of Murdoch (1969) but similar to the predictions of the foraging
model of Engen and Stenseth (1984), which predicted that, when multiple choices are
presented, food selection would be independent of ranking and of the availability of the
different food items. However, Landry observed that, as the abundant species (and total
phytoplankton) declined in density at the end of the bloom, rather than broadening diet range

(as Mac Arthur and Pianka 1966 would predict) or switching to concentrate on different
phytoplankton species (as Murdoch 1969 would predict), the copepods switched foraging
emphasis to a whole new trophic level: the zooplankton.

As with Landry's observations of copepod feeding behavior, observed foraging responses
frequently differ from the predictions of foraging models, leading to criticisms that the utility
of such models is restricted to situations similar to those from which the models were
derived (e.g., Ranta and Nuutinen 1985). Rather than dismissing the models as ineffective
due to their limited value as accurate predictors of foraging, it is far more interesting to
consider possible reasons for deviations from the predictions.

Krebs et al. (1983) and

Abrams (1990) suggest that discrepancies between model predictions and observed
responses may be attributed to adaptive foraging behavior differentially affecting the
parameters of the model; that is, foragers can be adaptive and flexible, altering feeding
behaviors in response to changes in resource abundance and composition.

Thus, it is

predicted that Diaptomus feeding behavior will vary as a function of temporal or even spatial
variation in food.

Theories concerning selectivity and diet were expanded to consider food not only in terms of
relative abundance but also in terms of food value. MacArthur and Pianka (1966), in their
model predicting diet breadth, expressed food value as "profitability"; that is, the energy gain
as a function of the energy spent locating, capturing, and ingesting a food item balanced by
the energy value realized after ingestion. While physical characteristics of a food item such
as cell size, cell shape, or overall abundance may affect the first three attributes, it is the
internal, or chemical, composition of the cell that will determine its nutritional quality. The
importance of nutritional content of food items has been demonstrated in a number of studies
comparing such life history attributes as growth rate, survival, and reproduction in different
food regimes. When larval mayflies were raised on five different foods over a range of
temperatures, the size and weight of the resulting adults were influenced more by larval diet

than by development temperature (Sweeney et al. 1986). Similar results were reported for
prawns (Jones et al. 1979), isopods (Carefoot 1984), oysters (Laing and Millican 1986),
insects (Hansen et al 1983; Kondratieff and Simmons 1984; Cargill et al 1985), and
freshwater (Warren et al. 1986) and marine (Huntley et dl. 1987) copepods.

Nutritional value of a food item may also affect the internal chemistry of the forager.
Variation in lipid content has been attributed to variations in food quality (i.e. chemical
composition) for prawns (Whyte et al. 1986), oysters (Chu and Webb 1984; Gallager and
Mann 1986), copepods (Hakanson 1987; Hagen 1988), amphipods (Clarke et al. 1985), fish
(Benson et al. 1972), and rodents (Schemmel 1976). Lipid storage may also represent the
consequences of interactions between energy input and utilization in a varying environment
(Pianka 1976). Reviews by Lee et al. (1972), Benson et al. (1972), and Lawrence (1976) all
describe variation in lipid stores in marine fishes and invertebrates as a function of food
supply and energy demands.

Lipid energy stores have been documented for two major zooplankton groups, the marine
copepods and the freshwater cladocerans (see the reviews of Benson et al. 1972; Lee et al.
1972; Lawrence 1976; Goulden and Henry 1984).

There is also evidence of glycogen

energy stores in non-feeding male rotifers (Wurdak and Gilbert 1980). Lipid stores serve
two major functions. First, they are the sole energy source for non-feeding copepod nauplii
(Lee et al. 1974; Benson and Lee 1975) and they are a supplemental energy source for
juvenile cladocerans (Goulden and Henry 1984). Second, lipid stores may provide energy
during periods of low food availability, either on a diurnal scale, such as encountered during
vertical migration (Lee and Barnes 1975) or on a seasonal scale (Goulden and Henry 1984;
Paffenhofer 1984).

Lipids are generally visible in the body cavity as small scattered droplets or, as in the case of
some marine copepods, as a single large sac. Lipids are stored either as triacylglycerides

(glycerol esters with three fatty acids) or as wax ester (an ester of fatty acids and fatty
alcohol) (Hadley 1985). Arctic and deep sea copepods, which encounter short periods of
food-rich conditions followed by long periods of low food abundance, primarily store wax
esters, while triacylglycerides predominate in the lipids of surface dwelling copepods in
temperate and tropical seas.

Triacylglycerides are the major storage lipid for most

freshwater copepods (Arts and Sprules 1987; Cavaletto et al. 1989) although some species
store wax esters, apparently as a consequence of their relatively recent marine origin
(Cavaletto ^a'. 1989).

The fatty acids making up triacylglycerides are most likely derived from the diet, as they
cannot be directly synthesized (Conklin and Provasoli 1977; Henderson and Sargent 1980).
Thus, the ability to accumulate lipids may be a function of diet composition as well as
overall abundance. There is not only variation in fatty acid composition of algae according
to the nutrient conditions under which the algae grow, but there is also interspecific variation
in fatty acid composition. For example, cyanobacteria synthesize very few fatty acids, which
may, in part, account for their poor nutritional quality as cladoceran food (Arnold 1971;
Porter and Orcutt 1980). This notion is supported by the work of D'Abramo (1979), who
reports that cladocerans maintained on artificial diets similar to cryptophytes or diatoms in
fatty acid composition are significantly more productive than those maintained on a diet
resembling the cyanobacteria in fatty acid composition.

The Objectives

The primary aim of this thesis is to expand our understanding of food web dynamics in
nature by investigating and identifying the impacts of natural and induced variation in food
supply upon physiological, behavioral, morphological, and life history characteristics.
Calanoid copepods are excellent model organisms for this study not only for physiological
reasons, given their sensitive discriminatory feeding abilities and with their ability to store
lipids, but also for ecological reasons, as evidenced by their importance in aquatic
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ecosystems.

In Chapter Two, I present the results of a field enclosure study investigating the effects of
food composition on Diaptomus populations. The enclosures were fertilized over a range of
nitrogen:phosphorus ratios to produce a variety of phytoplankton communities, and copepod
populations were monitored for changes in such attributes as population density, body size,
and clutch size among the different food regimes.

The second goal of the thesis is to identify some of the mechanisms by which variations in
phytoplankton community structure affect the Diaptomus populations. In Chapter Three, I
investigate the effects of inter- and intraspecific variations in food on the amount and
composition of lipid stores. Copepods were removed from the enclosures studied in Chapter
Two to monitor variation in lipid content among different phytoplankton communities. To
investigate the effects of intraspecific variation in food quality, copepods were maintained on
single species diets of either nitrogen-rich or nitrogen-limited algae.

Finally, Chapter 4 concentrates on the behavioral attributes of feeding as they relate to food
composition and density to elucidate the nature of intraspecific variation in the responses of
Diaptomus kenai

to diet manipulations, as indicated in the results of Chapters Two and Three.

Feeding rates and selectivities of Diaptomus were calculated for and compared among a
variety of food regimes differing in species composition and density.

Chapter Two

DIAPTOMUS POPULATION DYNAMICS

Seasonal variation in egg production by copepods (Kimmerer 1984; Peterson 1985; Smith
and Lane 1985; Crawford and Daborn 1986; Williamson and Butler 1987) and cladocerans
(Hall 1964; Kerfoot 1974; Lampert 1988) suggests that reproduction is strongly influenced
by variations in environmental conditions, particularly food. In addition, offspring survival
can be strongly affected by variations in food concentration (e.g. Williamson et al. 1985).
Because the critical factors controlling copepod populations are those affecting offspring
survival and adult reproduction (Gehrs and Robertson 1975), effects of variation in food
should be readily expressed in terms of population density when predation is not a
controlling factor. This study reports on the effects of phytoplankton community structure
on life history parameters of two species of calanoid copepod, Diaptomus kenai and D.
leptopus, including changes

in population density as well as changes in adult fecundity and

body size.

With only a few exceptions, all species of copepod reproduce sexually, producing one
(univoltine) or several (multivoltine) generations per year.

After mating (see Blades-

Eckelbarger 1986 for details), diaptomid females produce membrane-enclosed clutches of
subitaneous eggs (those which hatch shortly after extrusion) or resting eggs (which hatch
after a dormant period). In addition to species differences, fecundity can be a sensitive
indicator of environmental conditions, varying with such factors as food availability, food
quality, mate availability, and temperature (e.g., Marshall and Orr 1952; Paffenhofer and
Knowles 1978; Johnson 1980; Cahoon 1981).

In the course of developing from egg to adult, the copepod passes through six naupliar
stages and six copepodite stages (the last being the adult), each accompanied by a

progressive increase in size with the addition of a body segment and a pair of appendages
(see Bjornberg 1986 for details). Copepods are sexually dimorphic at the adult stage. The
genetic mechanism for sex determination remains unclear, but it is presumed that
proportions of males and females within clutches start out equal, as evidenced by adult sex
ratios of many species (see Davies 1984). However, development rate, survival, and
spatial distribution may differ between males and females in some species (e.g., Marshall
and Orr 1955; Corkett and McLaren 1978; Davies 1984) making it difficult to extrapolate
clutch sex ratios from sex ratios of adult populations.

While laboratory studies of feeding can demonstrate the effects of very simple food
regimes, the relationship between food and life history strategies in nature can be quite
complex, with interactions between food quality and quantity obscuring diet effects (e.g.,
Abou Debs 1984; Lee et al. 1985; Arnott et al. 1986). The present study uses nutrient
manipulations to generate a variety of food regimes to investigate and compare life history
responses of Diaptomus kenai and D. leptopus among a variety of diets. Manipulations of
nutrient level and ratio are commonly employed for investigating the role of nutrient
limitation in structuring phytoplankton communities both in field (Langeland and
Reinertson 1982; Istvanovics et al. 1986; Sullivan and McManus 1986; Prepas and Trimbee
1988) and laboratory (Tilman et al. 1986; Suttle and Harrison 1988a,b) conditions. In this
study, the purpose of fertilization was not to select for specific algal communities, but
rather to produce food regimes which differ in species composition and, due to nutrient
limitation, chemical composition. Thus, it is not the effects of nutrient manipulations per se
that are of interest, but rather the effect on copepods of variation in food composition, with
nitrogemphosphorus manipulations being the tool by which these variations are generated.

METHODS

Study Site

The study was conducted in Shirley Lake, a fishless, oligotrophic lake located in the
University of British Columbia Malcolm Knapp Research Forest (Fig. 1). The north, east,
and south shores of the lake are characterised by humic soils populated with huckelberry,
skunk cabbage, yellow cedar, and western red cedar. The western shore is characterised by
sandy loam soil, huckelberry, ferns, mosses, lodgepole pine, Douglas fir, and western
hemlock. Mean annual precipitaion in the area is typically 280 - 320 cm (Klinka 1976).

"Nutrient" Enclosures

In June 1986, four big-bag enclosures constructed of 4 mil (0.1 mm) transparent
polyethylene were suspended from styrofoam-supported wood frames floating at the water
surface (Neill 1978, 1981). The enclosures, measuring 1.3 m diameter by 6 m deep, were
closed at the lower end to prevent contact with lake sediments and anchored in the center of
the lake. Each enclosure was filled by a gasoline-powered pump with 11,000 L of lake water
collected in equal volumes from 0.5 m, 2 m, and 4 m depth and filtered through a 76 Lim
mesh net to remove most zooplankton but not phytoplankton. Zooplankton were collected
from the lake using oblique hauls of a 100 (im mesh plankton net.

The collected

zooplankton were pooled and distributed among the enclosures to give each a zooplankton
community similar in concentration and composition to the lake community.

Nutrient Additions

To produce a range of phytoplankton communities, three of the enclosures were fertilized
with K H P 0 and NH4CI at elemental N:P supply ratios of 10:1, 25:1, and 40:1 (Table I).
2
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To avoid confounding desired changes in community composition with large changes in total
cell density, nutrients were added at low concentrations. Orthophosphate additions (2 LigL*) were equivalent to orthophosphate levels reported for similar lakes in the Research Forest

F I G U R E 1:

Location of Shirley Lake and the U.B.C. Malcolm Knapp Research Forest.

T A B L E I: Weekly nutrient additions to the fertilized enclosures.

ENCLOSURE

NH4CI (mg)

KH2PO4 (mg)

10X

130

33

25X

324

33

40X

518

33

NF

nil

nil

(e.g. Werring 1986). The enclosures were fertilized weekly during the ice-free season (late
March to late November) of 1986 and 1987. No nutrients were added during the winter
months.

After being dissolved in a small volume of water (~ 20 mL) taken from the

enclosure, the nutrients were added to the enclosure and stirred in with an oar. The
enclosures were stirred sufficiently to permit mixing throughout their entire depth. The
fourth enclosure was stirred but received no nutrient additions. Because the purpose of
fertilization was not to produce specific phytoplankton communities but simply to produce
different phytoplankton communties, the nutrient manipulations themselves were not
replicated.

Sampling Methods

Beginning with the day the enclosures were established, zooplankton and phytoplankton
were collected from the lake and enclosures at weekly intervals during the open water period
and at monthly intervals during the period of ice cover. Temperatures in the enclosures and
the lake were also monitored; no difference was found.

Phytoplankton samples were obtained by pooling equal volumes of water collected with a
Van Dorn bottle at 0.25 m, 2 m, and 4 m depth. Samples (250 mL) were preserved in
Lugol's solution and setded in graduated cylinders over a 48-h period to reduce the sample
volume to 15 mL. This 15 mL sample was then settled in settling chambers for 36 h prior to
counting on an inverted microscope at 300X magnification. Although visual inspection did
not suggest a bias in the distribution of cells in the chamber, fields were counted in transects
from edge to edge in the chamber to minimize effects of the possible bias. The number of
fields counted varied with each sample's total cell density, but a sufficient number of fields
were counted to ensure adequate representation of the predominant taxa (i.e., until at least
100 cells of each of the more abundant taxa had been recorded). For those samples of low
cell density, as much of the entire sample was counted as was possible.

Copepod and zooplankton samples were collected via pooled replicate vertical hauls of a 40
cm diameter plankton net (100 Jim mesh). Three hauls from bottom to surface were taken
from each enclosure, and five hauls from arbitrary sites in the lake around the enclosures.
Samples were preserved in 5% buffered formalin.

Taxa were identified using keys of

Wilson (1953), Edmondson (1959), and Pennak (1978) and counted using a dissecting
microscope at 25X or, when necessary to discern fine structures, an inverted microscope.

Sex and reproductive condition and clutch size of females were recorded for D.
leptopus

(Fig. 2).

kenai

Clutches were removed and egg diameter measured for

Measurements of cephalothorax length were taken on adult D.

kenai

and

D.

D. kenai.

(Fig. 3). Cephalothorax

length and egg diameter were measured to 0.01 mm using an ocular micrometer on a
dissecting microscope at 50X magnification.

"Size" Enclosures

Results from the 1986 studies indicated that D.

kenai

in Shirley Lake had two reproductive

periods (June and November), with different size categories of females (mean cephalothorax
length of 1.04 mm and 1.18 mm, respectively) being involved in each of these reproductive
periods. To assess whether these size/reproduction classes were distinct subgroups of the
population, I isolated ovigerous

D. kenai

in June and November 1987 into two additional

enclosures, which were established in June 1987 in the manner described above.

A

sufficient number of oblique tows of a 100 Lim plankton net were collected to obtain adult D.
kenai

from a volume equivalent to that in the enclosures. Only egg bearing D.

kenai

were

added to the enclosures; the remainder of the sample was discarded. One enclosure was
seeded in June 1987 with egg-bearing

D. kenai

(termed the "small" enclosure, reflecting the

body size of the stocked copepods) and the other was seeded in November 1987 with eggbearing D.

kenai

(termed the "large" enclosure). Thus, one enclosure contained only the small

FIGURE 2:

Reproductive states of adult female Diaptomus.

ovigerous; B: both gravid and ovigerous)

(N: nongravid; G: gravid; O:
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FIGURE 3: Measurement of cephalothorax length in adult Diaptomus.

females which produced eggs in the spring and early summer (the "small" enclosure) while
the other contained only large females, which produced eggs in the late summer and early
fall (the "large" enclosure). Nutrients were added to the enclosures weekly during 1987 and
fortnightly during 1988 at the 25:1 N:P ratio described above to maintain a phytoplankton
community capable of supporting both size classes (based on results of the 1986 studies).

Copepods (the offspring of the initial females) were collected monthly from the enclosures
to measure body size during the period June-November 1988. Clutches were removed, and
clutch size and egg diameter recorded. Measurements were made of cephalothorax length,
as described above. There was no evidence of egg loss during preservation.

Analyses
Diaptomus kenai population

density, D. leptopus population density, and total phytoplankton cell

densities in the lake and enclosures were analyzed using ANOVA (enclosure x sampling
date) without replication (interaction effects pooled with error variance) (Sokal and Rohlf
1968). Although this analysis technique has been applied by others (e.g., Walters et al.
1990), I recognize that the results must be interpretted with caution, given the lack of
independence in assigning data to the date and enclosure variables and the potential for
inaccuracies in calculating the error term. Phytoplankton density data were transformed
(logio[X+l]) to meet the assumption of normality. No transformations were necessary for
the copepod data.

Phytoplankton

Community Structure:

To quantify the differences in food regimes in each

enclosure and the lake, 1986 phytoplankton community composition was compared among
the four enclosures and the lake using discriminant analysis (i.e. canonical variate analysis)
of the absolute density of each taxa. Discriminant analysis emphasizes differences among
groups to identify those taxa which are most significant in distinguishing among the
communities. Because this technique provides an ordination of the group means adjusted for

within-group variation, it is appropriate for comparing among samples collected over time
(Digby and Kempton 1987). Wilks' lambda is the proportion of the total variability that is
not explained by between group differences (in this case, differences between enclosure
communities).

Using a forward entry algorithm for selection of variables to minimize

Wilks' lambda, identifies the variables (in this case, genera) which are most important in
separating the groups (Norusis 1988).
Scenedesmus)

Four genera (Mallomonas, Dinobryon, Staurastrum,

never exceeded one percent of the total cell number on any date in any enclosure

and were excluded from analyses.

Body Length:

Variation in adult Diaptomus kenai body length was analyzed with a fixed effects,

nonorthogonal (due to unequal sample sizes) ANOVA to test for differences among the lake
and enclosures and between males and females.

The data met the assumptions of

homoscedasticity and all data groups except the lake were normally distributed; therefore,
the data were not transformed. Body size of D. leptopus was not analyzed.

Egg Diameter and Clutch Size:

The dependence of D. kenai and D. leptopus clutch size on food

density was estimated with regression analysis and variation attributable to enclosure effects
was tested with one-way ANOVA. Correlation analysis was used to estimate the association
between variation in D. kenai clutch size and variation in egg diameter and adult female body
size. Because clutch size is strongly associated with body length, analysis of covariance
isolated the effect of the enclosure treatments from the effects of body size on clutch size.
Clutch size data from the lake and the "nutrient" enclosures were log-transformed to meet
the assumptions of the model. "Large" and "small" enclosure effects on clutch size were
tested with one-way analysis of variance with least significant differences (LSD) a priori tests
for significantly different pairs. No transformations were necessary.

All analyses were performed using the statistical packages SPSS-PC+ and SPSS-PC+
Advanced Statistics (Norusis 1986,1988).

RESULTS

Phytoplankton Community Structure

Phytoplankton population density changed over time in a pattern consistent among all
enclsoures and the lake, with peak densities reached in mid July. Two-way ANOVA (date x
enclosure) indicated significant date and enclosure effects on total phytoplankton cell density
(Table II).

Lake phytoplankton were markedly less dense than in the enclosures (=200

cellsmL compared to as many as 10 cellsmL- ). Of the four enclosures, the 10X and
-1

4

1

NF enclosures had the lowest cell density (maximum of 10 and 4 x 10 cellsmL ,
3

3

-1

respectively) followed by the 25X (maximum of 5.5 x 10 cellsmL- ) and 40X (maximum
3

of 10 cellsmL" ) enclosures.
4

1

1

All four enclosures had marked increases in cell density

within one week of setting up the enclosures, although cell density in the 10X and NF
enclosures declined steadily over the course of the summer to cell densities similar to lake
density. The 25X and 40X enclosures maintained high cell densities until mid-October, at
which time cell numbers declined sharply to lake levels.

While eight phytoplankton taxa were common in the lake and enclosure communities (Fig.
4), discriminant analysis with minimization of Wilks' lambda identified three genera
(Crugigenia, Chlamydomonas,

and Fragillaria) as important in distinguishing among the lake and

enclosure communities, based upon cell densities (Table III).

Chlamydomonas

and

cryptomonads, generally recognized as an important food source for zooplankton (Reynolds
1984), were a major component of the lake phytoplankton community, where they together
accounted for as much as 50 percent of total cell numbers. Neither species was abundant in
the enclosures, although late summer densities (as percent of total phytoplankton density) of
Chlamydomonas

approached lake values in all enclosures except the 40X enclosure and

cryptomonads bloomed briefly in the 10X enclosure in October.

T A B L E II: Analysis of total phytoplankton cell density in the lake and enclosures.

ANOVA T A B L E

Source
Enclosure
Date
Residual

Sum Squares
3.032
4.173
1.725

DF

F

P <

4
4
14

6.153
8.467

0.01
0.001

FIGURE 4: Phytoplankton composition of the lake and enclosures in 1986, expressed as
percent of total phytoplankton community. (CHLAMY: Chlamydomonas; CRUCIG: Crucigenia;
SELENA: Selenastrum; ANKIST: Anldstroaesmus; FRAGIL: Fragillaria;

MONADS: cryptomonads; CHROOC: Chroomonas)

COSMAR: Cosmarium;
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TABLE HI: Summary table of discriminate analysis of phytoplankton species composition.

CANONICAL DISCRIMINANT

Function

Eigen
Value

%of
Variance

1
2
3

0.848
0.615
0.148

52.7
38.2
9.2

Cumulative
Variance
52.7
90.8
100.0

Canonical
Correlation
0.678
0.617
0.3587

FUNCTIONS

After
Function

Wilks*
Lambda

Chi-Square

0.292
0.540
0.871

22.16
11.10
2.48

0
1
2

DF
12
6
2

P<

0.05
0.10
0.29

STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS

Taxa

Func. 1

Func. 2

Func. 3

Crucigenia

0.4504
0.8526
0.3877

0.8635
0.0586
-0.7539

0.3897
-0.5590
0.5815

Chlamydomonas
Fragilaria

to

Copepod Population Dynamics

Seasonal changes in population density of Diaptomus kenai and D. leptopus are presented in
Figures 5 and 6, respectively. Two-way ANOVA indicated significant effects of date and
enclosure on population density for both species (Tables IV and V).

Adult D. kenai numbers peaked in late summer (July/August) and declined steadily until late
December, after which no D. kenai remained in the water column. Nauplii appeared in late
winter and by late May the population consisted almost entirely of adults. Population
density in the 25X and NF enclosures equalled or exceeded lake densities.

The 10X

enclosure was similar to lake density, while, by mid-summer of 1987, the population in the
40X enclosure was reduced to less than 0.1 individual-!/ .
1

Adult D. leptopus population density peaked in October, declining steadily through the spring
to remain low until the following September, at which time population density began to
increase. Population density of D. leptopus was substantially reduced in all the enclosures
compared with the lake, particularly in the 40X enclosure, in which none remained after
early June of 1987.

Diaptomus kenai Size Distribution
"Nutrient" Enclosures:

Cephalothorax length of adult Diaptomus kenai collected in 1987 and 1988

varied significantly both between sexes and among the lake and enclosures (Fig. 7; Table
VI). Mean length of copepods in the 10X enclosure was greater than in the other enclosures
(males = 1.10 mm, females = 1.25 mm), while the No Fertilizer population had the smallest
mean size (males = 0.98 mm, females = 1.01). There were significant interactions between
sex and enclosure, indicating the effect of the enclosure on body size differed between males
and females. There was a more pronounced enclosure effect on mean cephalothorax length
for females than for males. Male cephalothorax length varied little among the enclosures,
ranging from 1.01 to 1.02 mm in four out of the five enclosures,

F I G U R E 5: Diaptomus kenai
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population density in the lake and enclosures during 1986
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T A B L E IV: Analysis of Diaptomus kenai population density in a) 1986 and b) 1987.
ANOVA T A B L E
a) 1986
Source
Enclosure
Date
Residual

Sum
Squares

DF

F

P<

0.42
1.61
1.51

3
6
46

5.596
10.730

0.002
0.001

Sum
Squares

DF

F

P <

0.56
0.57
1.26

3
5
54

7.992
4.913

0.001
0.001

b)1987
Source
Enclosure
Date
Residual

T A B L E V: Analysis of Diaptomus leptopus population density in a) 1986 and b) 1987.
ANOVA T A B L E
a) 1986
Source
Model
Enclosure
Date
Residual

Sum
Squares

DF

F

0.59
0.06
0.53
1.18

9
3
6
46

2.548
0.803
3.421

0.02
0.50
0.01

Sum
Squares

DF

F

P <

0.51
0.28
0.24
0.46

8
3
5
54

7.506
11.059
5.624

0.001
0.001
0.001

P<

R

0.33

b)1987
Source
Model
Enclosure
Date
Residual

R

0.53

33

FIGURE 7: Frequency distribution of adult female Diaptomus kenai cephalothorax length in the
lake and enclosures.
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T A B L E VI: Analysis of Diaptomus kenai body length (lake and enclosures).

ANOVA T A B L E
Source
Sex
Enclosure
Interaction
Error

Sum

Squares

0.751
1.308
0.443
8.782

DF

F

P <

1
4
4
852

72.889
31.730
10.740

0.001
0.001
0.001

while female cephalothorax length ranged from 0.98 mm (NF enclosure) to 1.25 mm (10X
enclosure). Only in the 10X enclosure did male body size differ significantly from what was
observed in the lake, while there was significant variation in female cephalothorax length
among the lake and enclosures. It would appear, therefore, that males are less responsive to
the factors affecting body size than are females.

"Size" Enclosures:

Cephalothorax length of adult D. kenai collected in 1988 varied significantly

between the enclosures in a manner consistent with the size distributions of the females
introduced to the enclosures the previous year, suggesting population size structure of the
offspring reflected maternal body size (Fig. 8, Table VU). Copepods hatched from "large"
females developed into larger copepods than those hatched from "small" females. There was
no significant interaction between sex and enclosure in affecting body size; both sexes were
equally different in the two enclosures.

Reproduction in the Lake and "Nutrient" Enclosures

Adult D. leptopus were present in Shirley Lake year round, but reproduction was limited to the
period between April and August, when population density was at its lowest point (Fig. 9).
Reproduction peaked in July with 100% of the female population reproducing in all
enclosures except the 40X enclosure. In that enclosure there was a decline in the percentage
of the females reproducing never exceeded 50% and there was a reduction in the duration of
the reproductive period, culminating in total die-off of the population by the end of June.

There was no evidence of subitaneous egg production by D. leptopus; all females observed
with eggs carried resting eggs. Clutch size varied considerably among the enclosures (Fig.
10). One-way ANOVA indicated significant enclosure effects on clutch size (F = 11.01; p <
0.001), but regression analysis indicated that clutch size was not signficantly dependent upon
maximum phytoplankton density in the enclosures (R « 0.01; p > 0.05).
2
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FIGURE 8: Frequency distribution of adult female Diaptomus kenai cephalothorax length in the
"size" enclosures. (Averaged from samples collected in 1988)

T A B L E VII: Analysis of Diaptomus kenai body length in the large and small
enclosures.

ANOVA T A B L E
Source
Model
Sex
Enclosure
Interaction
Residual

Sum Squares
1.347
0.363
1.147
0.006
2.529

D F
3
1
1
1
327

F

P <

R

58.077
46.992
148.256
0.743

0.001
0.001
0.001
0.39

0.35

40

FIGURE 9:

Composition of Diaptomus leptopus populations in the lake and enclosures during

1986 and 1987. (Population disappeared completely from the 40X enclosure in June 1987.)
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FIGURE 10: Diaptomus kenai (squares) and D. leptopus (triangles) clutch size versus maximum cell density
(lake and enclosures). Standard error (where greater than size of symbol) indicated by vertical bars.

Adult D. kenai in Shirley Lake were characterized by two periods of reproduction, one
occurring in May to July and the other in October to December (Fig. 11). Approximately
25-30% of the females present in the spring population reproduced at that time, while 50100% of the females present in the fall reproduced during that period. All females produced
resting eggs; there were no subitaneous eggs.

The 10X and 25X enclosures' D. kenai

populations had reproductive patterns similar to what was observed in the lake. D. kenai in
the 40X and NF enclosures had reduced reproduction, as reflected in the short durations of
the spring and fall reproductive periods, respectively.

The mean size of females reproducing in the lake during the late spring was compared to that
of females reproducing in the fall with Student's t-test. Because the variances of the two
groups were not equal, a separate-variance t-test (Sokal and Rohlf 1969) was used. Females
reproducing in the late spring are significantly smaller than females reproducing in the fall
(Table VJU).

Analysis of covariance controlling for the effects of body size indicated that enclosure had a
significant effect on D. kenai clutch size (Table LXa). Regression analysis indicated that
clutch size was not signficantly dependent upon maximum phytoplankton density (R =
2

0.0196; p > 0.05). Clutches produced by females in the 10X and 25X enclosures had three to
four times as many eggs as those produced by females in either the lake or the NF enclosure.
There was no correlation between clutch size and egg diameter, but clutch size and body size
were strongly correlated (R = 0.572; p < 0.001) (Fig. 12).

Reproduction in the "Size" Enclosures

Female D. kenai in the "large" enclosure produced clutches that were 50% larger than those
produced by females in the "small" enclosure. There was no correlation between clutch size
and egg diameter, but clutch size and body size were strongly correlated (R = 0.506; p <
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F I G U R E 11:

Composition of Diaptomus kenai populations in the lake and enclosures during

1986 and 1987. (Gaps during the winter months indicate no adults were present)
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T A B L E VIII: Results of separate variance t-test comparison of size of reproducing
spring and summer versus those reproducing in the fall.

Diaptomus kenai in the

Reproductive
Season
Spring/Summer
Fall

Number
of Cases
139'
99

Mean
(mm)

Standard
Deviation

Standard
Error

1.04
1.18

0.079
0.064

0.007
0.006

Separate Variance t-Test
t
Value

Degrees of
Freedom

2-Tail
Probability

-15.89

231.67

0.001

T A B L E IX: Analysis of Diaptomus kenai clutch size for a) the lake and "nutrient"
enclosures and b) the "size" enclosures, with main (enclosure) and covariate (body size and
egg diameter) effects.
ANOVA T A B L E
a) lake and "nutrient" enclosures
Source
Model
Enclosure
Diameter
Length
Residual

Sum
Squares

DF

F

P <

3.884
1.922
0.000
1.674
3.330

5
3
1
1
74

2.548
0.803
0.001
37.200

0.02
0.05
0.973
0.001

Sum
Squares

DF

F

P<

3
3
1
1
34

3.135
0.047
0.466
8.985

0.05
0.83
0.50
0.005

b) "size" enclosures
Source
Model
Enclosure
Diameter
Length
Residual

393.745
1.947
19.495
376.128
1423.334

48

100
R = 0.5718, p < 0.001
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FIGURE 12: Clutch size versus cephalothorax length of Diaptomus kenai from the lake and

enclosures. Diagonal line (fitted by eye) approximates the linear association of clutch size
and cephalothorax length in the lake population.

49
0.001) (Fig. 13). Analysis of covariance controlling for the effects of body size and egg
diameter indicated that there was no significant enclosure effect on clutch size for the "large"
and "small" enclosures (Table LXb).

DISCUSSION

During the first year, there was a significant enclosure effect on clutch size (to which I shall
refer as the reproductive time scale) for both Diaptomus kenai and D. leptopus, suggesting that an
attribute of the enclosure (for example, food quality or food concentration) was affecting
fecundity. Other studies have shown that such an effect can be realized within days of a
change in the food supply (e.g., Williamson et al. 1985). Laboratory studies of marine
(Checkley 1980a; Abou Debs and Nival 1983; Runge 1984; Smith and Lane 1985; Arnott et
al. 1986) and freshwater (Woodward and White 1981; Elmore 1982; Williamson et al. 1985)
copepods have shown egg production to be severely limited by low food concentrations.
Because these studies have generally involved manipulating the density of a unialgal food
supply, it is difficult to apply their results to field conditions, although there is evidence of
maximum fecundity in nature coinciding with periods of phytoplankton blooms (Edmondson
et al. 1962; Durbin et al. 1983; Peterson 1985). However, the enclosure effect observed in this
study could not be attributed to the significant differences in cell density or cell volume
among the lake and enclosures. In fact, the enclosure with the highest cell concentration had
the lowest clutch size for both D. kenai and D. leptopus. A similar detrimental effect of high
cell concentrations has also been observed in studies of calanoid nauplii survival
(Williamson et al. 1985), with decreased survival at the highest cell densities.

It is also possible that the observed variation in clutch size is a response to food composition,
given the differences in phytoplankton community structure observed among the lake and
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FIGURE 13: Clutch size versus cephalothorax length of Diaptomus kenai from the "large" and
"small" enclosures.

enclosures. Thus the response may be have resulted from variation in food quality than to
food quantity. Laboratory studies have demonstrated that clutch size can be affected by
. variations in food quality, whether food quality is defined by chemical composition of an
artificial diet (Gaudy and Guerin 1977) or species composition (Cowgill et al. 1985; Lee et al.
1985; Arnott etal. 1986; Williamson and Butler 1986).

The potential role of food quality is further supported by the changes observed on what I
term the demographic time scale, the changes in copepod population density which can
occur over weeks (when the change is due to mortality of the existing population) or seasons
or years (when the change is due to reproductive success). As with clutch size, although
there is a significant enclosure effect on copepod population density, there is no correlation
between population density and cell density, again suggesting that some attribute of the food
besides its density may be important in determining copepod population density. The fact
that the change in population density was evident during the first year of the study suggests
that mortality rates were affected, given that the repercussions of an effect on production and
viability of resting eggs would not be realized until the second year. The off-set population
peaks, with D. kenai reaching maximum population density around July and D. leptopus in
October, are similar to what has been observed for coexisting cladocerans (Culver 1980) and
copepods (Evans et al. 1986; Moraitou-Apostolopoulou et al. 1986; Threlkeld and Dirnberger
1986).

Not only were there significant enclosure effects on clutch size and population density, but
there was also a marked difference in body size among the lake and enclosure Diaptomus kenai
populations.

Analysis of size structure within the Shirley Lake population indicated a

bimodal distribution of two co-occurring size classes. In 1987, the size structure of the D.
kenai

populations ranged among the enclosures from unimodal distributions consisting

predominantly of either large (10X) or small (NF) sized copepods to distributions similar to

that observed in the lake (25X). Variation in body size within a copepod population is not
unusual and is generally attributed to seasonal phenomena. For example, within populations
of multivoltine copepod species, cohorts that hatch and develop at cold temperatures tend to
grow into larger adults than cohorts that hatch and develop at warmer temperatures
(McLaren 1965; Patalas and Patalas 1978; Allan and Goulden 1980; Evans 1981; Head and
Harris 1985; Crawford and Daborn 1986; Myers and Runge 1986; Klein Breteler and
Gonzalez 1988; McLaren et al. 1988). However, it is extremely rare to find two size classes
occurring simultaneously except when attributed to sexual size-dimorphism (e.g. Maly 1973;
Grigg et al. 1987).

The observed variation in D. kenai body size among the lake and

enclosures does not appear to be a growth response to physical environmental factors. For
example, there was no discernable difference among the lake and enclosures in such physical
attributes as temperature, thermal stratification, or day length that might contribute to
differences in growth rate or development rate.

Because the differences in size structure cannot be readily attributed to physical
characteristics of the enclosures, it is possible that size structure is a reflection of some
biological attribute of the enclosures, such as food quality or quantity, affecting perhaps
differential survival or growth patterns. Effects of food quality and quantity on copepod
growth and mortality have been well documented. Naupliar survival can be affected by food
quality (Herzig et al. 1980; Arnott et al. 1986; Huntley et al. 1987) and quantity (Arnott et al.
1986). Development rate of nauplii and copepodites can also vary according to the quality
(Lee et al. 1985; Huntley et al. 1987) as well as the quantity (Kimmerer and McKinnon 1987)
of the food, resulting in different sizes at maturity. Pessotti et al. (1986) observed four to five
size classes in field populations of adult Temora longicornis, with the smaller sizes being
distributed in the nearshore populations and the larger sizes in the offshore populations.
Their results indicated that food abundance, not temperature, was the dominant factor
influencing body size. However, Wyngaard (1986a) observed that offspring of Mesocyclops
edax

taken from populations characterised by either large or small body size grew to a size

reflecting that of their parent population regardless of the food or temperature conditions
under which they were reared. Her results suggest that body size can also be strongly
influenced by a heritable genetic component.

If the observed variation in D. kenai body size reflects only plastic growth responses to
environmental conditions, the size at maturity of cohorts produced by large and small adults
should be similar when reared under similar environmental conditions. However, if size is a
phenotypically invariant morphological trait, small adults should produce offspring that are
significantly smaller at maturity than offspring produced by large adults.

When reared

separately so cohorts could be distinguished, small adults did tend to produce offspring that
grew into small adults while large adults produced offspring that grew into large adults. It
would appear, therefore, that size in this population might also be a heritable genetic
attribute.

In the lake and nutrient enclosures, there was a significant correlation between body size and
clutch size, similar to what has been reported for numerous other vertebrate and invertebrate
species, including mayflies (Sweeney et al. 1986), guppies (Reznick 1983), marine copepods
(Crawford and Daborn 1986), and freshwater copepods (Maly 1983).

The correlation

between body size and clutch size was modified, however, by enclosure effects, suggesting
again that some attribute of the food was influencing reproduction. However, in the "large"
and "small" enclosures, which were treated with identical nutrients, there was no significant
enclosure effect and observed variation in clutch size was attributed to body size. Thus it
would appear that the change in body size is a demographic time-scale event, involving a
combination of differential survival and reproductive success which affects size structure on
a time scale of seasons and years.

These results suggest that body size in D. kenai has a strong genetic component and is not
solely a response to some environmental factor such as temperature or food. However, the

fact that the four nutrient enclosures produced different adult sizes, coupled with the
pronounced effect of the enclosures on D. kenai and D. leptopus population density and clutch
size, suggests that the different size classes responded differently to the conditions present in
each enclosure.

As the most obvious difference among these enclosures lay in

phytoplankton community structure, it is strongly suggestive that some aspect of the food
regime, either quality or quantity, influences survival and reproduction in this animal. The
next chapter reports on the effects of food quality and quantity on energy storage of
copepods in the enclosures and in the laboratory.

Chapter Three

LIPID STORAGE IN COPEPODS:
EFFECTS OF INTER- AND INTRASPECIFIC
VARIATION IN FOOD QUALITY

Changes in lake nutrient supplies and phytoplankton community structure represent variation
in both the quantity and quality of food available to grazing zooplankton. These changes can
occur over time scales ranging from minutes, such as microscale nutrient patches excreted by
zooplankton (Lehman and Scavia 1982), to hours or days, such as experienced during lake
turnover, to seasons, such as periods between lake turnover events (Wetzel 1982). Because
zooplankton can be highly susceptible to starvation mortality (Threlkeld 1976; Williamson et
al. 1985), individuals capable of accumulating and utilizing a stored energy source could
potentially enhance their survival, leading consequently

to enhanced growth and

reproduction.

The importance of lipid stores (both amount and type) depends upon the nature of the
variation in the food regime (magnitude and frequency) as well as the sensitivity of the
organism to the variation. An organism with a life cycle shorter than the time scale of the
variation in food would most likely not need a source of stored energy. On the other hand,
an organism that is likely to experience episodes of food limitation during its lifetime would
be more likely to store lipids. For example, arctic and deep sea copepods, which live in
habitats characterized by low food levels, occasionally experience periods of high food
abundance. During these periods, they accumulate wax esters which are utilized only under
starvation conditions (Lee et dl. 1971a,b). Temperate and tropical copepods, which undergo
variation in food supply on a smaller, but more frequent, time scale, store a smaller amount
of lipids which are primarily in the form of triacylglycerides (Lee and Hirota 1973;
Lawrence 1976).

The importance of lipid stores during periods when food availability is low is suggested by
the direct relationship between feeding conditions and energy storage observed in marine
invertebrates (Benson and Lee 1975; Lee 1975; Hakanson 1984), and the enhanced survival
of cladocerans with lipid stores during periods of low food supply (Tessier et al. 1983; Holm
and Shapiro 1984; Cowgill et al. 1985b). Lipid stores may also be of importance when the
food regime remains fairly constant but energetic needs fluctuate.

For example, during

reproduction the increased metabolic costs experienced by females may be met by utilizing
stored energy reserves which are accumulated during periods of lower metabolic needs.
Lipid stores of fernales are depleted during periods of egg production by cladocerans
(Goulden et al. 1982; Tessier and Goulden 1982; Tessier et al. 1983; Cowgill et al. 1984; Holm
and Shapiro 1984) and marine copepods (Conover 1962; Benson et al. 1972; Lee et al. 1972)
while reserves of males remain unchanged.

Lipid reserves can also change in response to non-food related stress. Lipid stores of the
copepod Epischura from two lakes with similar food levels were lower in the lake with
elevated heavy metal contamination (Arts and Sprules 1987). The actual mechanism by
which lipid stores were reduced was not tested, but may have included inhibited feeding or
increased metabolism in the presence of heavy metal contaminants. Predation may also act
to reduce lipid-mediated starvation resistance. Arts and Sprules (1988) noted that predatory
fish, in selecting for large cladocerans, indirectly selected for smaller absolute lipid stores
(because lipid stores were a direct function of body size). These smaller cladocerans in the
lakes with fish were therefore more sensitive to starvation during food shortages than their
larger counterparts in lakes without fish.

Not only are lipid stores affected by food abundance, but also by its nutritional composition.
Fat stores in rats (Lawrence 1976) as well as cladocerans (Cowgill et al. 1984) are directly
correlated with the amount of dietary fat; as well, lipid class composition of rotifers
(Brachionus)

was found to closely resemble that of the algal food (Ben-Amotz et al. 1987).

Intraspeciflc variation in food quality may result in changes in total lipid content as well as
lipid class composition of the zooplankton. Phytoplankton reared under nitrogen-limited
(Fogg 1959; Ben-Amotz et al. 1985; Parrish and Wangersky 1987) or temperature-limited
(Smith and Morris 1980) growth conditions tend to accumulate lipids as the end products of
photosynthesis.

Because copepods derive triacylglycerides directly from phytoplankton

lipids (Sargent and Falk-Petersen 1988), high phytoplankton triacylglyceride levels, such as
induced by periods of nutrient limitation, may result in high triacylglyceride content in
zooplankton lipid stores.

Triacylglycerides comprise the major portion (>60%) of the lipid content of most freshwater
invertebrates (except see Cavaletto et al. 1989). In marine copepods, whether lipids are
stored primarily as triacylglycerides or as wax esters may reflect feeding and metabolic
adaptations to available food (Ohman 1988). Triacylglycerides are more easily mobilized
than other storage lipids as a consequence of differences in lipase activity. While wax lipase
is activated only under starvation stress, triacylglyceride lipase normally remains active at all
times (Benson and Lee 1975). Thus, triacylglycerides are readily available to supplement
food energy as food supply fluctuates and, during periods of low food abundance, tend to be
utilized first, followed by a slower, delayed utilization of wax esters (Lee et al. 1972; Benson
et al. 1972). Because triacylglyceride abundance in copepods reflects food concentration
(i.e., it is quickly depleted during periods of food stress) as well as algal chemistry,
triacylglyceride content can be a sensitive indicator of the ability of the available food to
meet immediate energetic needs (Clarke et al. 1985; Rezeg and James 1987; Sargent and
Falk-Petersen 1988).

Thus, both the quantity as well as the composition of lipid stores in copepods can be
indicative of food conditions. If the changes in the copepod populations reported in Chapter
Two are due to nutritional differences in food supply among the enclosures, an associated
variation in lipid stores would be predicted.

This study investigates the effects of

interspecific and intraspecific variation in food supply on total lipid content and lipid class
composition of Diaptomus kenai and D. leptopus. Effects of interspecific variation in food on
lipid stores are investigated with Diaptomus populations from the enclosures described in
Chapter Two. Effects of intraspecific variation in food on stored lipids in Diaptomus are
investigated using a single algal species (Selenastrum minutum) reared under two different
levels of nitrogen limited growth.

METHODS

Field Study
Interspecific Variations in Food Quality:
Diaptomus kenai

During the period of June 1986 to October 1987, adult

and D. leptopus were collected for lipid analysis during routine sampling of

Shirley Lake and the experimental enclosures (as described in Chapter 2). Immediately upon
collection, copepods were isolated in dilute artificial pond water (APW: 10% dilution of the
formula of Lynch et al. 1986) and sorted according to species, sex, and, if female,
reproductive condition (Fig. 2). Copepods were rinsed with distilled water and placed on
paper towelling to remove excess surface water. Samples of three to five individuals of D.
kenai or seven to ten

individuals of D. leptopus were placed in pre-weighed glass micro-culture

tubes and each sample identified according to collection date, number of individuals, species,
and reproductive status. Three replicates of each species/reproductive status combination
were collected, if population density and reproductive status permitted. The samples were
held on dry ice for transport to the lab, where they were dried under nitrogen at 50C and
weighed.

Lee and Hirota (1973) found no evidence of freezing adversely affecting

subsequent lipid extraction, based on comparisons of lipids extracted from fresh animals and
those taken from animals that had been stored frozen.

Lipid Analysis:

Total lipids were extracted and quantified as a percentage of lipid free dry

mass (PLFDM) using the micro-gravimetric extraction technique of Gardner et al. (1985), as

follows.

Samples were homogenized and the lipid extracted in 2:1 chloroform:methanol

(vol/vol). After homogenizing, a volume of 0.9% NaCl equivalent to 20% of the sample
volume was mixed into the sample (to separate the water-soluble fraction from the lipid
fraction). This technique has been used successfully for analyzing small samples by other
investigators (Parrish and Ackman 1983a,b and 1985; Rao et al. 1985; Cavaletto et al. 1989).
The primary drawback of this technique is that it is destructive, requiring that the copepods
be killed; therefore, it is not possible to monitor individuals over time.

While non-

destructive techniques have been developed for cladocerans (Tessier and Goulden 1982) and
copepods (Klein Breteler and Gonzalez 1988), these are qualitative measures which permit
comparison only on a relative scale.

After extraction, a portion of the purified sample was removed for gravimetric analysis with
a micropipette, measured for volume, and transferred to weighing cups. The remaining
solvent was evaporated in a drying oven at 60C and the lipids remaining weighed to 0.001
mg on a Cahn electrobalance.

The percentage lipid was calculated using the following

formula:
% lipid = [(WR/L)-B](CV/D)(100), where:
W = weight of lipid (|ig) in weighing cup
R = ratio of length (mm) to volume (fiL) of micropipette
L = length (mm) of extract delivered to weighing cup in micropipette
B = blank correction (|!g lipid per 100 \xL of chloroform methanol without
tissue)
C = volume calibration factor (calculated to be 1.07)
V = initial volume of chloroform in solvent (66.7 JIL per 100 |iL solvent)
D = dry weight of homogenized sample

For lipid class analysis by thin-layer chromatography with flame ionization detection (TLCFTD) (Parrish 1987; Parrish et al 1988), approximately 10 |iL of purified extract was drawn

into a 50 uX capillary pipette under a nitrogen atmosphere. The volume of the sample was
measured and the tube flame-sealed under nitrogen and stored at OC until TLC-FJD analysis.
Previous research has indicated that lipid decomposition is not a problem during storage if
the samples are stored under nitrogen (Gardner et al. 1985; Cavaletto et al. 1989).

For TLC-FJD analysis, the lipid subsample was spotted directly onto silica-coated
Chromarods-SII (Ancal Inc.). The rods were then developed in increasingly polar solvent
systems to separate out the lipid classes (Parrish 1987). Between developments in each
solvent system, the rods were scanned with an Iatroscan Mark IV (Iatron Labs., Tokyo)
connected to a Hewlett-Packard 3392A integrator to identify and measure individual lipid
classes. Seven lipid classes were detected and measured by this technique (Table X). A
lipid standard containing known amounts of one compound from each of the lipid classes
(hydrocarbon, sterol ester, triacylglycerol, free fatty acid, alcohol [aliphatic], sterol [alicyclic
alcohol], and phospholipid) was used for calibration. The TLC-FTD method does not isolate
wax esters from sterol esters. Because sterol esters constitute only a very small proportion of
zooplankton lipids (Cavaletto et al. 1989, for example, detected no sterol esters in lipid
samples from three Lake Michigan calanoid copepod species), I refer to the TLC-FID wax
ester-sterol ester peak as "wax esters".

Initial extractions and all lipid class analyses were conducted at the National Oceanographic
and Atmospheric Administration's Great Lakes Environmental Research Laboratory in Ann
Arbor MI.

Laboratory Study
Intraspecific Variations in Food Quality:

In investigations of the effects of food quality on grazer

characteristics (e.g., feeding behavior), the desired nutritional differences among the food
items can often be confounded by associated changes in some other attribute of the food.
This problem is especially true with nutrient-induced variation in food quality, where

T A B L E X: The seven lipid classes measured by the Iatroscan, listed in order of detection
(from least to most polar). (Adapted from Quigley et al. 1989)

a) HYDROCARBONS
These are the simplest of the lipid compounds, containing only the elements H
and C. Known to be important in the structure of the exoskeleton (Hadley
1981), they also occur internally in small patches of undetermined function
(Hadley 1985).
b) W A X

ESTERS
Wax esters are composed of a fatty acid esterified to an aliphatic alcohol (a
hydrocarbon chain with a terminal hydroxyl group). Many aquatic animals,
particularly marine copepods, rely upon wax esters for long term energy
storage (Chapman 1969; Lee et al. 1972; Sargent et al. 1977) and buoyancy
regulation (Lewis 1970; Sargent and Henderson 1986; Kogeler et al. 1987;
Hagen 1988).

c) T R I A C Y L G L Y C E R I D E S
Triacylglycerides are formed of three fatty acid chains esterified to glycerol (a
trihydroxy alcohol).
A chemical energy store in most animals,
triasylglycerols tend to be more easily mobilized than wax esters and are used
for short term fuel needs in marine copepods (Lee et al. 1974; Sargent et al.
1977; Hakanson 1984; Falk-Petersen et al. 1981).
d) F A T T Y ACIDS
Fatty acids consist of a long hydrocarbon chain with a terminal acidic
carboxyl group. In addition to being the functional "building blocks" of the
more complex lipids, fatty acids can also occur freely, in small quantities, as a
normal component of the overall lipid pool (Chapman 1969).
e) STEROLS
Sterols are important components of cell membranes and blood plasma
lipoproteins and are widespread in animal tissue (Hadley 1985). Crustaceans
are incapable of synthesizing sterols and must rely upon dietary sources
(Goad 1976; O'Rourke and Monroe 1976).
f) A C E T O N E - M O B I L E POLAR LIPIDS (AMPL)
The AMPL class represents the acetone-extractable part of the polar lipid
fraction. Glycolipids, common in chloroplasts and present in trace amounts
in animal tissue, are an important component of the AMPL class (Hadley
1985).
g) PHOSPHOLIPIDS
As the most polar of the lipid classes, phospholipids consist of two fatty acids
and a phosphate group esterified to glycerol. They are important constituents
of membranes (Lehninger 1975) and are particularly important in crustaceans
as the principal circulating (hemolymph) lipid (Gilbert and O'Connor 1970).

changes in internal cell chemistry may be associated with changes in physical properties
such as cell size or shape (e.g. Harrison et al. 1977; Admiraal and Werner 1983; Admiraal et
al. 1986). If the physical features of the cells change under conditions of nutrient limitation,
feeding may be affected. Calanoid copepods react to and discriminate between food items
based on physical and/or chemical cues (Strickler 1982, 1985; Chow-Fraser and Wong 1985;
Lehman and Sandgren 1985; Legier-Visser et al. 1986; Butler et al. 1989) and their feeding
could be affected more by changes in the physical properties of the cells than by the changes
in cell chemistry. Selenastrum minutum was chosen for the laboratory study because it does not
change size under conditions of nutrient limitation (Butler et al. 1989) and, therefore, does
not mask differences in food quality with differences in physical dimensions.

The alga was cultured in artificial medium (Suttle and Harrison 1988a) with N H 4 + and PO4concentrations modified to 25 and 16 |iM, respectively. These modifications, based on data
of Elrifi and Turpin (1985), produced N-limited cells at concentrations required for the study
(8-10 X 10 cells • H). The cultures were maintained in constant light (200 ji.E • n r • s )
8

at 15C.

2

1

The cells were cultured (semi-continuous, daily dilutions) at 85% and 23%

maximum potential growth rate (1.29 d at 15C, Butler et al. 1989) to yield high growth rate
_1

(HiGR) and low growth rate (LoGR) cells, respectively. Experiments were initiated when
cell numbers and relative fluorescence (measured daily prior to dilution) varied less than
10% for a three day period, indicating steady state conditions.

Experiments were conducted in 4 L glass aquaria under constant dark at 15C. Nine aquaria
were used for each run and the entire experiment was replicated three times. All nine
aquaria were filled with 3.6 L of distilled water. Of these, six received a 400 mL mixture of
culture medium and either LoGr or HiGR culture to yield 3 aquaria of each cell type at a
final cell concentration of 5 X 10 cellsml" . Previous research indicated that feeding rate
5

1

of adult female Diaptomus kenai on this alga is maximum at 10 cells-ml" (Butler et al. 1989).
4

1

Three aquaria (the starvation treatment) received 400 mL of algal culture medium without

cells. Thus, each tank was identical with respect to water chemistry (i.e. 10% algal culture
medium) but differed in available food.

During August and September 1988, copepods were collected from Shirley Lake and
transported to the lab where they were sorted according to species, sex, and size. Only
gravid females which could be easily classified as either large or small were used in the
study. Because the age and condition of copepods is difficult to assess, the use of gravid
females (which, by virtue of being gravid are assumed to be neither senescent nor unhealthy)
reduces the possibility of obscuring the results by using copepods of indeterminant age and
condition. Once sorted, the copepods were divided into groups of 10 which were then
randomly assigned to 3 groups each of 100 large D. kenai, 100 small D. kenai, and 200 D.
leptopus, one

group for each food treatment. Fifty percent of the medium in each aquaria was

replaced daily with fresh algal culture, medium, and distilled water to bring cell numbers to
the required density. Copepods were removed from the aquaria at two day intervals in three
groups of five {p. kenai) or three groups of ten (D. leptopus) for total lipid analyses as described
above. Each experiment was run until all copepods had been sampled (between lOd and two
weeks). This time period would be sufficient to observe a change in lipid stores, because
freshwater copepods typically store the majority of their lipids as triacylglycerides (which
are readily mobilized).

Statistical Analyses

Total Lipid Content:

Total lipid content (percent of lipid-free dry mass, PLFDM) of D. kenai

collected from the lake and enclosures was analyzed using two-way ANOVA of sex (male,
nonreproductive females, and reproductive females) and enclosure with date as a covariate.
Changes due to food quality in total lipid content (PLFDM) of large D. kenai, small D. kenai,
and D. leptopus in the laboratory were analyzed within each species group by ANOVA of food
treatment with time as a covariate. Regression of PLFDM on time analyzed changes in lipid

stores over time in the enclosures and the laboratory. Mean PLFDM (sexes and dates
combined) were compared among the enclosures using one way ANOVA with LSD
comparisons of the means. PLFDM of D. leptopus was analyzed with ANOVA of enclosure
effects with date as a covariate. Data from 1986 and 1987 were analyzed separately. All
data were log transformed to meet the assumptions of normality and homoscedasticity.

Lipid Class Composition:

Lipid class composition data were compared using two-way ANOVA

of enclosure and species effects with time as a covariate. Analysis was confined to three
lipid groups: wax esters and triacylglycerides (the storage lipids) and polar lipids (the
structural lipids). Regression of triacylglyceride composition on time analyzed temporal
changes in composition within each enclosure. Lipid class composition data were available
only for the 1986 samples. Data were log transformed to meet the assumptions of normality
and homoscedasticity.

RESULTS

Field Study
Total Lipids:

Figure 14 displays mean lipid content based on lipid-free dry mass for adult D.

kenai and D. leptopus

(dates and sexes pooled). ANOVA comparisons of the effects of sex and

enclosure on percent lipid-free dry mass (PLFDM) with date as a covariate indicate that
there was a significant enclosure effect on PLFDM of Diaptomus kenai in 1986, but no
significant effect in 1987 (Table XI). There was no significant covariate effect of date
within either year, indicating the pattern of change in PLFDM over time was not
significantly different among enclosures for either species. Subsequent regression analysis
of PLFDM on date indicated no significant time effect in either 1986 (F = 0.504, p = 0.48 for
D. kenai; F = 0.589, p = 0.47 for D. leptopus) or 1987 (F = 2.231, p = 0.14 for D. kenai; F =

0.001, p = 0.98 for D. leptopus). One-way ANOVA with LSD indicated that, in 1986, PLFDM
of D. kenai in the three fertilized enclosures was greater than in the "No Fertilizer" enclosure,
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FIGURE 14: Total lipid content, with standard error bars, of adult Diaptomus kenai and D.

leptopus during 1986 and 1987 (lake and "nutrient" enclosures), (shaded columns = 1986;
open columns = 1987)
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T A B L E XI: Analysis of Diaptomus kenai percent lipid-free dry mass (PLFDM) in the
lake and enclosures in a) 1986 and b) 1987, with main (sex and enclosure) and covariate
(date) effects.

ANOVA T A B L E
a) 1986
Source
Sex
Enclosure
Interaction
Date
Residual

Sum Squares
0.589
0.687
0.180
0.026
3.235

DF
2
4
8
1
76

F
6.916
4.035
0.022
0.614

P <
0.01
0.01
0.80
0.50

7
Source
Sex
Enclosure
Interaction
Date
Residual

Sum Squares
0.280
0.533
0.339
0.155
1.154

DF
2
4
8
1
20

F
2.429
2.310
0.980
2.679

P <
0.20
0.10
0.50
0.20

but less than that observed in the lake (Table Xlla). In 1987, PLFDM of D. kenai in the 40X
enclosure was significantly greater than in the lake and the other enclosures, which did not
differ among themselves (Table Xllb). PLFDM of D. leptopus was not significantly affected
by any of the factors tested (Table XIII) in either year.

Lipid

Class Composition:

The abundances of storage and structural lipids (wax esters,

triacylglycerides, and polar lipids) in D. kenai were compared among the lake and enclosures
(Fig. 15a). There were significant enclosure and covariate (date) effects on triacylglyceride
(storage) and polar (structural) lipid content of D. kenai but not on wax ester content (Table
XIV).

Linear regression analysis of temporal changes in abundance of wax esters,

triacylglycerides, and polar lipids in D. kenai (Fig. 16) revealed a significant time effect only
for triacylglyceride content in the No Fertilizer enclosure (R = -0.869, P < 0.001). Lipid
class data for D. leptopus are presented in Fig. 15b. These data could not be analyzed due to
small sample size;

however, it would appear that lipid class composition differs

considerably among the lake and enclosures.

Laboratory Study
Total lipid content (PLFDM) data from copepods maintained for 14 d on either a starvation,
low nitrogen Selenastrum minutum, or high nitrogen 5. minutum diet are presented in Fig. 17.
ANOVA comparisons of total lipid content (expressed as PLFDM) indicated significant
differences among the three groups of copepods tested (small D. kenai, large D. kenai, and D.
leptopus)

but no significant treatment effect and no significant interactions between species

and treatment (Table XV). A significant effect of the time covariate indicated differences
among the treatment and species groups in the way PLFDM changed over time. Subsequent
regression analysis indicated that the observed changes, while significantly different when
compared among the groups, were significant only within the large D. kenai feeding on the
low nitrogen food (Table XVI).

T A B L E XII: One-way analysis of Diaptomus kenai PLFDM in the lake and enclosures
in a) 1986 and b) 1987, with LSD test for significant differences (* indicates pairs different
at the 0.05 level).
a) 1986
ONE-WAY T A B L E
Source
Between Groups
Within Groups

DF
4
43

SS
1.383
1.883

F
7.893

P<
0.001

F
1.757

P<
0.20

LSD T A B L E
Mean

Group

NF

0.983
1.271
1.276
1.456
1.491

NF
40X
10X
25X
LAKE

*
*
*
*

b)1987
ONE-WAY T A B L E
Source
Between Groups
Within Groups

DF
4
38

SS
0.685
3.703

LSD T A B L E
Mean

Group

NF

0.896
0.966
1.037
1.150
1.458

10X
NF
LAKE
25X
40X

*

40X

10X

25X LAKE

T A B L E X I I I : Analysis of Diaptomus leptopus percent lipid-free dry mass (PLFDM) in
the lake and enclosures in a) 1986 and b) 1987, with main (sex and enclosure) and
covariate (date) effects.

ANOVA T A B L E
a) 1986
Source
Model
Enclosure
Date
Residual

Sum Squares
0.240
0.174
0.066
0.728

DF

F

5
4
1
4

0.264
0.239
0.365

DF

F

5
4
1
10

0.757
0.946
0.001

P <
0.90
0.90
0.60

R
0.25

b)1987
Source
Model
Enclosure
Date
Residual

Sum Squares
1.006
1.005
0.000
2.657

P <
0.60
0.50
0.90

R
0.28

FIGURE 15: Lipid class composition of adult Diaptomus kenai during 1986 (lake and "nutrient"

enclosures). (HYD: Hydrocarbons; WE: Wax Exters; TAG: Triacylglycerides; FFA: Free
Fatty Acids; ALC: Alcohols; POL: Polar Lipids)
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T A B L E XIV: Analysis of lipid class composition of Diaptomus kenai in the lake and
enclosures with main (enclosure) and covariate (date) effects for a) percent wax ester, b)
percent triacylglyceride, and c) percent polar lipids.

ANOVA T A B L E
a) WAX ESTERS

Source
Model
Enclosure
Date
Residual

Sum Squares
0.562
0.369
0.193
19.522

DF
5
4
1
81

F
0.466
0.383
0.800

P <
0.80
0.82
0.37

b) TRIACYLGLYCERIDE

Source
Model
Enclosure
Date
Residual

Sum Squares
1.170
0.447
0.722
3.504

DF

F

P <

5
4
1
81

5.407
2.584
16.700

0.001
0.05
0.001

F

P<

c) POLAR LIPIDS

Source
Model
Enclosure
Date
Residual

Sum Squares DF
1.390
0.885
0.505
7.949

5
4
1
81

2.833
2.254
5.150

0.05
0.07
0.05

R
0.15

74

FIGURE 16: Changes in lipid class composition of adult Diaptomus kenai during 1986 (lake and

"nutrient" enclosures). (
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FIGURE 17: Lipid content (as percent lipid-free dry mass, or PLFDM) of adult Diaptomus
kenai and D. leptopus maintained in the laboratory on no food (open columns), Selenastrum
minutum cultured at low dilution rates (hatched columns), and S. minutum cultured at high
dilution rates (filled columns), with standard error bars. Speckled bars indicate initial lipid
content.

T A B L E XV: Analysis of PLFDM of large and small Diaptomus kenai and D. leptopus
in the laboratory feeding study with main (copepod and food type) and covariate (time)
effects.

ANOVA T A B L E

Source
Model
Copepod
Food
Interaction
Time
Residual

Sum Squares
8.269
6.356
0.213
0.710
1.004
54.188

DF
9
2
2
4
1
203

F

P <

R

3.442
11.906
0.399
0.665
3.761

0.001
0.001
0.70
0.60
0.05

0.12

TABLE XVI: Regression analysis of PLFDM versustimefor copepods feeding on each
of the food types. (Low N: Selenastrum minutum cultured at low dilution rate; High N:
S. minutum cultured at high dilution rate)

a) Small Diaptomus kenai

No Food
Low N
High N

R

F

0.324
0.087
0.118

1.874
0.160
0.340

R

F

0.331
0.359
0.326

3.446
4.596
3.334

R

F

P<
0.20
0.70
0.60

N
18
23
26

b) Large Diaptomus kenai

No Food
Low N
High N

P<

N

0.07
0.05
0.08

30
33
30

P<

N

c) Diaptomus leptopus

No Food -0.415
Low N
-0.086
High N
0.032

2.084
0.148
0.018

0.20
0.70
0.90

12
22
19
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DISCUSSION

The observed variation in total lipid content (PLFDM) among D. kenai from the lake and
enclosures suggests that there may indeed be variation in the food regime. While total lipid
content is often a reflection of food concentration (e.g. copepods: Ikeda 1974; Lee 1974a;
prawns: Whyte et al. 1986; and oyster spat: Gallager and Mann 1986), variation in D. kenai
lipid content in 1986 was independent of total cell concentration in the enclosures. D. kenai in
the three enclosures which were fertilized (which ranged in maximum cell density from 2 to
10 X 10 cellsml" ) accumulated greater lipid stores than those in the nonfertilized
3

1

enclosure (with a maximum cell density of 4 X 10 cells-ml" ), but less than those in the
3

1

lake (maximum cell density 200 cellsml" ). The lack of association with cell density is
1

further supported by the fact that while cell density in the enclosures varied significantly
with time, total lipid content of copepods in the enclosures was independent of time.
Therefore, it would appear that lipid stores in D. kenai may be more a function of differences
among the lake and enclosures in food quality rather than food quantity. The lack of a
significant effect in 1987, however, suggests that there was no longer a substantial difference
in food quality among the enclosures, despite the fact that fertilization continued through
1987.

The 1987 D. kenai populations had very different size-class structures among the

enclosures (see Chapter Two). It is possible that the different size classes of D. kenai (present
in all the enclosures in 1986) have different food requirements, based upon such criteria as
chemical composition or ingestibility, and this difference in their ability to utilize the food
regime was reflected in their reproductive output (as suggested by the enclosure effect on
clutch size presented in Chapter Two). Thus, the population found in the enclosures in 1987
presumably represented the offspring of those copepods which were most able to utilize the
1986 phytoplankton community.

There was also considerable variation in D. leptopus lipid content among the enclosures in

1986, suggesting that differences in food supply affected their lipid stores. However,
PLFDM was also extremely variable among replicates within enclosures; as a consequence,
there was no statistically supported evidence of an enclosure effect on PLFDM for D. leptopus.

As with the majority of freshwater copepods, both D. kenai and D. leptopus in Shirley Lake
primarily store their lipids (25 to 85% of total stores) as triacylglycerides. For D. leptopus,
there was no statistically significant variation in lipid class composition among the
enclosures and lake, although the data suggest variation in realized food quality among the
enclosures. For D. kenai, however, there was a significant enclosure effect on lipid class
composition, particularly in triacylglyceride content. Triacylglyceride content of D. kenai in
the lake varied considerably over time, with maximum levels (nearly 90% of total lipid
stores) occurring in August. This peak most likely reflects decreased energy demands (it
coincides with a period when small D. kenai are ending reproduction, but large D. kenai have
not yet initiated reproduction) as well as natural changes in nutrient levels and phytoplankton
community composition, rather than changes in absolute cell density.

In the fertilized

enclosures, which recieved a constant supply of nutrients, variation in the food quality could
probably be attributed to differences in species composition. In the 10X and 40X enclosures,
triacylglyceride content of the copepods was fairly constant over time (varying less than 5%)
while triacylglyceride content of copepods in the 25X enclosure varied in a pattern similar to
that in the lake. However, in the unfertilized enclosure, which did not receive a steady
supply of nutrients, D. kenai triacylglyceride content decreased steadily over the course of the
summer.

Results of the laboratory feeding study suggest that, while there were differences among the
three copepod groups (small D. kenai, large D. kenai, and D. leptopus) in total lipid content, there
was no variation in lipid content attributable to differences in Selenastrum minutum due to
nitrogen limitation. The only discernable effect of diet was the decrease in lipid stores of D.
leptopus

under starvation conditions; however, variations in algal nutrient limitation did not

affect lipid content in any of the tested copepods.

The fact that D. kenai is capable of

discriminating between and selectively ingesting S. minutum cells according to degree of
nitrogen limitation (Butler et al. 1989) suggests that there are chemical differences between
the two cell types, but these differences do not appear to be reflected in lipid content.
Although lipid content of the two algal cultures was not measured, algae raised under
nitrogen limited conditions are known to have a high lipid content (Reynolds 1984; Parrish
and Wangersky 1987). However, D. leptopus and D. kenai stores do not seem to reflect this
intraspecific variation in food chemistry.

It is possible that, because the food levels

maintained during the experiment were in excess of satiation food density, the copepods
offset food quality affects by altering ingestion rates, thereby maintaining lipid stores.

If lipid content cannot be attributed to overall food density or intraspecific variation in cell
chemistry (induced by different levels of nutrient limitation), then lipid content possibly
reflects differences among the lake and enclosures in phytoplankton species composition and
in the ability of the copepods to utilize the phytoplankton community. The next chapter
investigates feeding rates and selectivities associated with variations in phytoplankton
density and composition.

Chapter Four

FOOD SELECTION BY DIAPTOMUS KENAI:
EFFECTS OF FOOD COMPOSITION AND DENSITY

In the previous chapter, I addressed the effects of food on overall nutritional status,
particularly with respect to energy stores. I discussed food effects in terms of food
abundance and in terms of food quality (e.g., cell chemistry). However, food quality is not
only a function of the chemistry or energetic content of the cell, but is also a function of the
accessibility of that food energy, including energetic costs associated with feeding. For
example, if the energy spent acquiring a food item exceeds the energy gained upon ingesting
it, that food item will be of lower quality than one from which the consumer gains more
energy ingesting it than was spent capturing it.

This idea of food quality based upon the costs and benefits associated with a food item was
conceptualized in a model presented by Charnov and Orians (1973), a modification of
Holling's (1966) four components of foraging (based on time allocation). Their model takes
into account a food item's energetic value (based on energy costs and gains) and capture
probability associated with each of the four feeding subprocesses: search, pursuit, attack,
and ingestion, thus summarizing the energetic value of a food item as a combination of its
detectability, "catchability", ingestibility, and digestibility.

From this model, one can see that the rate of ingestion of a particular food item is not
necessarily constant and will vary according to a wide range of factors. Detectability can be
affected by such characteristics of the food as size or smell (which influence the consumer's
ability to locate the food) or density (which affects encounter rate).

"Catchability" is

affected by the size of the food item as well as by its shape;-together these affect the
consumer's ability to effectively take, retain, and manipulate a particular food item. As with

"catchability", ingestibility is affected by size and shape of the food (which determine the
ability of the consumer to maneuver the captured food into its mouth), but smell and/or taste
will also influence ingestibility. Once the food has been successfully detected, captured, and
ingested, the final step in the feeding process is digestion of the food, which is affected by
such factors as the presence or absence of a indigestible covering around the food or the
presence of appropriate digestive enzymes.

In the phytoplankton community, nearly all of these factors could be affected by changes in
the nutrient regime (quantity and composition). The internal chemical composition of the
cell, which may affect its "taste", varies with the degree, and form, of nutrient limitation
(e.g., Fogg 1959; Ben-Amotz et al. 1985; Dortch 1987; Parrish and Wangersky 1987), as
does the external chemistry, or "smell", of a cell (e.g., Admiraal and Werner 1983; Admiraal
et al. 1986). For a number of phytoplankton species, cell size and shape vary with nutrient
levels (e.g., Turpin and Harrison 1980; Suttle et al. 1987). Effects of nutrient levels on
growth rates and cell densities have been well documented (see review by Kilham and
Kilham 1984). Thus, temporal and spatial fluctuations in lake nutrient levels (discussed in
Chapter One) could have pronounced effects on attributes of the food regime which affect
feeding behavior of zooplankton grazers.

The effect of food concentration on the feeding process has been well studied for a wide
variety of organisms. In general, the relationship (or functional response) between ingestion
rate and food concentration can be expressed in curvilinear and/or rectilinear models
(Holling 1965; Mullin et al. 1975). The predictions of these models have been verified in
laboratory studies of zooplankton feeding on single foods presented over a range of food
densities (O'Connors et al. 1980; Porter et al. 1982; Stemberger 1986; Dagg and Walser
1987), with satiation occurring at certain concentrations.

However, studies of Conover

(1978) and Mayzaud and Poulet (1978) failed to demonstrate satiation for five copepod
species when offered natural seston over a range of concentrations similar to what would be

observed in nature. Based upon these results, Conover (1978) argued that satiation is a
laboratory artifact reflecting sudden exposure to unnaturally high concentrations of a single
food source. Buckingham (1978) also did not observe satiation in Diaptomus feeding until
seston concentrations exceeded natural densities, but noted that conditioning the animals to
different food densities prior to conducting the feeding studies did not affect the satiation
response.

Thus, in her study, satiation could not be viewed as a artifact of "sudden"

exposure to abnormally high food densities.

The influence of food size and shape on feeding is intuitively obvious - small food may be
harder to locate and capture, and large food, while easily located, may be harder to
manipulate and ingest. In fact, the traditional view of copepod feeding centered on the size
issue. Copepods were perceived as passive feeders capturing food by filtering water through
their maxillary setae, with the size of the holes between the setae restricting the diet
according to cell size.

Given this view of the feeding process, researchers tended to

concentrate more on physical attributes of the food (e.g., cell size and shape, or density)
affecting copepod feeding (Frost 1972, 1977; Nival and Nival 1973, 1976, 1979; Boyd
1976). Coupling the view of copepods as passive filter feeders with Holling's model of the
feeding process, which assigns a fair amount of importance to cell size/shape, researchers
viewed cell size distribution as a measure of food availability in nature.

Although cell morphology and abundance remain arguably important aspects of copepod
feeding, high-speed microcinematography (Alcaraz et al. 1980; Koehl and Strickler 1981;
Strickler 1982; Paffenhofer et al. 1982) has revealed that calanoid copepod feeding is far
more directed and less passive than previously thought.

Research into copepod feeding

mechanisms, particularly with adult Calanus and Diaptomus, has demonstrated that copepods
can capture food particles by any of three different processes, depending upon the size of the
food item, and can switch among these behaviors quite readily. Small particles (less than 10
Lim equivalent spherical diameter: ESD) are captured passively (without detection) through

low amplitude movements of the appendages, trapped by the first and second maxillae, and
transferred to the mouth (Cowles and Strickler 1983; Price et al. 1983; Vanderploeg and
Paffenhofer 1985; Price and Paffenhofer 1986). Larger animal prey (such as rotifers around
100 (im ESD) are captured by a lunging motion, involving rapid movements of the antennae
that propel the copepod toward its prey (Williamson and Vanderploeg 1988). But copepods
detect and react to intermediate sized particles (such as large algal cells ranging between 10 100 |im ESD) from a distance (Vanderploeg and Paffenhofer 1985), and actively capture the
cells with directed feeding movements which bring the cells into capture range (Koehl and
Strickler 1981). Studies of flow dynamics and chemical "envelopes" around food particles
lend support to the theory that copepods react to chemical stimuli in locating and capturing
food particles (Andrews 1983). Although mechanoreception is most likely an influencing
factor (Legier-Visser et al. 1986), the chemical basis of feeding has become a popular
research topic in laboratory zooplankton studies, with researchers demonstrating that feeding
can be highly sensitive to the chemical attributes of food particles. Thus the feeding process
becomes more complex, for not only must one consider the physical attributes of the cells,
but the chemical attributes as well.

The biochemical attributes of a cell can influence food selection in two ways, affecting the
"taste" and/or the "smell" of the food. Under conditions of high nutrient levels (i.e., when
cells are not growing under nutrient limited conditions), cells tend to "leak" a greater
quantity of extra-cellular metabolites (Admiraal and Werner 1983; Admiraal et al. 1986). As
a consequence, there is a larger chemical envelope around a cell, increasing the likelihood of
detection. Moreover, the internal chemistry of the cell (e.g., lipid pools and protein levels)
can change with nutrient limitation (Dortch 1987; Furnadzicva et al. 1987; Houde and Roman
1987; Parrish and Wangersky 1987). If internal chemistry is affected, then "taste" and
subsequent ingestion of the cell will also be affected. Thus, chemically mediated feeding
can potentially involve two processes - long range detection and short range "taste".

We now recognize the potential for calanoid copepods to be highly discriminating when
feeding, with ingestion influenced by such criteria as nutritional value of a food item or
chemical characteristics of a particle. Copepods can discriminate between, and selectively
ingest, foods based upon interspecific differences.

For example, copepods have higher

selectivities for high quality or non toxic algal species than for lower quality or toxic species
(Fulton 1988; DeMott 1989; Vanderploeg et al. 1990). Similarly, Acartia, offered a mix of
Skeletonema and Phaeocystis,

selectively ingested Skeletonema, which was demonstrated to be the

higher quality food in terms of reproductive output (Verity and Smayda 1989). Calanoids
are also capable of discriminating between particles based on difference in cell chemistry.
Cells grown under nitrogen deficient conditions are ingested at a lower rate than nitrogen
sufficient cells by Acartia tonsa (Houde and Roman 1987; Cowles et al. 1988) and Diaptomus
kenai

(Butler et al. 1989). Eudiaptomus and Pseudocalanus are both highly selective for live algae

versus heat killed cells (DeMott 1988). The chemical basis of food selection in copepods is
further supported by the fact that they can be "fooled" into ingesting inorganic particles
which would ordinarily be ignored. For example, Diaptomus (DeMott 1986), Eudiaptomus
(DeMott 1988), and Centropages (Van Alstyne 1986) ingest microcapsules "flavored" with
algal exudates more readily than they do unflavored ones.

Given the known variation in abundance and chemical composition of natural algal
communities, food consumption by copepods in natural phytoplankton assemblages will be
influenced by numerous factors, including variation in inter- and intraspecific food quality,
relative and absolute abundance of the various food items, and the number of alternative
food choices. Chapter 2 presented information on population-level responses to variation in
food composition and quality. The phytoplankton assemblages studied supported copepod
populations which differed in such attributes as population size, reproduction, and body size.
Chapter 3 investigated patterns of lipid storage in response to changes in food. I concluded
that lipid stores in Diaptomus kenai and D. leptopus were affected by food-species composition
and, while the two copepod species differed in their sensitivity to differences in cell

chemistry between cells, there was little difference between the two size classes of D. kenai in
their response to intraspecific variations in food.

This chapter investigates behavioral

responses to food composition, and the flexibility of foraging decisions based on food
composition and abundance. The ultimate objective is to elucidate behavioral feeding
mechanisms of the two size classes of D. kenai which could influence their ability to coexist.

METHODS

Since the purpose of this study was to investigate the behavioral flexibility of foraging based
on food composition and quantity, a diversity of food regimes was obtained by fertilizing
the enclosures (described in Chapter 2) with a range of nitrogen:phosphorus ratios.
Beginning in July 1989, the enclosures were fertilized weekly at the levels presented in
Table XVII for two months (July - August), after which time phytoplankton were collected
for laboratory feeding studies.

Food Composition

A study, using adult female

D. kenai

collected from the lake, of the effects of food

composition (i.e., taxonomic composition of the phytoplankton community) on filtering rate
and selectivity was conducted with phytoplankton collected from each of the enclosures and
the lake. The experiments were conducted over a one-week period during the final week of
August, a time when gravid females of both size classes could be collected. Because age
and condition of copepods are difficult to assess, use of gravid females (which, by virtue of
being reproductive, are assumed to be healthy) ensured that interpretation of the results
would not be obscured by using copepods of indeterminate age and condition.

Using the techniques described in Chapter Two, phytoplankton were collected from the lake
and enclosures and copepods were collected from the lake. Phytoplankton were collected
from a different enclosure every morning over a one-week period until feeding studies had

TABLE XVJLT: Nutrients added weekly to the enclosures in

ENCLOSURE

NH4CI

KH2PO4

10X

1170mg

300 mg

25X

2920 mg

300 mg

40X

4660 mg

300 mg

been conducted on phytoplankton communities from each enclosure and the lake.
Phytoplankton and copepods were kept in separate 4 L plastic buckets at 10 - 15C during
transport to the laboratory.

A number of techniques is used to study feeding behavior in zooplankton. These techniques
have been reviewed and summarized by Peters (1984). The most commonly used of these
are based on one of three techniques: radioactively label the entire food supply and measure
rate of label uptake by the grazer; add a single labelled food item to a mixture of foods and
measure rate of label uptake by the grazer; and place grazers in a mixture of food particles
for a period of time and measure the change in cell concentration. While the first technique
provides an accurate assesment of cell uptake in unialgal foods, differences between algal
species in label uptake efficiency hinders accurate estimates of actual ingestion. The second
technique assumes that ingestion of the labelled cell indicates of ingestion rate for all other
components of the food assemblage, which is a potentially erroneous assumption given what
is known about copepod discriminatory feeding. The last technique is prone to the errors
associated with enclosing grazers in small volumes of water, problems which are
accentuated by long incubation times (e.g., breakup of large colonial forms into individual
cells, fertilization effects from zooplankton excretion, disturbance effects of containment on
copepod feeding behavior).

Recognizing the problems inherent with each technique, I

elected to use the third method because the labeling techniques would fail to give adequate,
and appropriate, information on specific ingestion rates for individual taxa in each
phytoplankton community.

The phytoplankton sample was split among nine 250 mL bottles, with a sample preserved in
Lugol's to provide information on starting composition. Adult female D. kenai which could
easily be classified as either large or small were isolated from the copepod samples and
sorted into two groups according to body size. The copepods were randomly allocated to the
bottles according to size, yielding three bottles each with eight large D. kenai, three bottles

each with eight small D. kenai, and three bottles with phytoplankton only (controls). The
bottles were placed on a plankton wheel rotating at 1 rpm at 15C in total darkness. After six
h, the bottles were removed from the wheel, the contents poured through a 200 |itm mesh net
to remove the copepods, and the remaining phytoplankton preserved in Lugol's solution.
Phytoplankton samples were then setded, and taxa identified and counted (as described in
Chapter Two). In addition, greatest axial linear dimension (GALD) was measured on 20
cells of each taxon using an ocular micrometer (cell volume estimated from linear
dimensions). This procedure was repeated daily until grazing studies had been conducted on
phytoplankton communities from the lake and each of the three enclosures.

Food Density

A study of the effects of food density on filtering rate and particle selectivity was conducted
with phytoplankton collected from the 40X enclosure and copepods collected from the lake.
Samples were collected and transported to the lab as described above. The test conducted
the previous day with undiluted phytoplankton from the 40X enclosure (as part of the food
composition study described above) served as the full strength test. (Comparisons of the
phytoplankton communities collected from the enclosure indicated no change in taxonomic
composition between the two days.) Two sequential dilutions (using artificial pond water as
described in Chapter Two) of the phytoplankton sample yielded a one-half dilution and a
one-quarter dilution of the 40X enclosure phytoplankton community. These dilutions were
split among eighteen 250 mL bottles to yield nine bottles of each dilution. Eight large adult
female D. kenai were added to three bottles of each of the dilutions and eight small adult
female D. kenai added to three other bottles. The remaining three bottles of each dilution,
with only phytoplankton, were controls. The bottles were placed on the plankton wheel, as
described above. There was no mortality of the copepods during the course of the study.

Similarity Indices

The Renkonen Index, or Percent Similarity Index, was used to compare the taxonomic
composition of the four phytoplankton communities (taken from the lake and the three
enclosures), and to compare the diet composition of the large and small D.
each of the four phytoplankton communities.

kenai

feeding on

This percentage index is based upon the

relative abundances of items in two samples or diets and is considered to be one of the best
indices for quantitative assessment of similarity or diet overlap (Krebs 1989). It ranges in
value from 0 (no similarity) to 100 (complete similarity). The index is calculated as:
P = £ minimum (p , p i), where:
u

2

P = % similarity between samples 1 and 2
Pn = percentage of species i in sample 1
P2i = percentage of species i in sample 2

Electivity Indices:

Since the introduction of Ivlev's index to measure feeding preferences (Ivlev 1961),
researchers have developed various indices to explain and describe foraging and food
selection based on modifications of the original index. The most commonly used of these
are reviewed by Lechowicz (1982). In this study I used the E* index of Vanderploeg and
Scavia (1979) to measure electivity. This index was recommended by Lechowicz (1982) as
being the most useful for comparing feeding preferences among spatially and/or temporally
separated sites. As with the original Ivlev index, E* measures electivity for a food item over
a numerical range of -1 (for most avoided) to +1 (for most preferred), with 0 indicating no
preference, and takes into account not only the relative abundance of that food, but also the
number of alternate food choices. This last characteristic is of particular importance for the
purpose of this study because variations in food supply in nature are generally associated
with variations in the number of different food items.

E* was used to measure electivity for each food item under each of the feeding conditions
and was calculated by the following algorithm:
E* = [Wi - (l/n)] / [W + (1/n)], where:
}

n = number of kinds of food items
W = [r /p ]/[Z(r /p )]
i

i

i

i

i

r; = proportion of food i in the diet
Pi = proportion of food i in environment

Filtering Rate:

Feeding behavior can also be assessed through filtering rates (clearance rates).

As with

electivity indices, filtering rate represents a behavioral response to food characteristics such
as nutritional content as well as non-nutritional factors (detectability, "catchability", handling
ease). Unlike electivity indices, however, filtering rates reflect actual foraging effort and
ingestion. For copepods, foraging effort is represented as the amount of water that must be
"processed" to encounter the cells ingested. If the amount of water processed is the same for
all cell types, then the feeding process can be viewed as non-discriminant, with all cells
removed as they are encountered in the water column in equal proportions relative to their
abundance. If, however, cells are removed disproportionately, more readily ingested cells
will be removed at a greater rate than less readily ingested cells.

Filtering rate was calculated for each algal taxon according to the following equation:
FR = ([in(C) - ln(E)]V) / (NT), where:

FR = filtering rate (ml • copepod • d")
-1

1

C = control cell concentration (cells • m L )
4

E = experimental cell concentration (cells • mL" )
1

V = volume (mL)
N = number of copepods
T = duration of experiment (d)

This formula, modified after the equation of Landry (1981), is applicable to the present study
because changes in phytoplankton abundance were attributable to the presence of grazers
(i.e., there was no change in abundance in the control jars during the course of the
experiments). Preserved phytoplankton samples from the grazing studies were settled for 36
h in settling chambers prior to identification and enumeration on an inverted microscope at
300X. Comparison of starting and final compositions of the controls indicated little or no
change during the six hour study period; therefore, electivity indices and filtering rates were
calculated comparing cell densities in the controls and treatments at the conclusion of the
experiment.

Statistical Analyses

The influence of the various characteristics of the food were analyzed on two levels. The
attributes of each individual food taxon affecting the filtering rates and selectivities of the
grazer were analyzed first. FR and E* of large and small D. kenai were analyzed in a oneway ANOVA with taxon as the independent variable for individual phytoplankton taxon
effects. To assess the influence of physical attributes of the food on feeding, FR and E*
values for large and small D. kenai feeding on lake phytoplankton were compared against the
independent variables GALD and cell volume with multiple regression. In analyzing both
the food density and the food composition studies, multiple regression identified linear
associations between the independent variables (defined below) and FR and E* values for
large and small D. kenai feeding on each taxon in the phytoplankton communities. In the food
density experiment, the independent variables examined were dilution, total cell density of
the phytoplankton community, and density of each individual taxon at the start of the
experiment, referred to as dilution, total, and density, respectively. The dilution variable
provides a measure of variation due to factors associated with dilution beyond the obvious
changes in cell concentration (e.g., changes in cell chemistry due to dilution of nutrients in
the water).

Independent variables examined iji the food composition experiment were

individual taxon density, total cell density, percent of the total food regime, number of

alternate food choices (i.e., number of phytoplankton taxa), and enclosure (i.e., source of the
food community), referred to as taxon, total, percent, number, and enclosure, respectively.
The enclsoure variable was included to provide an estimate of variation due to unmeasured
attributes of each food community (e.g., differences in "taste" or detectability due to degree
of nutrient limitation).

Comparisons of composition of, and feeding on, the phytoplankton communities as a whole
required multivariate statistical techniques.

While multivariate techniques are used

extensively as an analytical tool in terrestrial plant ecology (see Digby and Kempton 1987),
they are seldom used in aquatic studies, despite the similar problems faced by researchers
(Merrick and Ganf 1988). My aim was to summarize the data while exposing inherent
structure within the data; therefore, the following two techniques were used. Hierarchical
classification using the Euclidean distance index (a measure of dissimilarity based on
distances between pairs of variables) and UPGMA clustering (based upon unweighted
arithmetic averages between pair-groups) identified similarities and partitioned the data into
discrete groups, which are plotted in dendrograms according to the degree of dissimilarity.
Groups are linked along a dissimilarity scale ranging from 1 (least dissimilar) to 25 (most
dissimilar). The relationships between taxonomic composition of the four food groups and
between large and small D. kenai filtering rates and selectivities were examined using
discriminant analysis (i.e., canonical variate analysis).

Discriminant analysis emphasizes

differences among groups to identify those taxa most important for distinguishing among the
communities (Digby and Kempton 1987). Using a forward entry algorithm to minimize
Wilks' lambda (see Chapter Two), the variables (genera) most important in separating the
groups are identified (Norusis 1988).
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RESULTS

Figure 18 presents the taxonomic composition of the lake and enclosure phytoplankton
communities collected at the time of the feeding experiments, and the taxonomic
composition of the phytoplankton ingested by large and small D. kenai. Comparisons of
phytoplankton composition using the Renkonen Index (which considers only relative
abundance of each taxon) indicated that the lake phytoplankton community was similar in
composition to the 25X community (P = 83%), but only slightly similar to the 40X
community (P = 20%). All other paired comparisons yielded similarity indices of less than
10%, indicating little similarity in community composition.

However, hierarchical

classification, which in this case incorporates absolute density as well as relative abundance,
revealed that the least dissimilar groups were the 10X and lake phytoplankton communities
(Figure 19).

Dissimilarity values linking replicates of the food treatments were low,

indicating little difference among replicates in composition.

The 10X, 40X, and lake

phytoplankton communities were linked at a dissimilarity index of 4, indicating low
dissimilarity. The 25X phytoplankton community joins the other groups at 25, indicating
that this community is the most different in composition from the others.

Discriminant analysis separated the four phytoplankton communities on the first two
discriminant functions as shown in Figure 20.

Nearly 94% of the total variance in

° composition (Table XVIII) was explained by the first two functions.

The forward entry

algorithm to minimize Wilks' lambda identified five variables (taxa) as most important in
separating the groups: Ankistrodesmus, Selenastrum, cryptomonads, Glenodinium, and Crucigenia.

Feeding Behavior and Food Composition

Diet composition of large and small D. kenai feeding on phytoplankton from the three
enclosures and the lake are presented in Figure 18. Renkonen Index comparisons of the diet

F I G U R E 18:

Taxonomic composition of lake and enclosure phytoplankton communities

(expressed as percent of total community), and of phytoplankton ingested by large and small
D. kenai
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Crypto: cryptomonads; Gloe: Gloeotheca; BGF: filamentous cyanobacteria)
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FIGURE 19: Dendrogram of hierarchical classification of phytoplankton communities in the lake
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T A B L E XVIII: Summary table of discriminant analysis of phytoplankton composition
in the lake and enclosures, with minimized Wilks' lambda.

SUMMARY T A B L E

Step
1
2
3
4
5

Wilks'
Lambda

Entered

0.0061
0.0001
0.0001
0.0000
0.0000

Ankistrodesmus
Selenastrum

Cryptomonads
Glenodinium
Crucigenia

C A N O N I C A L DISCRIMINANT

Fxn.

Eigen
Value

Perc.
Var.

Cum.
Var.

0
1
2
3

508.83
255.80
53.61

62.19
31.26
6.55

62.19
93.45
100.00

Canonical
Correl.
0.999
0.998
0.991

C A N O N I C A L DISCRIMINANT

Crucigenia
Selenastrum

Ankistrodesmus
Glenodinium

Cryptomonads

P<
0.001
0.001
0.001
0.001
0.001

FUNCTIONS
Wilks'
Lambda

X2

df

P<

0.0000
0.0001
0.0183

102.6
62.1
26.0

15
8
3

0.001
0.001
0.001

FUNCTION COEFFICIENTS

FUNC 1

FUNC 2

FUNC 3

-2.244
0.731
2.782
3.630
-4.136

-1.340
0.996
1.721
-4.295
4.196

-0.991
1.082
0.509
-0.216
0.057

composition of large and small D. kenai indicated that the two copepods had similar diets,
with similarity values ranging between 88% (feeding on lake and 10X phytoplankton
communities) to 98% (feeding on 40X community).

Comparisons of phytoplankton

composition with diet composition yielded percent similarity values of 10% (25X
community), 69% (lake), 96% (10X), and 98% (40X) for large D. kenai and 10% (25X
community), 78% (lake), 83% (10X), and 97% (40X) for small D. kenai. The low percent
similarity between diet composition and community composition for large and small D. kenai
feeding on the 25X community is attributable to the high proportion of Chlamydomonas in the
diet (63% and 50% for large and small D. kenai, respectively) compared to what was available
in the phytoplankton community (4%).

Filtering rates of large and small D. kenai feeding on the different phytoplankton communities
are shown in Figure 21. Hierarchical analysis (Figure 22) revealed that large and small D.
kenai

feeding on the 10X community had similar diets and these were joined with large D.

kenai

feeding on the 40X community. The FR values of large and small D. kenai feeding on

the lake community were grouped at level 3. FR of small D. kenai feeding on the 40X
community did not link with the other groups until level 15, indicating relatively high
dissimilarity. The highest dissimilarity grouping linked a single FR function, one replicate
of large D. kenai feeding on 25X phytoplankton, as most dissimilar from all other groups.
Discriminant analysis separated FR data for large and small D. kenai and the four
phytoplankton communities on the first two discriminant functions as shown in Figure 23.
Nearly 87% of the total variance in diet composition was explained by the first two functions
(Table XIX). The forward entry algorithm to minimize Wilks' lambda identified all
phytoplankton taxa except Gloetheca as important in separating the groups.

Figure 24 shows the E* values observed for large and small D. kenai feeding on the different
phytoplankton communities. For both large and small D. kenai, E* values varied widely both
among taxa as well as among enclosures. Only two taxa, Cmcigenia and Ankistrodesmus, were

FIGURE 21: Filtering rate values for large and small D. kenai feeding on the lake and

enclosure phytoplankton communities. (Chlamy: Chlamydomonas; Crucig: Crucigenia; Selen:
Selenastrum;
Glenodinium;

Ankist:

Ankistrodesmus;

Cosmar:

Cosmarium;

Spond:

Spondylosium;

Crypto: cryptomonads; Gloe: Gloeotheca; BGF: filamentous cyanobacteria)
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FIGURE 22: DendrogTam of hierarchical classification of filtering rates (FR) for large and
small Diaptomus kenai feeding on the lake and enclosure phytoplankton communities. (10L:
Large D. kenai feeding on 10X phytoplankton; 10S: Small D. kenai feeding on 10X
phytoplankton; 25L: Large D. kenai feeding on 25X phytoplankton; 25S: Small D. kenai
feeding on 25X phytoplankton; 40L: Large D. kenai feeding on 40X phytoplankton; 40S:
Small D. kenai feeding on 40X phytoplankton; LKL: Large D. kenai feeding on Lake
phytoplankton; LKS: Small D. kenai feeding on Lake phytoplankton)
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FIGURE 23:

Canonical discriminant function scores of filtering rates (FR) for large and small

Diaptomus kenai

feeding on lake and enclosure phytoplankton communities. (See Figure 22

for definition of symbols)

TABLE XIX: Summary table of discriminant analysis of filtering rate (FR) values for
large and small Diaptomus kenai feeding on phytoplankton from the lake and enclosures,
with minimized Wilks' lambda.

SUMMARY TABLE
Step
1
2
3
4
5
6
7
8

Wilks'
Lambda

Entered
Chlamydomonas
Selenastrum

Filamentous Cyanobacteria
Glenodinium
Cosmarium
Crucigenia
Ankistrodesmus
Spondilosium

CANONICAL DISCRIMINANT

Fxn.

Eigen
Value

Perc.
Var.

Cum.
Var.

0
1
2
3
4
5
6
7

65.32
10.92
8.26
1.67
0.86
0.67
0.02

74.46
12.45
9.41
1.91
0.98
0.76
0.02

74.46
86.91
96.32
98.23
99.21
99.98
100.00

Canonical
Correl.
0.992
0.957
0.944
0.792
0.681
0.633
0.143

P<

0.0615
0.0052
0.0020
0.0008
0.0003
0.0001
0.0001
0.0001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

FUNCTIONS
Wilks'
Lambda

X2

df

P<

0.0000
0.0011
0.0127
0.1177
0.3152
0.5870
0.9797

154.53
95.80
61.11
30.00
16.17
7.46
0.29

56
42
30
20
12
6
2

0.001
0.001
0.001
0.07
0.18
0.28
0.87

CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS

Chlamydomonas
Crucigenia
Selenastrum
Ankistrodesmus
Cosmarium
Spondilosium
Glenodinium

Filamentous Cyanobacteria

FUNC 1

FUNC 2

FUNC 3

1.392
-0.978
1.375
0.422
-1.427
0.318
-0.707
-0.141

0.007
1.101
0.062
-1.105
0.813
1.008
' -0.478
-0.400

0.602
1.517
-0.440
-0.379
1.528
0.439
-0.120
-0.510

FIGURE 24: Electivity indices for large and small D. kenai feeding on the lake and enclosure

phytoplankton communities. (Chlamy: Chlamydomonas; Crucig: Crucigenia; Selen: Selenastrum;
Ankist: Ankistrodesmus; Cosmar: Cosmarium; Spond: Spondylosium; Gleno: Glenodinium; Crypto:

cryptomonads; Gloe: Gloeotheca; BGF: filamentous cyanobacteria)
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consistently avoided (E* < 0) across all food treatments. E* values for the remaining species
ranged from avoided (E* < 0) to preferred (E* < 0) among the food treatments.

Hierarchical analysis of E* values for large and small D. kenai feeding on the lake and
enclosure

phytoplankton communities

(Figure 25)

indicated

that

electivities for

phytoplankton in the 25X enclosure were most different from all other groups, with a
dissimilarity index of 25. Data from the lake community were grouped at level 3, with no
discernible difference between large and small D. kenai. The remaining treatments did not
pair off according to replicate, enclosure, or copepod, indicating no pattern of dissimilarity
attributable to phytoplankton community or grazer.

While hierarchical analysis could not group the E* values according to phytoplankton
community or copepod, the eight groups were separated distinctly along the first and second
discriminant functions (Figure 26). In this ordination of the complete data set, the first and
second functions describe between them 94% of the variation (Table XX). The forward
entry algorithm to minimize Wilks' lambda identified all phytoplankton taxa except Gloetheca
as important in separating the groups.

Feeding Behavior and Food Density

Electivity indices and filtering rates of large and small D. kenai feeding on the different
densities of the 40X phytoplankton community are presented in Figures 27 and 28. Large D.
kenai

filtering rate was higher at inermediate food densities, while small D. kenai filtering rate

was higher at higher food densities. There was no systematic change in E* indices for either
large or small D. kenai as food density increased.

FIGURE 25: Dendrogram of hierarchical classification of electivity indices (E*) of large and
small Diaptomus kenai feeding on the lake and enclosure phytoplankton communities. (See
Figure 22 for definition of symbols)
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FIGURE 26: Canonical cuscriminant function scores of electivity indices (E*) for large and
small Diaptomus kenai feeding on lake and enclosure phytoplankton communities. (See Figure
22 for definition of symbols)

T A B L E XX: Summary table of discriminant analysis of electivity indices (E*) for large
and small Diaptomus kenai feeding on phytoplankton from the lake and enclosures, with
minimized Wilks' lambda.
SUMMARY T A B L E
Step
1
2
3
4
5
6
7
8

Wilks'
Lambda

Entered
Cosmarium
Selenastrum

Cryptomonads
Glenodinium

Filamentous Cyanobacteria
Chlamydomonas
Crucigenia
Gloeotheca

P<

0.1873
0.0365
0.0074
0.0026
0.0007
0.0003
0.0001
0.0001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

C A N O N I C A L DISCRIMINANT FUNCTIONS

Fxn.

Eigen
Value

Perc.
Var.

Cum.
Var.

0
1
2
3
4
5
6
7

60.51
18.67
2.45
1.69
0.45
0.07
0.02

72.16
22.26
2.93
2.01
0.54
0.08
0.02

72.16
94.42
97.35
99.36
99.90
99.98
100.00

Canonical
Correl.
0.992
0.974
0.843
0.792
0.557
0.256
0.130

Wilks'
Lambda
0.000
0.004
0.068
0.236
0.633
0.919
0.983

X2

df

P<

136.95
79.28
37.57
20.22
6.39
1.19
0.24

56
42
30
20
12
6
2

0.001
0.001
0.16
0.44
0.90
0.98
0.89

CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS

Chlamydomonas
Crucigenia
Selenastrum
Cosmarium
Glenodinium

Cryptomonads
Gloeotheca

Filamentous Cyanobacteria

FUNC 1

FUNC 2

FUNC 3

1.432
0.741
-0.197
-1.625
1.680
2.368
-0.360
1.027

1.050
1.377
-0.919
1.257
-0.009
0.012
0.988
-0.963

-0.214
-0.695
-0.155
-0.388
0.249
0.333
-0.741
1.670

FIGURE 27: Filtering rates for large and small D. kenai feeding on different densities of the

40X enclosure phytoplankton community.

(Chlamy: Chlamydomonas;

Crucig: Crucigenia;

Selen: Selenastrum; Ankist: Ankistrodesmus; Cosmar: Cosmarium; Spond: Spondylosium; Gleno:
Glenodinium;

Crypto: cryptomonads; Gloe: Gloeotheca; BGF: filamentous cyanobacteria)
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FIGURE 28: Electivity indices for large and small D. kenai feeding on different densities of

the 40X enclosure phytoplankton community. (Chlamy: Chlamydomonas; Crucig: Crucigenia;
Selen: Selenastrum; Ankist: Ankistrodesmus; Cosmar: Cosmarium; Spond: Spondylosium; Gleno:
Glenodinium;

Crypto: cryptomonads; Gloe: Gloeotheca; BGF: filamentous cyanobacteria)
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Hierarchical grouping of FR data (Figure 29) did not produce any discernible pattern
attributable to copepod size or food density except for the grouping of the replicates of one
combination (small D. kenai feeding at the lowest food density).

Discriminant analysis,

however, did separate the groups along the first two discriminant functions (Figure 30),
which together accounted for 87% of the total variation in FR (Table XXI).

Hierarchical grouping of E* data linked groups according to food density, but not necessarily
according to copepod size (Figure 31). Ordination of the complete data set on the first two
discriminant functions grouped the data according to copepod size and food density (Figure
32). The first two functions accounted for 94% of the total variation in E* among groups
(Table XXII), with four taxa (Glenodinium, cryptomonads, Spondylosium, and Ankistrodesmus)
being most important in explaining variation.

Sources of Variation in Feeding Behavior

To identify characteristics of individual phytoplankton taxa that might help to explain
observed variations, FR and E* were analysed for large and small D. kenai feeding on the lake
phytoplankton community alone.

One-way ANOVA of FR and E* values for large and small D. kenai feeding on the lake
phytoplankton community indicated a significant taxon effect on FR (Table XXIII) but not
E* (Table XXIV). Regression analysis of algal attributes which might contribute to a taxa
effect could not identify a significant linear relationship with any of the attributes examined
(GALD, volume, individual taxon concentration, total concentration, percent of community).

Multiple regression analysis of feeding on each phytoplankton taxon, compared among the
four phytoplankton communities (Table XXV), indicated FR and E* were linearly associated
with different independent variables according to the size of copepod and the taxon
analyzed; that is, there was no single variable by which feeding behavior varied consistently
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FIGURE 29: Dendrogram of hierarchical classification of filtering rates (FR) large and small
Diaptomus kenai

feeding at different food densities. (1/4L: Large D. kenai feeding on 1/4

concentration 40X phytoplankton; 1/4S: Small D. kenai feeding on 1/4 concentration 40X
phytoplankton; 1/2L: Large D. kenai feeding on 1/2 concentration 40X phytoplankton; 1/2S:
Small D. kenai feeding on 1/2 concentration 40X phytoplankton; 40L: Large D. kenai feeding
on undiluted 40X phytoplankton; 40S: Small D. kenai feeding on undiluted 40X
phytoplankton)
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F I G U R E 30:

Canonical discriminant function scores of filtering rates (FR) for large and small

Diaptomus kenai feeding at different phytoplankton densities. (See Figure 29 for definition of
symbols)

TABLE XXI: Summary table of discriminant analysis of filtering rate (FR) values for
large and small Diaptomus kenai feeding on different densities of phytoplankton, with
minimized Wilks' lambda.

SUMMARY TABLE
Step

Entered

1
2
3
4
5
6

Glenodinium
Spondilosium
Crucigenia

Wilks'
Lambda
0.3171
0.1639
0.0524
0.0255
0.0136
0.0077

Cryptomonads
Cosmarium
Ankistrodesmus

CANONICAL DISCRIMINANT

Fxn.
0
1
2
3
4
5

Eigen
Value

Perc.
Var.

Cum.
Var.

8.32
3.15
1.20
0.39
0.09

63.26
23.96
9.12
2.97
0.69

63.26
87.22
96.34
99.31
100.00

P<

Canonical
Correl.
0.945
0.871
0.738
0.530
0.289

0.01
0.01
0.002
0.002
0.004
0.01

FUNCTIONS
Wilks'
Lambda

X2

df

P<

0.008
0.072
0.300
0.659
0.916

53.469
28.914
13.256
4.589
0.962

30
20
12
6
2

0.005
0.09
0.35
0.60
0.62

CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS

Glenodinium
Crucigenia

Cryptomonads
Cosmarium
A nkostrodesmus
Spondilosium

FUNC 1

FUNC 2

FUNC 3

2.698
0.071
-0.427
1.764
-3.148
0.043

1.167
0.466
-0.065
0.728
-0.014
-1.196

0.210
0.723
0.661
-0.026
-0.663
-0.301

FIGURE 31: Dendrogram of hierarchical classification of electivity indices (E*) large and
small Diaptomus kenai feeding at different food densities. (See Figure 29 for explanation of
symbols)
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FIGURE 32: Canonical discriminant function scores of electivity indices (E*) for large and
small Diaptomus kenai feeding at different phytoplankton densities. (See Figure 29 for
definition of symbols)
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TABLE XXII: Summary table of discriminant analysis of electivity indices (E*) for
large and small Diaptomus kenai feeding on different densities of phytoplankton, with
minimized Wilks' lambda.
SUMMARY TABLE
Step

Wilks'
Lambda

Entered
Glenodinium

1

P<

0.1768

0.001

2

Cryptomonads

0.0562

0.001

3
4

Sponilosium
Ankistrodesmus

0.0268
0.0143

0.001
0.001

CANONICAL DISCRIMINANT FUNCTIONS

Fxn.
0
1
2
3
4

Eigen
Value
10.20
2.15
0.63
0.21

Perc.
Var.

Cum.
Var.

77.32
16.28
4.78
1.62

77.32
93.60
98.38
100.00

Canonical
Correl.
0.954
0.826
0.622
0.419

Wilks'
Lambda

X2

df

P<

0.014
0.161
0.505
0.824

50.948
21.956
8.194
2.322

20
12
6
2

0.001
0.04
0.22
0.31

CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1
Ankostrodesmus
Spondilosium
Glenodinium

Cryptomonads

-0.340
0.733
-0.818
0.704

FUNC 2
0.440
0.525
0.840
1.075

FUNC 3
1.063
0.317
-0.077
-0.239

T A B L E XXIII: One-way analysis of variance of a)large Diaptomus kenai and b) small
rate with phytoplankton taxon as the independent variable.

D. kenai filtering

a) large Diaptomus kenai
SOURCE

SS

DF

F

Model
Residual

106838.9
29662.0

6
14

8.404

P<
0.001

R

2

0.783

a) small Diaptomus kenai
SOURCE

SS

DF

F

Model
Residual

33946.5
10120.8

6
14

7.826

P<
0.001

R

2

0.770

TABLE XXIV: One-way analysis of variance of a)large Diaptomus

D. kenai electivity indices with phytoplankton

kenai and b) small
taxon as the independent variable.

a) large Diaptomus kenai

SOURCE

SS

DF

F

Model
Residual

1.792
2.143

6
14

1.951

SOURCE

SS

DF

F

Model
Residual

1.593
3.054

6
14

1.217

P<
0.15

R2
0.455

a) small Diaptomus kenai
P<
0.35

R

2

0.343

TABLE XXV: Stepwise multiple regression statistics describing the effect of total cell concentration ([T]), taxon concentration
([tax]), enclosure (enc), and species diversity (#spp) on large and small Diaptomus kenai a) electivity indices and b) filtering rates
based on data from the feeding experiments using phytoplankton communities from the lake and enclosures.
a) Electivity Indices
Taxon Copepod
Chlamy large
small

b) Filtering Rates

R2

P<

Regression Equation
(Standardized Coefficients)

E* = -0.743(enc)
E* = 0.813([tax])

0.553
0.662

0.05
0.01

FR = -0.963(enc)
FR = -0.930(enc)

0.928
0.865

0.001
0.001

0.464

0.01

FR = -0.740([T])
FR = n.s.

0.548

0.05

0.513
0.625

0.05
0.05

0.449

0.05

Regression Equation
(Standardized Coefficients)

Cruc

large
small

E* = -0.613(#spp)
E* = -0.619(#spp) 0.520([T])

0.376
0.832

0.05
0.001

FR = n.s.
FR = -0.681([T])

Sel

large

0.994

0.001

FR = n.s.

small

E*='1.95(#spp) +
1.04([tax])
E* = n.s.

Ank

large
small

E* = n.s.
E* = n.s.

Cosm

large
small

E*=0.711([T])
E* = -1.02([T])0.364([tax])

0.506
0.933

0.05
0.001

FR = -0.716([T])
FR = -0.791([T])

Spond

large
small

E* = n.s.
E* = 0.700(#spp)

0.490

0.05

FR = n.s.
FR = n.s.

Gleno

large

E* = 1.40(#spp) +
0.84([tax])
E* = n.s.

0.921

0.001

FR = -0.670(enc)

small
Crypto large
small

R2

P<

FR = n.s.

E* = n.s.
E* = 0.768([T]) 0.889
0.777(#spp) - 0.375(enc)

FR = n.s.
0.001

FR = n.s.
FR = -1.825(#spp)0.952
1.679([tax]) +0.671 (enc)

0.001

among the taxa. Neither was there a consistent pattern in factors affecting E* for large and
small D. kenai feeding on each taxon; factor(s) associated with E* values of large D. kenai
were not necessarily the same as those for small D. kenai feeding on the same taxon. E* had a
significant linear association with number of alternative food choices (i.e., variable "number
of taxa") for five of the taxa examined for either one or both copepods. A positive P value
indicates increased electivity for that taxon as the number of alternative food choices
increases (e.g., small D. kenai feeding on Spondylosium), while a negative value indicates
decreased electivity with an increase in alternative food choices (e.g., both large and small D.
kenai

feeding on Crucigenia). There was also a significant linear association between E* and

either food density and/or individual taxon density for six of the taxa analyzed. Enclosure
effects were significant in two cases only: large D. kenai feeding on Chlamydomonas and small
D. kenai

feeding on cryptomonads. E* on Ankistrodesmus was not associated with any of the

variables tested for either copepod.

Two independent variables frequently emerged as being associated with FR among the
various taxa (Table XXV). Enclosure was more frequently associated with FR than was E*,
and was for two taxa {Chlamydomonas and Glenodinium) the only significant independent
variable. Total cell concentration was the only significant independent variable for three
taxa {Crucigenia, Ankistrodesmus, and Cosmarium).

Analysis of feeding on each phytoplankton taxon compared among the three densities of the
40X phytoplankton community identified, in those few taxa where a significant linear
association was indicated, dilution factor as one of the significant variables associated with
FR and E* in nearly every case (Table XXVI).
Spondylosium)

However, for two taxa (Cosmarium and

neither FR nor E* for either copepod were significantly associated with any of

the independent variables examined. In addition, for only two of the six taxa studied was FR
significantly associated with any of the independent variables {Crucigenia and Glenodinium).

TABLE XXVI: Stepwise multiple regression statistics describing the effect of total cell concentration ([T]), taxon
concentration ([tax]), and dilution factor (dal) on large and small Diaptomus kenai a) electivity indices and b) filtering rates based
on data from the feeding experiments using different dilutions of the 40X enclosure phytoplankton community
a) Electivity Indices
Taxon Copepod

Regression Equation
(Standardized Coefficients)

b) Filtering Rates

R2

P<

Regression Equation
(Standardized Coefficients)

Cruc

large
small

E* = -0.913([tax])
E* = -0.824(dil)

0.833
0.679

0.001
0.01

FR = -0.831([tax])
FR = -0.863(dil)

Ank

large
small

E* = -0.739([tax])
E* = n.s.

0.546

0.05

FR = n.s.
FR = n.s.

Cosm

large
small

E* = n.s.
E* = n.s.

FR = n.s.
FR = n.s.

Spond

large
small

E* = n.s.
E* = n.s.

FR = n.s.
FR = n.s.

Gleno

large
small

E* = n.s.
E* = 0.749(dil)

Crypto large
small

0.561

0.05

FR = 0.675([T])
FR = -0.719(dil)

E* = 0.843(dil)
0.711
0.946
E* = 2.43(dil) +
8.73([TJ) - 7.12([tax])

0.01
0.01

FR = n.s.
FR = n.s.

R2

P<

0.690
0.745

0.01
0.01

0.455
0.516

0.05
0.05
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DISCUSSION

The results presented here demonstrate that the two size classes of Diaptomus kenai have
variable food-utilization patterns which differ between the two size classes as well as among
different food regimes. This variablility is a flexible response which is manifest within 6 h
of being placed in a new food assemblage, although it can be subde in expression. This
variability in feeding does not appear to be a response to any of the criteria typically
acknowledged as important in influencing feeding behavior and the actual nature of the
response varies according to how the food regime is varied. For example, in the study in
which food composition is varied, hierarchical analysis consistently groups FR data
according to treatment, while E* values are linked randomly with respect to treatment. On
the other hand, when food density is varied, E* values are consistently grouped according to
treatment, while FR values are grouped randomly.

No feeding pattern was consistently associated with either overall food density or density of
that taxon as predicted in the early models of Solomon (1949) and Holling (1959) and
demonstrated in zooplankton feeding studies (e.g., Richman 1966; Haney and Trout 1985;
Stemberger 1986). Neither is feeding predictably associated with attributes such as cell size
or cell shape as has been demonstrated for other copepods (e.g., McQueen 1970; O'Connors

et al. 1980; Richman et al. 1980; Price and Paffenhofer 1985; Chow-Fraser 1986;
Vanderploeg 1990).

Most striking are the variations in electivity values within food taxa; that is, variation in
electivity for a food among different food regimes.

Cyanobacteria, which are typically

avoided by most grazers, are ingested by both large and small D. kenai, with the exception
being the total avoidance of filamentous forms by small D. kenai. Considering the substantial
volume of literature providing evidence of the potential toxic properties (Porter and Orcutt
1980; Lampert 1981; Nizan et al. 1986; Threlkeld 1986) or interference effects (Hartman

1985; Hawkins and Lampert 1989; Gliwicz and Lampert 1990) of cyanobacteria as well as
those which demonstrate that copepods avoid ingesting cyanobacteria altogether (Hartman
1985; Fulton and Paerl 1988; Vanderploeg et al 1990), these results are quite surprising.
Even foods typically classified as nutritionally "good" were not consistently favored. For
example, Cryptomonas, frequently used in feeding studies as a "high quality" food (Cowgill et
al. 1985; Williamson et al. 1985; Williamson and Butler 1986; Fulton and Paerl 1987), is
positively selected in only one of the four food treatments, with negative E* values in the
other three. For most algal taxa selectivity varied among the different food regimes; a food
avoided (E* < 0) under one condition could be preferred (E* > 0) under another. Consistent
electivities were observed for only two taxa (Crucigenia and Ankistrodesmus), which were
always avoided.

These results are reminiscent of Conover's (1978) criticisms of laboratory feeding studies, in
which he argues against the existence of satiation in nature.

He concludes that it is

inappropriate to ascribe phenomena observed in the laboratory under artificial feeding
conditions to feeding in nature.

In his criticisms he specifically addresses the use of

excessively high food concentrations to demonstrate the existence of satiation, but similar
criticisms can be applied to studies which attempt to describe feeding under natural food
conditions with feeding models generated under very specific laboratory conditions.
Feeding in nature involves decision making in a dilute, but compositionally complex, food
regime. As my results demonstrate, feeding behavior in a complex food environment does
not necessarily reflect behaviors observed in laboratory studies. Most laboratory feeding
studies involve comparison of feeding on a small number of food types (usually only one or
two different foods) offered alone or in combination, usually at unnaturally high (relative to
normal, or field) concentrations. The criteria by which a copepod makes a foraging decision
in laboratory studies, which, of necessity, include only a limited number of relevant
environmental variables, may have only marginal bearing on the criteria by which food is
ingested in a more complex food regime. Accordingly, the feeding behaviors observed in

this study could not be explained by laboratory-generated models typically used to describe
and predict feeding in nature.

Exceptions to the overly simplistic, and overly concentrated, design are those feeding studies
that assess selectivity based on food size. In these studies, copepods are offered a mixture of
natural plankton and changes in phytoplankton size structure are identified using an
electronic particle counter (e.g., Vanderploeg 1981; Vanderploeg et al. 1984). However, it
has been pointed out that the utility of electivity based on food size is questionable when
foraging decisions may be subject to modification based on such factors as food quality and
food concentration (Pafferhofer 1988). These results support those cautions, for, when
comparing feeding among phytoplankton communities generated under different nutrient
regimes, feeding behavior is independent of cell size and may be due more to the interactions
of community structure and cell chemistry.

Not only do these foraging decisions vary according to characteristics of the food regime, but
they also vary between the two size classes of D. kenai. Regardless of whether the food
regime is varied by cell density or taxonomic composition, the two copepods (large and
small D. kenai) appear to ingest food by different criteria. Investigators have demonstrated
differences in feeding behavior among different species (Poulet and Oulet 1982; Daro 1985;
DeMott 1988), but I am unaware of any work which demonstrates variation in selectivity
within a single population as presented here, other than reports of ontogenetic changes in
feeding (e.g., Paffenhofer and Knowles 1978; Paffenhofer 1984; Chow-Fraser and Wong
1986). In addition, these results support the findings in the previous chapter, which suggests
that the food value of different phytoplankton communities to the copepods (as measured by
copepod lipid stores) may vary between the two sizes.
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Chapter Five

GENERAL DISCUSSION

Copepods live in what has been described as a nutritionally dilute environment (Conover
1968), experiencing a range of temporally as well as spatially variable food conditions which
differ in their level of predictability.

For example, migrating zooplankton experience

spatially variable food on a predictable daily cycle. Seasonal variation in phytoplankton
density and composition can be highly predictable in most temperate lakes. Intermediate
between large scale seasonal variability and short scale daily variation are the less
predictable, often chance, events (described as "event scale" variation by Landry and Hassett
1985). For example, sudden blooms and crashes of phytoplankton species or communities
can occur on time scales of days or weeks, while wind-generated currents can create spatial
heterogeneity in the phytoplankton on time scales of hours or days.

Understanding the mechanisms by which organisms deal with these changes in their food
environment has been cited as a key problem in elucidating the nutritional ecology of
zooplankton and the role of food limitation in structuring zooplankton communities (Landry
and Hassett 1985). There is a considerable body of evidence that food resources limit
zooplankton (Neill 1978, 1981a,b, 1985; Kerfoot and DeMott 1980; Neill and Peacock 1980;
Frost 1985; Huntley 1985) and it is quite likely that food availability periodically falls below
maintenance levels (Lampert 1977; Lampert and Schober 1980; Threlkheld 1986). The
pronounced temporal variation in egg production observed in field populations of copepods
(Edmondson et al. 1962; Comita 1964; Armitage et al. 1973; Kimmerer 1984; Smith and Lane
1985; Peterson 1985) also suggests that food levels periodically fail to meet energetic or
nutrient needs. The strategies by which zooplankton respond to variation in food supply may
be quite different depending upon the scale of the variation (i.e., daily, event, or seasonal)
(Landry and Hassett 1985) and the differences among species in their perception of temporal

and spatial variation in food availability (Donaghay 1988).

In this thesis I examined changes in behavior, morphology, and physiology of two species of
calanoid copepods in response to variation in food composition over a range of time scales
and demonstrated that response flexibility varied depending upon the type of response
measured. But the most striking finding in this study was the occurrence of two co-existing
size classes of Diaptomus kenai. Morphological variation within a species is not a unique
phenomenon; in fact, it has been well documented in a host of organisms including plants,
invertebrates, and vertebrates. The recent review of Stearns (1989) discusses phenotypic
flexibility within the framework of "reaction norm", or the relationship between a variable
environment and a flexible phenotype that varies continuously with the environment. These
reaction norms may be indirect responses to environmental gradients, such as increase in
body size associated with decreased temperatures, commonly reported for insects,
crustaceans, fish, amphibians, and reptiles. They may impart a distinct adaptive advantage
("adaptive reaction norm"), resulting in enhanced growth, survival, or reproduction, such as
the changes in cichlid jaw morphology to adapt to changes in diet (Meyer 1987) or changes
in cladoceran body size or shape to reduce predation risk (Dodson 1989). However, the
observed variation in Diaptomus kenai size in Shirley Lake is not a temporally or spatially
variable phenomenon that changes with any recognizable environmental cue; the two size
classes co-occur, both throughout the lake and throughout the year.

Because the two size classes co-occur, the difference in size of D. kenai in Shirley Lake
cannot be readily ascribed to some seasonal phenomenon. Therefore, there must be some
advantage attributable to each size class that permits coexistence and persistence of two
distinct, reproductively isolated phenotypes. It is quite possible that subtle differences in
feeding behaviors and food requirements are sufficient to separate the two morphologically
distinct subpopulations into two ecologically distinct subpopulations. It has been suggested
that differences in body size permit calanoid copepod species to coexist, the theory being

that smaller-bodied copepods eat smaller sized particles than larger sized copepods, and
competition for food resources is thereby minimized (Maly 1973, 1976; Maly and Maly
1974).

Accordingly, Hutchinson (1967) proposed that a size difference of 35% (and

Hammer and Sawchyn [1968] a difference of 0.5 mm or more, regardless of actual body
size) would be sufficient to prevent food niche overlap between two co-existing diaptomid
copepods. While these rules may apply to size differences between, and help explain the
coexistence of, D. kenai and D. leptopus (mean body length 2.3 mm and 1.2 mm, respectively),
they certainly do not apply to the relatively smaller difference between the two sizes of D.
kenai (mean body

length 2.0 and 2.3 mm).

The idea that different phytoplankton communities might be of different food value is
supported by the pronounced differences observed among the enclosures in the amount of
stored lipids accumulated by the copepods during the first year of my study, suggesting
differences in the ability of the copepods to meet energetic demands when feeding on those
phytoplankton communities.

Further support for this idea is lent by the pronounced

differences in clutch size among the enclosures, ranging from 5.5 - 10 eggs per clutch for D.
leptopus

and from 14 - 52 eggs per clutch for D. kenai. But even more convincing is the fact

that, by the second year, the enclosures had established D. kenai populations of very different
size structures (with mean female cephalothorax length ranging from 0.98 mm in the No
Fertilizer enclosure to 1.25 mm in the 10X enclosure). In addition, during the second year
there were no longer differences among the enclosures in lipid stores, suggesting that the
phytoplankton communities present in each enclosure were equally sufficient in supporting
energy and nutritional demands of the resident copepod populations. These results suggest
that the two size classes differ in their physiological sensitivity to food quality.

While the evidence is highly suggestive that morphological, behavioral, and physiological
differences between the two subpopulations of D. kenai may enhance persistence of the two
size classes in nature, it is possible that some other factor not studied here may also

contribute to the coexistence and persistence of the two size classes, the most obvious being
predation.

Predation is a strong driving force in the aquatic environment, inducing

morphological variation in the prey (Gilbert 1966; Krueger and Dodson 1981; Dodson
1989), predator-avoiding vertical migration patterns (Haney 1988; Neill 1990), or changes in
the size structure of the prey populations (Brooks and Dodson 1965; Vanni 1987; Vanni and
Findlay 1990). Northcote et al. (1978) reported a decrease in the mean body size of D. kenai
and in Chaoborus population density in U.B.C. Research Forest lakes to which fish had been
added. While size selective predation would seem to be the most obvious explanation for the
change in mean body size, their evidence did not support that theory; fish gut contents
provided no evidence of size selection and the small body size persisted even "after fish
predation became negligible" (Northcote et al. 1978). They suggested, but did not test, the
alternative hypothesis that the change in size was evidence of competition-induced decreased
growth rate, as a consequence of increased population density under decreasing Chaoborus
predation pressure.

Combining the conclusions of Northcote et al. (1978) with the results of my research suggests
another possible mechanism responsible for maintaining two size classes in one case and
eliminating one size class in another. The fish added to the lakes in the study by Northcote et
al.

substantially reduced, and subsequendy eliminated, the Chaoborus populations from the

lakes. The two species which occur in the lakes, C. americanus and C. trivittatus, are themselves
effective predators upon freshwater zooplankton and are distinguished by two characteristics.
C. trivittatus

is larger in size and has a longer life cycle (two year cycle versus 1 year cycle)

than the smaller C. americanus (Fedorenko and Swift 1972).

As a consequence of the

difference in size, the two species differ in predatory behavior. Of particular interest for the
purpose of this argument is the difference in predation on D. kenai; the larger C. trivittatus can
effectively ingest D. kenai upon reaching the third larval instar, while the smaller C. americanus
can ingest D. kenai only when it has reached the fourth instar (Fedorenko 1975a,b; Swift and
Fedorenko 1975). Unfortunately, these studies did not recognize any variation in size within

the D. kenai population nor did they mention whether variation in D. kenai size affected
susceptibility to predation. However, it seems quite likely that, if the difference in mouth
gape of 0.04 mm which distinguishes third instar C. trivittatus and C. americanus (Swift and
Fedorenko 1975) is sufficient to affect predation on D. kenai, then differences between the
two sizes of D. kenai might be sufficient to affect relative risk of predation by the two
Chaoborus

species. There is suggestive evidence from the study of Northcote et al. (1978) that

such a difference might exist. When fish were added to the lakes, C. americanus, which tended
to remain high in the water column, was eliminated during the first year whereas the larger
C. trivittatus, which tended to remain deeper in the water column, was not eliminated until the
second year. However, the difference in mean body size was established during the first
year, while C. trivittatus was still present in the lakes, indicating the small D. kenai, but not the
large, were able to persist in the presence of the larger Chaoborus. Thus, with removal of the
smaller Chaoborus, the small D. kenai was released from the controlling effects of predation
while predation on large D. kenai remained unaffected.

Regardless of the ecological processes which may favor one morphotype over another, the
temporal patterns of reproduction separate the two size groups into what could be considered
distinct species, according to the biological species concept (see reviews by Scudder 1974
and Templeton 1989). Although there is some overlap in the late summer, for the most part
the two groups are reproductively isolated over time. Females produce offspring which are
similar in size to the mother, suggesting that females have mated with similarly sized males
to produce similarly sized offspring, again suggesting that the two groups are reproductively
isolated. There is no detectable difference in egg size between the two size groups (i.e.,
smaller females do not produce smaller eggs);

therefore it does not appear that the

difference in offspring size is a consequence of starting off as a smaller nauplius. Similar
results have been reported for a population of isopod, Asellus (Thompson 1986). Non-random
mating, coupled with heritability of body size, resulted in a positive genetic feedback
mechanism which promoted wide variation in size-frequency distribution. While I have not

tested for genetic differences between the two groups, it seems possible that the two groups
may well be undergoing sympatric speciation from the original Diaptomus kenai population.
Although the concept of sympatric speciation is controversial (see review of Tauber and
Tauber 1989), it is recognized as a distinct process of speciation (Tauber and Tauber 1981;
Snell and Hawkins 1983; Rice and Salt 1988).

In conclusion, it appears that the coexistence of the two size classes is due to the interactions
of two processes.

The results presented here suggest that the two sizes differ in their

utilization of available food resources, given the subtle differences in feeding behavior.
Possibly, as a consequence of this difference, they differ in their perception of the quality of
the available food, as evidenced by the variation among the enclosures in lipid stores during
the first year (when both size classes were present) and the variation among the enclosures in
size class composition in the second year. In addition, by virtue of their size, they differ in
susceptibility to predation by Chaoborus, as interpreted from the results of Northcote et al.
(1978). While this is the first study to report on the existence of reproductively distinct, cooccurring size classes within a single copepod species, I suspect this is not a unique
phenomenon, but rather an overlooked one.

Data from other oligotrophic lakes in the

Research Forest (e.g., M.A. Chapman, Univ. Waikato, unpubl. data; C J . Walters, U.B.C.,
unpubl. data) suggest that bimodal size distributions may exist in other populations of D.
kenai.

Whether this is an attribute unique to D. kenai or unique to populations in oligotrophic

systems is a question worthy of further investigation.

These results demonstrate that D. kenai and D. leptopus are extremely flexible and adaptable
animals.

They modify their behavior, morphology, and physiology over a range of

magnitudes and time scales, bringing into question the utility of models generated under
laboratory conditions in predicting behaviors or dynamics of copepod populations or
communities in nature. There can be very subtle changes in feeding behavior (such as
reported in Chapter Four) or very pronounced changes in size structure (as described in

Chapter Two). The time scales involved can vary from hours (e.g., the changes in filtering
rates and electivities reported in Chapter Four) to days (e.g., the changes in clutch size
reported in Chapter Two or changes in lipid levels reported in Chapter Three) or seasons
(e.g., the shift in D. kenai population size structure reported in Chapter Two). As desirable as
it may be to "compartmentalize nature" according to the simple limitation model of
Williamson and Butler (1987), or the size-structured feeding processes presented by
Vanderploeg (1981) and Vanderploeg et al. (1984), it is clear that there is a complex
interaction of factors which influence the physiology, morphology, and behavior of copepods
in nature.
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