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ABSTRACT

The objectives of this study of the rate of transfer of
energy between a predator and its prey were to explore ways that
body size affects the process,.alters the pattern of resource
utilization of foragers, and influences the structure of animal

communities. The 4th instar larva of Chaoborus trivittatus, an

ambush predator, was studied. T analyzed several components of
predation:

Encounter with prey. I designed an encounter model which

assumes a cylindrical attack field for the predator.
Measurements of reactive distances between “hungry” pfedators
(i.e. un-fed for at least 24 hours) and prey indicated that
copepods (0.9-2.6 mm in length) are liable to be attacked -
whenever they come within 2.2 mm of the center of the body of
the elongate larva. The model was corroborated by observations
in the 1aboratory.

Components of prey capture. Data were collected in the

laboratory to show the effect of prey size and temperature on
components of prey capture in a ’hungfy’ 1arva; Prey size was
inversely related to the proportion of successful attacks, which
was higher at 13 C than at 6 or 24 C. The components were
combined to predict predation rates for a “hungry” Chaoborus

latva. An effect of predator size on feeding rates was also
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documented.

Respiration. The energy consumption (in mJ/larva/hr) of

small and large 4th instar larvae were 8.6 and 20.5 at 13 C and
21.2 and 30.6 at 21 C respectively. The cost of processing food
was also estimated. It equals the standard metabolic rate times
0.369. The energy costs of one swimming and one attacking
mosement were 0.07 and 0.57 mJ/motion respectively.

Digestion. The efficiency of food assimilation was
determined by labelling copepods radioactively ana feeding known
numbers to Chaoborus larvae. At 24 C efficiency was nearly
constant at about 80% for all meal sizes, bﬁt at other
temperatures it was 91.2% to 86.5%Z for meal sizes of 0.10 to
0.50 Pl’ and varied from 75.87% at 16 C to 527% at 6 C for a meal
size of about 0.90 Pl' The instantaneous rate of digestion
(expressed as mg dry weight of meal/thousand mg dry weight of
Chaoborus/hour) was -0.09, ~-0.22 and -0.35 at 6, 13 and 22 C
fespectively. There were no significant effects of meal size or
predstor size on digestion rates.

I also investigated quantitatively the effect of underwater
sound on attack distance by Chaoborus. The larva attacked a
needle vibratiﬁg at frequencies between 350 and 2050 Hz, maximum
attéck distance occurring with a signal of approximately 1106
Hz. increasing “hunger” significantly decreased the ninimum
effective frequency b& 11%Z. Average distances for attack were

estimated at 1.9 mm for larvae with food in their crops and 2.25
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mm for larvae with empty crops. The sounds produced by three
species of prey were analyzed. Significant differences in »
frequency at maximum sound pressure level occurred within the
range of frequencies where “hunger” significantly affected the
response of Chaoborus. This could result in selective feeding by
larvae which have food in their crop.

Next T use a model to explore possible energetic advantages
to vertical migrants which alternate between warm surface layers
and cold deeper layers where digestion may be more efficient,
but assimilation efficiency is reduced. Energy budgets were
computed for larvae given a fixed amount of food, and then
either assumed to migrate to cool (5 C) deep water for a sixteen
hour “resting” period, or to continue feeding in the warm (16 C)

food-rich surface layers. Larvae derived maximal energy benefits

by migrating when the density of Diaptomus kenai, their

principal prey, was <0.2 animal/liter, and by feeding near the
surface otherwise. A coﬁparison of these findings with‘field
data indicates that seasonal changes in vertical migration
patterns can prévide energetic benefits.

In the GENERAL DISCUSSION, I combine the components of
predatidn and examine‘the mechanisms underlying size—-selective
predation by Chaoborus. The size and swimming speed of prey
influence the encounter process substantially and cause passive
size selection. I propose a null hypothesis to test for

behavioural (active) size selection by larvae. I also compare



their size—-selective feeding to that of fish, and discuss
potential competitive interactions between fish and invertebrate

predators.
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QUOTATION

"We felt it was a rice-night, and the chiefs of the
Abu Tayi came to sup with us. Afterwards, with the
embers of our coffee-fire pleasantly red between us
against the cool of this upland north-country, we sat
about on the carpets chatting discursively of this
remote thing and that.

Nasir rolled over on his back, with my glasses, and
began to study the stars, counting aloud first one group
and then another; crying out with surprise at
discovering little lights not noticed by unaided eye.
Auda sent us on to talk of telescopes ~of the great
ones- and of how man in three hundred years had so far
advanced from his first essay that now he built glasses
as long as a tent, through which he counted thousands of
unknown stars. “And the star —-what are they?” We slipped
into talk of suns beyond suns, sizes and distance beyond
wit. “What will now happen with this knowledge?” asked
Mohammed. “We shall set to, and many learned and some
clever men together will make glasses as more powerful
than ours, as ours than Galileo”s; and yet more hundreds
of astronomers will distinguish and reckon yet more
thousands of now unseen stars, mapping them, and giving
each one its name. When we see them all, there will be
no night in heaven.” "

T. E. Lawrence (1926), Seven Pillars of Wisdom, (P.

288-289)
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A. GENERAL INTRODUCTION




"One of the chief factors limiting the choice of
food in these polyphagous forms appears to be size. ...
This sort of relation between the sizes of predators and
the animals they prey upon is very important in
splitting up the animal community into food niches. The
limitations placed by size of food on feeding together
with other special food-preferences give rise to
“food-chains”, leading usually from smaller to larger
forms, ..."

C. Elton (1933), The Ecology of Animals (p. 29)

Body size playS'an important role in determining rates of
biological processes and, recently, a considerable amount of
attention has been given to various ways in which this affects
the outcome of competitive and predatory interactions and hence
influences the structure of aquatic and terrestrial communities
(Brooks .and Dodson 1965, Pianka 1973). Although somne aspecfs
have been given theoretical treatment and some descriptive data
can be interpreted as fitting predicted schemes of community
organization through size (e.g. species packing),. ecolégists
have yet to quantify satisfactorily how size and morphological
features of foragers determine utilization on the prey size
dimension of the niche (Werner 1977).

I approached this problem by developing a computer model of
predation which served as the focus of the investigation while I
measured various components of predation in the laboratory.

Holling (1963, 1964) was the first to suggest this comprehensive



approach to predation. In this study, I divided that process
into various components (proximate factors) linking an organism
to its environment in terms of energetic contributions to
fitness (ultimate factors). My‘first step consisted of
identifying some of the pitfalis inherent in such anaiyses.
First, many studies often become increasingly involved in
working out the fine details and the intricacies of the
mechanics of predation rather than in attempting to achieve a
broad synthesis (Holling 1964), and some doubts can be raised
about the possibility of achieving a synthesis of such a large
number of compoﬁents at the level of precision proposed by
Holling. Secondly, faced with the prospect of including a very
large number of components (as well as their possible
interactions) in their studies, other experimenters either
concentrate on the most easily studied components and/or
restrict the study to a simplified set of environmental
conditions. Consequently their models are based on fragments
tied together with many simplifying assumptions that sometimes
originate from theoretical frameworks similar té the theories
they purport to test. This greatly limits their usefulness.
Thirdly, such studies are usually carried out in artificial
laboratory universes (often the prey itself is restrained from
escaping) that may have no bearing on the problems confronting
the predator in its natural setting (particularly in the case of

“searchers” living in a complex environment) or which may alter



its behaviour radically. Unfortunately, whereas modern
ecologists recognize the need to understand the selective
pressures acting upon organisms in their natural environments,
field studies often do not lend themselves to a precise
quantification of components of foraging.

Much of the problem resides therefore in finding an
organism for which a sufficiently accurate description of
foraging could be attempfed in the laboratory without getting
entangied unnecessarily in a large number of detailed components
or losing too much realism. Consequently I established three
criteria that I considered essential if this study were to
attain some of its objectives. The ideal system must (a) have
the lowest possible level of complexity, so that the number of
components to be studied could be kept at a manageable level,
(b) be one which keeps discrepancies between laboratory fiﬁdings
and field situations to a minimum, and (c) be one which can be
quantified easily.

Aquatic invertebrate predators are particularly well suited
for this purpose. They live in a relatively uniform eﬁvironmeﬁt
and many attack in response to acoustic stimuli produced by
their prey. Since the propagation of these signals in water is
not altered greatly by biotic or abiotic factors in the
environment, much of the complexity of the interactions between
predator and prey which is encountered in studies of visual

predators is eliminated, and the task of developing



component—-based models of predation that can be translated to
field situations is thus greatly simplified. These predators are
also simple to obtain, are easily manipulated in the laboratory,
and have respiration rates whicﬁ are directly related to body
mass (Harding 1977, Banse and Mosher 1980) and the teﬁperature
of their environment (Ivleva 1980, Clarke 1980). They are thus
extremely convenient to work with.

Other desirable attributes are: That the predator”s
behaviour should be stereotyped, that it engage in few
activities besides foraging, and that it use a sit—-and-wait
feeding tactic. With these considerations in mind, I undertook a
bioenergetic study of Chaoborus larvae (Diptera: Chaoboridae)
feeding on copepod prey.

Chaoborus spp. are common in lakes and ponds throughout the
world and are an important element of many zooplankton
communities (Welch 1968, Sprules 1972, Fedorenko 1973, Lewis
1975, Smyly 1978, Pastorok 1980b). Their impact on their prey
populations can be substantial (Fedorenko 1975b, Pastorok 1978,
Leﬁis 1979, Lynch 1979, Pastorok 1980a) and they are thought to
affect the structure of freshwater communities significantly
(Dodson 1970, Sprules 1972, Allan 1973, Anderson and Raasveldt
1974, Smyly 1976, Lynch 1979, Pastorok 1980b, Smyly 1980, Neill
and Peacock 1980).

The ultimate objective of this study is to determiné how

- body size affects net rate of transfer of energy between



predator and prey, using prey which vary in size but possess a

uniform body plan.

The Chaoborus larva as a simple model organism

The 4th instar larva of Chaoborus trivittatus Loew is an

. ideal subject for a cOmponent‘study on size—-selective predation.
Most of the two year life cycle of this dipteran is spent in the
4th instar, the st;ge in which most growth takes place. The
reproductive function is confined to an aerial (non-feeding)
adult stage. It has no known.major predators in the study area
(Gwendoline Lake, British Columbia, a fishless lake, Neill and
Peacock 1980). Thus all of its activities have feeding or
feeding-related functions whose unit cosf could be estimatéd.
Most importantly Chaoborus is an ambush predator whose
feeding success depends upon sudden attacks when prey come close
to its body. This presents two advantages. First,. the ﬁegative
terms of the energy budget of ambush predators can be obtained
directly by combining data on basal or standard metabolic rates
with estimates for unit cost of activity weighted by the
appropriate intensity levels of activity (e.g. while attacking
prey or migrating vertically). Secondly, by mapping the
positions of the prey relative to the body of the predator when

attacks occur (from high-speed films of predator-prey



interactions), it is possible to circumscribe a cylindrical
field surrounding a “hungry” larva within which a prey is liable
to be attacked, and to develop a working definition of encounter
to be used iﬁ the laboratory (én “encounter” was scored whenever
prey came within 2 mm of a larva). By defining an encéunter with
respect to a target volume rather than the sensory system of the
predator, I created an arbitrary separation 6f encounter and
attack parameters which was simple, provided all the necessary
information to construct a descriptive model of Chaoborus
predation, and limited the components to be studied.

Because a component study deals with several important but -
distinct aspects of feeding and energetics (behaviour,
digestion, assimilation, respiration), I présent the results in
five self-contained experimental studies. These components are
then brought together in a simulation model in which I conéider
energetic consequences of a strategy of vertical migration to
this predator. Although each chapter has a discussion which
deals with specific aspects of the feeding of Chaoborus , T
conclude the thesis with a GENERAL DISCUSSION in which I
summarize results on the effects of body size on the foraging
strategy of size-selective planktivores, and consider their

importance to the structure of zooplankton communities.



Thesis outline

Chapter 1: An Encounter Model for Zooplankton. I develop a

collision model which assumes that a predator possesses an
effective encounter field which is cylindrical. Its size and
shape is determined by measurements taken from high-speed films
of Chaoborus-copepods interactions (Giguere et al. submitted).

The encounter model represents the framework on which other

components of predation (Chapter 2) can be grafted. -

Chapter 2: A Component Study of Predation. I presenf data

showing the effect of prey density, prey size, predator size and
temperature on the components of prey capture in a “hungry”

Chaoborus larva.

Chapter 3: Respiration and Energetics. Standard metabolic

rates and costs of processing food are determined in a
respirometer. The energy costs of swimming and attacking prey
are also measured ekperimentally (Giguere 1980). These estimates
cover the negative terms of the energy budget of the Chaoborus

larva.



Chapter 4: Digestive Processes. Larval food assimilation

efficiency and digestion rates are determined under different
temperature and meal size conditions (Giguére 1981). Given
supplementary information on effects qf “hunger” on components
of predation (Giguere in prep.), all results can be cémbined to
generate estimates of the net rate of transfer of energy between

predator and prey varying in size.

Chapter 5: Acoustics in Zooplankton. The first quantitative
study of the relationship between the attack behaviour of a
predator and the distance of the source of an underwater
acoustic signal is undertaken (Giguere and Dill 1979). This
study provides background information necessary to design a

predation model for Chaoborus.

Chapter 6: Energetics of Vertical Migration. I reexamine

McLaren”s (1963) metabolic efficiency hypothesis regarding
energy savings accrued to vertically migrating animals in
temperate latitudes. I combine several components of the feeding
of Chaoborus larvae, and I compare energy budgets based on two
alternative migratory tactics. I then determine which tactic
permits a maximization of net energy returns per unit time.
Based on these results, I consider whether observed patterns of
larval Chaoborus vertical migration can be accounted for on an

energetic basis (Giguére and Dill 1980).



GENERAL DISCUSSION: I examine size selective predation in
Chaoborus larvae by breaking down the process into a passive
component (prey size dependent encounter rates and strike
efficiency) and an active component (behavipural choice mediated
by “hunger”). I compare the feeding pattern of invertébrate
predators with that of fishes based on a facultative planktivore
from O"Brien"s (1979) review. I assess their respective impact
on zooplankton populations, cénsider their competitive
interactions and their importance to the structure of

zooplankton communities.
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B. MATERIALS AND GENERAL METHODS
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Animals were collected from Gwendoline Lake, British
Columbia (see Northcote and Clarotto 1975 or Neill and Peacock
1980 for a brief description of some lake characteristics). They
were stored in an aquarium at i3 C under a 12:12LD cycle.

Because 4th instar larvae of Chaoborus trivittatus undergo

extensive diel vertical migration in the field, they were
expected to Se pre—adapted to a wide range of temperature -
conditions and acclimation was felt'tp be unnecessary. The
average length of larvae used in most experiments (with standard
error) was 14.8 (0.95*SE) mm based on photographic estimates
obtained in the laboratory. When necessary, larvae’were
separated into “0ld” (at least one year old, ~16 mm long) and
“young” (a few weeks 0ld, ~13 mm) individuals (categories from
Fedorenko and Swift 1972).

Diaptomus copepods were used as prey. They were visuaily
separated into 4 approximate size categories (unless otherwise
indicated): I- D. leptopus (S.A. Forbes) 1.00-1.29 mm in length;
II- D. kenai (M.S. Wilson) 1.30-1.59 mm; III- D. kenai 1.60-1.89

mm; and IV- D. kenai 2.00-2.39 mm. Prey volume was determined

from a formula in Edmondson and Winberg (1971). This range of
copepod sizes covefs the bulk of the diet of the 4th instar

larva of C. trivittatus in coastal lakes and ponds near

Vancouver, British Columbia (Fedorenko 1975a, Swift 1976,
Giguére 1979). Swift and Fedorenko (1975) have also shown that

this larva cannot capture prey much longer than 2.2 mm.

12



Available facilities (growth chambers with temperature
controls) permitted four temperature treatment; for most
experiment (6, 13, 16 and 24 C). Respiration rates were
determined in a constant temperature bath at 13 and 21 C, and
digestion rates at- 6, 13 and 22 C. |

High-speed films of Chaoborus—-copepod interactions were
taken with a Ciné-8 camera (Visual Instrumentation Corp.,
Burbank, California). Larvae were not fed for at least one day
(i.e. were “starved” or “hungry”), and offered copepods as prey
(D. kenai and D. leptopus, 0.9-2.6 mm in length). Each larva was
filmed (45-150 frames/s) from abbve a small rectangular
Plexiglas container filled with 6-8 ml of lake water (at 6, 13
and 24 C).

All statistical tests (viz. t-test and analysis of
variance) were performed under the assumption of two—tailea
distributions (unless otherwise indicated) and the rejection
level was set at 0.05.

Details of specific techniques are provided in the relevant

sections of the thesis.
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C. AN EXPERIMENTAL COMPONENT STUDY OF THE FEEDING OF

CHAOBORUS LARVAE

14



1. AN ENCOUNTER MODEL FOR ZOOPLANKTON

INTRODUCTION

The 4th instar larva of Chaoborus trivittatus feeds

primarily on érustacean zooplankton by hovering in the water and
striking at prey which come close to its body (£3.8 nmm, Giguére
and Dill 1979; Chapter 5). Since (a) a larva does not pursue or
lunge at prey, (b) prey move in more or less unpredictable
directions, and (c) predator and prey live in a relatively
uniform aquatic environment, stochastic collision models could
be used to quantify their encounter process accurately. To do
so, one must imagine a suitable patch in space within which prey
are uniformly or randomly distributed, and view prey as
particles moving in random directions. These will encounter a
target volume (the ambush predator) according to a function
which will deéepend on their size and speed, and the size and

.

shape of the strike field of the predator.

15



Unfortunately encounter models presently available were
developed for spherical objects (i.e: the encounter radius of
the predator extends in every direction from a central point,
e.g. Gerritsen and Strickler 19?7), a simplistic representation
which does not apply to many predators (including thevChaoborus
larva) and restricts the use of these models. The objectives of
this chapter are therefore three—fold: first, to delimit the
effective strike field of a Chaoborus l#rva (the larva is
elongate and attacks prey along its whole body); second, to
propose a mathematical formulation describing the rate at which
prey encounter this strike field (i.e. the encounter process
between randomly moving spheres and a stationary cylinder); and
tHird, to demonstrate the suitability of this model for making
accurate quantitative predictions by comparing its output with
encounter data collected in the laboratory (using copepods.as
prey). I also discuss applications of the model to field

situations.
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Section I- THE STRIKE FIELD OF A CHAOBORUS LARVA

"Methods

I aftempted to determine the configuration of the‘strike
field of a “starved” 4th instar larva of Chaoborus by filming
predator-prey interactions at 45-150 frames/s (see MATERIALS AND
GENERAL METHODS for details). The shortest distance between
copepod prey (Diaptomus species) and the centre of the pre&ator
at the moment of attack was measured on film perpendicularly to
the main body axis of the predator. Since these measuremenﬁs are
of a projection of fhe position of the prey onto the
two—-dimensional horizontal plane through the predator, they
underestimate true attack distances and are referred to as

apparent attack distances.
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Results

Apparent attack distances did not vary significantly
between temperature treatments (ANOVA, F= 1.034; d.f.= 2,188;
p= 0.36) and the data were pooled. Prey size was regressed on

attack distance but the coefficient of determination was not

significant (r>= 0.0006; d.f.= 1,189; slope= -0.05; p= 0.62). I
grouped observations at 2 mm intervals along the larval body
(the first and last interval are open) and plotted all cases
where apparent attack distance was > 1 mm (Fig. 1). In this way,
biases due to the effect of the contour of the body of the larva
on apparent attack distances were eliminated. It was then’
possible to carry out statistical comparisons for data collected
towards the outside of the attack field of the larva and
determine its configuration. The mean values from the seven
different regions did not vary significantly (Table I; F= 0.71;
d.f.= 6,96; p= 0.64), a fact suggesting that Chaoborus attacks
extend at comparable distances along the entire body. Attack
frequencies showed a marked decrease at distances greater than
2.2 mm from the center axis (Table II); this may represent a
threshold value set by physiological and morphological
limitations of the capture mechanism; other observations suggest
that larvae camn detect prey‘at much greater distances. Sincé

visual observations in the laboratory indicate that a larva will

attack prey above or below its body as well as to the side
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Fig.l Position of copepods (projected onto the horizontal plane
through the predator when filmed from above) at the moment
of attack by the 4th instar larva of Chaoborus trivittatus.
The data (left and right sides pooled) are grouped at 2 mm
intervals (1 to 7) along the larval body. Apparent attack
distance is measired perpendicularly from the long body axis
to the nearest position of the prey at the time of attack.
The hatched and dotted lines circumscribe areas which
include about 93%Z of all observations.
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Table I Apparent attack distance at seven different intervals
along the body of “hungry” 4th instar larvae of Chaoborus
trivittatus (see Fig. 1) feeding on Diaptomus kenai
(a copepod).

Interval # 1 2 3 4 5 6 7
Mean (mm) 1.80 1.79 1.76 1.74 1.94 2.12 1.60
Variance 0.29 0.29 0.32 0.37 0.32 0.69 0.16
Sample size 20 25 19 14 8 11 .6

20



Table II Frequency of attack on copepods by the 4th instar larva
of C. trivittatus as a function of apparent attack distance
(see Fig. 1).

Apparent attack Number of
distance (mm) observations

0.00-0.20 29
0.21-0.40 12
0.41-0.60 17
0.61-0.80 19
0.81~-1.00 15
1.01-1.20 27
1.21-1.40 ' 17
1.41-1.60 9
1.61-1.80 11
1.81-2.00 4
2.01-2.20 13
2.21-2.40 4
2.41-2.60 1
2.61-2.80 1
2.81-3.00 3
3.01-3.20 2
3.21-3.40 0
3.41-3.60 0

2

> 3.61
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(except for dead spaces directly behind, and directly in front
and just above its head), this threshold value determines a
roughly cylindrical effective strike fiéld for the Chaoborus
larva (the area inside the hatéhed line in Fig. 1 encloses 93%
of all attacks observed on film). |

A functional definition for “encounter” can then be
developed to collect visual observations of predator-prey
interactions in the laboratory, and to test the model (Section
IIT). I scored an ’edcountef’ whenever prey entered the volume
of space found within 2 mm of the surface of the body of a larva
(represented in a horizontal plane by the dotted 1line in Fig.
1), i.e. not with respect to the sensory apparatus of the
predator but rather with respect to a volume o} space within
which prey become vulnerable to attack (whether or not prey
detection occurred). It is simple and easily ascertained with a

millimetric grid affixed to the bottom of experimental arenas

(see Section III of this Chapter and Chapter 2).
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Section II- DESIGNING THE ENCOUNTER MODEL

A general model of encounter

Having outlined a c¢ylindrical strike field in the Chaoborus
larva, I will derive a general formulation of the encounter
problem for a statiomary cylinder of lenggh L and diameter H
centered around the coordinates z= r= 0, and spheres of diameter
d which are uniformly distributed and move at constant velocity
(v) in random directions.

My aim is to calculate the encounter rate (E) that will
serve as the input parameter for a Poisson distribution (té
yield exact probability of capture). This rate can be evaluated

by considering the probability of encounter (P) between N

spheres and the cylinder over a small interval of time At:
E= "N x P/ At (1)

However P will depend on the position of the spheres in the
space around the cylinder and the probabilities will have to be
integrated over the entire available space (Vtot) to evaluate E.

Furthermore, since P= 0 when the spheres are located at greater

23



distances than v At from the cylinder (they cannot reach the
cylinder during At), this defines (a) a volume of space outside
of which the chance of encounter during At is nil, and (b) a
volume of space next to the cylinder (Vc) where a sphere will
contact the cylinder during the next short time interval At if
it is moving in the right direction. In Fig. 2, half of this
volume is represented in a plane by the area enclosed by the
dashed lines.

The probability of encounter P(r,z) inside Ve is given by
&)&r,z)/&ﬂ', where Sz(r,z) represent solid angles subtended by
the volume resulting from the intersection of the cylinder and a
volume of radius v At centered on r,z. One solid angle is
illustrated in a (r,z) plane on Fig. 2. By integrating over

these small portions of volume dV, the rate E is then:

E= 1 . n J'P-dV = n Sz(r,z) . Model 1
At 4T

where n= N/Vtot or the density of spheres. The last integral can
be considered as an equivalent volume Vwl equal to Vc weighted
by the probability that a sphere can contact the cylinder during

At.
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Fig. 2 Representation of the general encounter problem between

spheres and a cylinder assuming that spheres are uniformly
distributed and moving in random directions. “A°, the area
extending from the z and r axes and delimited by ‘the dashed
line represents in a plane the volume of space within which
the center of a sphere can contact the surface of the
cylinder during a short time interval (At) if it is moving
at speed v towards the cylinder. Only one half of “A7 is
shown here for simplicity. By rotating A" around the z
axis, one obtains a contact volume Vc (see text for
explanation). The points represent a grid of 22 x 10
uniformly distributed points from which one can determine

(r,z), the solid angle subtended by the cylinder and a
volume of radius v At (volume B), and determine the
likelihood that a sphere is moving towards the cylinder.
This allows numerical evaluation of Model 1.
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1
Vwl has been numerically evaluated for a normal range of

prey speeds (see Eqn. 4 below), predator strike diameters (H)
(from Section I above, Giguere and Dill 1979; Chapter 5) and
sphere dlameters (d). In such a geometric model, the size of
prey is taken into account by considering a cylinder whose
dimensions are increased by the diameter of the sphére
("= H+ d, L= L + d), in interaction with dimensionless prey.
This numerical solution (Table ITII, column 3) can be
obtained for examp}e by computing the solid angles for 22x10
uniformly distributed points within the area A/2 as shown in
Fig. 2. The integration over Vc is then calculated in polar
coordinates. The solid angles are given by: S:( sinQ dQ qu.
When v At is tangent to the cylinder, there is agreement with
solid angle tables based on an integration formula (Guest 1961
and Masket and Rodgers 1962); elsewhere, the limits of
integration must be modified accordingly. The accuracy of the
estimate of Vwl obviously improves with the number of points
used in the calculations (Kr and Kz 1in Table III represent the
number of radial and axilal intervals respectively). for exanmple,
in the case of a spherical model for which both analytical and
numerical solutions are presently available, the 7% error
introduced by using a numerical solution is <0.5% using ten

radial intervals.

W G - . —— o " ot o

1 An analytical solution has since been proposed (J. Gerritsen,
pers. comm.). It yields estimates which are within 0.3% of my
numerical solution.
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Table II1 Weighted estimates for the volume of space within
which a sphere will contact a cylinder during the next short
time interval t if it is moving at speed v towards the
surface of the cylinder using an exact formula (Vwl from
Model 1) and an approximate formula (Vw2 from Model 2). This
was carried out for several cylinder radii (H+d= 1, 3, 5 mm)
and two prey speeds (v= 0.5 and 5.5 mm). L+d was set equal
to 15 mm. The number of points used in the calculations are
given in column 6. Kr and Kz represent the number of radial
and axial intervals respectively.

H+d v Vwl Vw2
3 3 Vwl/Vw2 Kr x Kz

mm mm/s mm mm
1 0.5 6.1 5.1 1.183 20 x 32
1 5.5 66.8 56.4 1.183 24 x 26
3 0.5 19.4 16.2 1.198 16 x 32
3 - 5.5 213.2 178.0 1.198 14 x 26
5 0.5 34.3 28.3 1.214 18 x 32
5 5.5 377.0 311.0 1.212 16 x 26
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A simple model‘2£ encounter

The procedure outlined aﬁove is cumbersome, and I was
interested in finding an alternate formulation of the’model
which possesses a simple analytical solution and yet produces
realistic estimates of encounter rate. For simplicity”s sake,
assume that spheres are moving exclusively along a set of three
axes tha; are perpendicular to the symmetry of the system (i.e.
the cylinder). The prey can then approach the cylinder from six
orthogonal directions (+x, —k, +y, -y, +z; -z) with equal
likelihood.

Once more, it.is possible to delimit a contact volume (from
v At, the dimensions of the cylinder and the spheres moving
along perpendicular axes) within which a sphere can contacf the
surface of a cylinder during a short time interval. To find this
contact volume (V), let us recognize 2 characteristic directions
from which prey may approach a predator: from the. ends of the
cylinder (yielding §olume A in Fig. 3) or else from the sides,
above or below (yielding volume B in Fig. 3). V is then equal

to:

’

V= v At [ 4 (d+L) (H+d) + 27T (.*21+ _;1) 2 ] (2)
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Fig. 3 Representation of a simplified encounter problem between
spheres and a cylinder assuming that spheres move along axes
perpendicular to the symmetry of the cylinder (see text for
explanation). “A” represents the volume of space within
which a sphere can contact the surface of the cylinder
during a short time interval (At) if it  is moving at speed v
towards the end of the cylinder. "B” defines this volume for
a sphere moving towards the side of the cylinder.
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. ‘The probability that the prey is moving towards the:

predator is 1/6, and Vw2= V-(1/6). The encounter rate is then:

2 2 Model 2
[ 3 (d+L) (H+d) + T (H+d) ]
12

_ N. v
E= Vtot

-As desired, this analytical formula is simple, and based on
. experimental parameters (v, d, H, L, N, Vtot) which are easily
measured. To ensure that it yields good results numerically, I
compare Vwl and Vw2 (columns 3 and 4 respectively) in Table III
(column 5). The results show that Model 2 underestimates the
exact values obtained from Model 1. The error remains
consistently around 20% (over a wide range of possible
combinations for prey speed and predator strike diameter).
Estimates derived from Model 2 can thus be corrected by a simple

multiplicative factor (~1.2).

Model parameters

In order to compare the output of the model to encounter
data collected in the laboratory (i.e. Chaoborus-copepod

interactions), I must choose appropriate parameters values for
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the model. The characteristic dimensions of the cylinder
representing the strike field of the predator are: L= 18 mm and
H= 4.4 mm (see Fig. 1). Vtot was set equal to 75 ml, (see
Section III of this Chaptér).

The diameter of the spheres was set equal to the maximum
width (w, in mm) of a copepod measured in the cephalic area
under a binocular microscope. For D. kenai and D. leptopus, this
relates to length (1, in mm) as follows (r&= 0.98, n= 24,
p< 0.01):

w=  0.3456 1 -8354 (3)

The speed of copepods (D. kenai only) was determined from
high speed films (see MATERIALS AND GENERAL METHODS).
Measurements were taken from individuals travelling along
straight path segments, their primary mode of locomotion in the
laboratory. The data were grouped according to prey size at
0.2 mm interﬁals, and a polynoﬁial equation was fitted by a
least squares method to the mean of each group. Since group
sizes were unequal, this was preferred to fitting indiﬁidual

data points. The relationship was:

a T
v (mm/sec) = -0.53 + 2.15 1 - 0.153 1 (4)
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This formula is approximate since it ignores stops and
quick bursts of speed exhibited by diaptomid copepods.
Nevertheless it represents the overall conditions prevalent in
this system, and is consistent ﬁith the data of Swift and

Fedorenko (1975) for the same species.

Section ITII- TESTING THE MODEL

. Methods

One predator was presented with 3 or 6 (N) prey of any of
four size categories (I to IV, MATERIALS AND GENERAL METHODS)
inside rectangular experimental arenas containing 75 ml of.lake
water (Vtot). All prey size categories were presented at 13 and
24 C unless otherwise indicated. An “encounter” was scored
whenever a part of the body of a prey (excluding antennae) came
within 2 mm of the surface of the body of the predator‘or an
attack occurred. More details are given in Chapter 2.

Two separate tests were carried out: (1) I compared the
frequency of encounters per minute in 24 consecutive 1 min
~intervals to that expected from a Poisson distribution (Sokal
and Rohlf 1969) to determine whether they were distributed

randomly over time (13 C and 6 prey/arena). Goodness of fit was



checked with the Kolmogorov—Smirngv test (Siegel 1956); (2) I
cgmpared the encounter data to predicted values derived from
Model 2. Since predator and prey tend to aggregate near a
water—-Plexiglas interface, and the Plexiglas surface bl;ﬁks prey
from approaching the predator from that particular aifection, I
had to assess the importance of these factors in order to
"correct for potential biases.

Given a predator of cylindrical attack field of 2.2 mm
radius and the assumptions of Model 2, and assuming furthermore
that prey need a space equivalent to their own body length for
turning and manoeuvering purposes, I considered that a Plexiglas
wall within 6 mm of the long body axis of a larva prevented prey
from approaching the predator from that particular direction and
produced a shadow effect (this value is for a copepod 1.9 mm
long; a sligﬁt bias results with respect to prey size). I ﬁarked
the inside ofvthe arénas 6 mm away from each wall, and
delineated three zones according to whether they were bounded by
one wall (zone b), two walls (c) or none (a). Their volumes were
assessed graphically and expressed as 7% of tbtal volume (CFO).
Everything else being equal, the number of encounters in each
zone should be proportional to their volume, and the expected
number of encounters in each zone would equal CFO times the
total number of encounters for an arena. To take into account
unevenness in the distribution of predator and prey among zones

and shadow effects by Plexiglas walls, I designed a correction
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term (CF) for each zone as follows. First I estimated: CFl/CFO,
where CFl= the proportion of prey found in each zone as
determined from photographs (top and side view) taken at 1 min
.1ntervals for 14 mins from 6 afenas (prey size categories I and
\ .
III, 24 C); CF2/CFO where CF2= the proportion of time spent by
predators in each zone, i.e. where at least 50% of its body
lies, during feeding experiments (from event recorder charts;
prey size'categories III and IV only); and CF3, a term which
represents the proportion of the cylinder which is not
“shadowed” by the presence of Plexiglas walls for each zone (a
value of one indicates no “shadow”™ effect). I then multiplied
these factors and CFO together for each zone, and summed them to
obtain a global correction factor for bias in the laboratory
experiments (CF= 1.035; Table IV). This value suggests that the
extent to which predator and prey aggregate near Plexiglas.walls
(these trends are significant) is nearly compensated for by the

fact that a wall prevents prey from approaching a predator from

a particular direction (for these arenas).
Results
The agreement of observed encounter frequencies during 1
min intervals with predicted values from a Poisson distribution

was good (p20.20, Table V). Large prey may have encountered the
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Table IV Summary of data used to compute a correction factor
(CF) which takes into account uneveness in predator and prey
distributions within experimental arenas, and restrictions
on the directions from which prey can approach a predator
when Plexiglas walls are present (see text for explanation).

I
Zone a b c | Sum
I
Bounded by no wall 1 wall 2 walls I
|
CFO: 7% of total
volume in zone 44,7 47 .7 7.5
CFl: % of prey
in zone 23.1 60.0 16.9
CF2: 7 of time
spent by p
predator
in zone 3.2 39.0 57.8
CF3: Correction
for encounter
in presence of
wall(s) 1.0 0.72 0.50
CF1xCF2xCF3
CFO0x100 0.017 0.368 0.650 1.035
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Table V D-statistic (from the Kolmogorov-Smirnov test) for
goodness of fit between expected encounter frequencies
during 1 min intervals assuming a random (Poisson) process
and data collected in the laboratory for copepods and 4th
instar larvae of C. trivittatus. Data were collected at 13 C
for prey size categories I to IV and at a density. of
6 prey/arena. For n=24 one minute intervals, p30.20 when
D<£0.212 (Zar 1974).

Prey size categories

Replicate
I 11 I11 v
1 0.046 0.100 0.071 0.188
2 ' 0.033 0.200 0.058 0.204
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stfike field of the larvae in a somewhat clumped manner. Since
this coﬁld be related to some form of sexual behavior enhanced
by very high densities of adult copepods used in these
experiments, more data were obtained at low densities (two
replicates at 13 C with 1, 2 and 3 prey/arena). None éf the data
(Kolmogorov—-Smirnov test, D£0.12; n=24; p>> 0.50) indicate that
copepods encounter the strike field of a Chaoborus larva in a
non-random fashion over time. Note that although this finding
increases the plausibility of the model, it is not a test of the
assumption that prey swim in random directions (viz. this
pattern could occur even if prey swim predominantly in one
plane).

There were no significant differences between the rate at
which prey encountered the strike field of a Chaoborus larva at
13 vs 24 C (paired t-test; t= 0.02; d.f.= 7; p30.90). The &ata
therefore were pooled and analyzed in a two-way Analysis of
variance (Sokal and Rohlf 1969). There was no interaction
between prey size and prey density (F= 1.32; d.f.= 3,48; p=
0.28) but there were significanf effects of prey sizev(F= 6.34;
d.f.= 1,48; p<0.0001) and prey density (F= 40.07; d.f.= 3,48;
p= 0.001) on E. The data were multiplied by 1.035 (to correct
for bias in this system, see Methods) and compared to the
predictions derived from Model 2 (times 1.2; Table III) for the
same density and prey size categories (Fig. 4). The fit is

striking when one considers that the theoretical model was
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Fig. 4 Graphic representatlion of observed ws expected encounter
rate values of Chaoborus-copepod interactions based on
visual data collected in the laboratocry and predictions
generated from Model 2 respectively. The sglid line ‘
represents a perfect fitc. I show results for copepod size
categories I to IV (see MATERTALS AND CENFERAL METHCOLS)Y at
two prey densities {(unfilied civeles: % prey/avena; Fitled
circles: 6 prey/arena).
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derived independenfly. The error varied from ~-6.3 to 17.2% for
categories II, IITI and IV, but values as high as 20.1 and 37.0%
wére obtained for category I. Since the latter category refers
to D. leptopus and Eqn. 4 (for copepod speed) applies to D.
kenai only, the estimates for swimming speed may have been
erroneous. I conclude that the model is consistent with
laboratory data given proper input parameter values.

Note that an “encounter” refers to the entry of prey within
the strike field of a predator regardless of prey detection by
the predator. By determining empirically what proportion of
“encounters” result in an attack by the larva, it is possible to
generate descriptive estimates of predation rates in
chaoborines. For example, I show in Chapter 2 that 467% of
copepods entering the strike field of the 4th instar larva of

C. trivittatus are attacked regardless of prey length (0.9-2.6

mm), prey density (1, 3, 4 or 6 prey/arena) or temperature (6,
13 or 24 C). A similar value was also obtained using Daphnia

roseé as prey. A wider range of prey sizes (i.e. smaller prey)
will have to be used in future experiments to cover adequately

the potential range of food items accessible to this larva.
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DISCUSSION

An analytical formula was derived which yields estimates
for the encounter rate between moving spheres and a stationary
cylinder. This approximate solution was congruent with an
“exact” solution obtained from a general formula solved with a
numerical method (where I estimate the angles subtended by a
solid). Since these techniques can be applied to volumes of
different shapes (e.g. cone, ellipsoid, etc.; Masket and Rodgers
1962), this method could be applied to solve encounter problems
for other organisms living in a fluid ‘environment. Many
predators lie in ambush until a prey comes within a short
distance and then launch an attack to subdue it (e.g. some
chgetognaths in the marine environment, Feigenbaum 1979). The
size and shape of their strike field will depend on the
morphology and physiology of the capture mechénisﬁ, and
non—-spherical collision models will often be necessary.

In the case of the Chaoborus larva, I have shown that it
possesses a strike field which is approximately cylindrical, .and
that it is possible to derive a simple collision model to take
this into consideration. The model predictions agree well with
observations collected in the laboratory (i.e. thé rate at which

copepods approach within 2 mm of the body of the larva).
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Furthermore, the data indicated a random pattern of distribution
of “encounters” over time when copepods were used as prey. These
experimental verifications lend support to the model, atvleast
for simplified laboratory universes. To determine whethef the
proposed model accurately represents the opportunities of
Chaoborus larvae to feed on zooplankton in their natural
environment, I must examine the plausibility of its underlying

assumptions.

(1) The predator is stationary. Whether the movements of

the larva will affect predicted rates of encounter will depend
on the.intensity levels of displacement. Observations in the
laboratory suggest two principal modes of locomotion in the
Chaoborus larva: a jack—-knife motion while traveling rapidly
from place to place (i.e. swimming), and a slow sinking motion
resulting from changes in buoyancy mediated by the tracheal sacs
(see Teraguchi 1975). Whefeas the former is not accompanied by
strike movements upon encountering prey, the iattér is and it
may be considered as a form of searching and/or stalking.
Obse;vations in the field and the laboratory suggest that 4th
instar larvae of Chaoborus do not “search” or “stalk”
extensively and that relatively low speeds (£ 1 mm/s) are
involved (if prey change direction frequently in more or less
unpredigtable fashion, this tactic would have a limited

success).
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On the other hand, 1f larvae “search” or “stalk” while
vertically migrating (when prey are expected to come
predominantly from a particular direction, see below),
substantial increases in encounter rates may be possible.
According to Pastorok (1978), larval migration of 4thvinstar

C. trivittatus at realistic speeds of about 0.9 mm/s will

increase encounter rate with prey by less than 10Z%Z. His estimate
is based on the assumption that the encounter field of the
predator is a sphere (its size was set equal to the volume of
the strike field Eased on observations of predator—-prey
interactions). Although this method is inexact and
underestimates encounter rates by 28-42% relative to the present
model, it indicates clearly that a larva cannot greatly affect

its encounter rate with prey through this behavior.

(2) Prey are épherical. Whereas this approximation appears

to hold for copepods, prey of different shapes may not»be so
easily incorporated intq the model. Unfortunately it may be
difficult to determine the effective size of spherical prey
objects which are equivalent to real prey over a wide rangé of
prey size or length. Two factors mitigate this problem: (a) prey
are very small relative to the strike field of the predator, and
the latter will be more important in determining the encounter

process; (b) prey swimming speeds are often strongly positively

correlated with prey size (Eqn. 4 above, Swift and Fedorenko
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1975) and the model will be most responsive to changes in
swimming speed of pfey as prey size increases. Small errors in
estimating the effective size of prey will be negligible by
comparison. It should also be noted that the model ignored the
presence of antennae in copepods and that large individuals may .
use their antennae to detect predators‘before the main part of
their body comes within striking distance of the predator. This

possibility needs further study.

(3) Prey swim at constant speed and in random directions.

Movement patterns of copepods inclgde rolis, loops, suddén
jumps, sprints for fast escape, éhases related to sexual
behaviour, etc. Based on observations in the laboratory, their
most predominant locomotory behaviour consists of relatively
slow displacements along straight path segments (while
“filter-feeding”) interspersed with sudden jumps or changes of
direction of éﬁort duration. This pattern of behaviour 1is
consistent with the model since it generally involves movement
at constant speed, and frequent changes in swimming direction
may result in prey approaching the strike field of the predator
from random (or unpredictable) directions.

Unfortunately, it is not likely that this pattern holds '
under all circumstances; For example D. kenal which is the

favored prey of this larva (see MATERTIALS AND GENERAL METHODS

and Chapter 6) undergoes regular vertical migration (viz.
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directional swimming). It is therefore important to assess the
"importance of preferential swimming directions by prey to the
eﬁcounter process by looking at the symmetry of the stfike field
of the prédator (i.e. compare the encounter rates for prey which
move in a Vertical vs a horizontal plane where a prey can
approach the predator not only from two sides but from the ends
as well). For copepods 1.7 mm long at a density of 0.04 prey/ml,
and other parameter values given on the section on model
parameters, I predict 0.0039 encounter/s in the former case and
0.0047 encounter/s in the latter. Therefore a difference of 20%
exists under the worst possible assumption, i.e. the prey are
moving exclusively in one plane. If copepods move more generally
in both planes in various proportions as suggested by laboratory
observations, a smaller error would result.

'

(4) Prey are uniformly distributed within a patch. This

condition can be relaxed to include cases where the prey are
randomly distributed, but the major problem consists of defining
an appropriate time scale and the patch size while taking into
account the tendency of prey to aggregate in specific areas. A
patch must be sufficiently small to yield a fairly uniform
distribution of prey (in spite of the fact that on a large
scale, prey are unevenly distributed in natural environments,
particularly so on a vertical scale) but not so small that a

significant number of prey move in and out of it over short
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periods of time. In other words, one must define an
instantaneous rate of encounter for a predator entering a new
patch, and apply the modei sucgessively as the predator travels
from patch to patch over time. The relevant scale of predation
dynamics should be determined by potential directional movements
of the predator or the prey, e.g. vertical travel.

The time scale should depend on the ;mount of time
necessary for a copepod to pass through a patch while swimming
in a straight line. Given speeds <6 mm/s (Eqn. 4 above, Swift
and Fedorenko 19755 and a patch size of 1 mg(Gerritsen and
Strickler 1977), a value of 2 1/2 min is obtained. If swimming
generally occurs in a more random fashion (few species migrate
extensively and those that do only do so for 1 or 2 hours
daily), this estimate could be revised‘upwards considerably.

In conclusion, the assumptions proposed for the model seem
adequate to represent prevailing conditions encountered by
Chaoborus larvae in natural systems. Because (1) predator and
prey live in a relatively uniform environment, and (2) the
larvée attack in response to acoustic stimuli produced by their
prey and the propagation of these signals in water is not
altered greatly by biotic or abiotic factors in the environment,
the model can be directly transposed to solve encounter probiems
for,larfae in a field situation. However, this will first
reguire extensive knowledge of predator and prey distribution in

the field.
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2. THE COMPONENTS OF PREDATION

INTRODUCTION

Body size plays a central role in the ecology of aquatic
predators. Food size or ration size affects the growth and/or
reproduction of aquatic consumers (Nakamura and Kasahara 1956,
Parker and Larkin 1959, Le Cren 1958, Paloheimo and Dickie 1966,
Gliwicz 1969, Kerr 1974, Galbraith 1975, Petrova et al. 1975,

Hillbricht-TIlkowska 1977, Morgan et al. 1978, Sprules and Holtby

1979, Vermeer et al. 1979, Wankowski and Thorpe l979, Vidal
1980a,b,c,d) and hence competitive processes (i.e. the
size-effieiency hypothesis, Brooks and Dodson 1965, Dodson
1974a; see Hall et al. 1976 for a review). Size selective
predation by visual predators (Ivlev 1961, Hrbacek et al. 1961,
Hrbacek 1962, Brooks and Dodson 1965, Galbraith 1967, Houde
1967, Brooks 1968, Dodson 1970, Hall et al. 1970, Wells 1970,

Hutchinson 1971, Zaret 1972, Nilsson and Pejler 1973, Kerfoot
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1975, 0°Brien 1975) and non-visual “invertebrate” predators
(McQueen 1969, Anderson 1970, Dodson 1974a, Kerfoot 1975, Smyly
1976, Confer and Cooley 1977, Rerfoot 1977, Lynch 1979, Neill
and Peacock 1980) has also been shown to have a substantial
impact on the size and species composition of pelagic‘
zooplankton assemblages.

In spite of the fact that size selective predation affects
ma jor ecological processes in aquatic communities, and has
played a major role in the development of ecological theory
(feeding niche and optimal foraging), ecologists have ﬁot
satisfactorily apportioned the size selective process to
individual components of predation. The efficiency of prey
capture will vary with the relative sizes of the antagdnists
.(this has rarely been quantified accurately, Werner 1977; see
DISCUSSION for some exceptions), and encounter rates with brey
will often depend on predator and prey sizes, because reactive
distances are often size-dependent, and speeds of movement of
animals are often correlated with body size. Yet simple
prey-density—-dependent predétion functions are generally used in
ecological studies (e.g. functional response, Solomon 1949,
Holling 1965; for a review of other models see May 1976 and
Hassell 1978) and significant featpres of the dynamics of
predator-prey interactions can be lost in the process of

simplification.
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Detailed studies of components of fish predation have been
carried out. Several prey detection models are available (e.g.
Ware 1973, Confer and Blades 1975, O“Brien et al. 1976, Confer

et al. 1978, Eggers 1977) and fish metabolism has been
extensively studied (see Elliott 1979). Unfortunately‘
comprehensive detailed studies are lacking for invertebrate
predators. Because predation by small invertebrates occﬁrs at a
different scale of predation dynamics than that of relatively
large fishes, component studies are needed to reveal the nature
of the interactions of invertebrate predators with zooplanktonic
preye.

Therefore I undertook quantification of the feeding of the

4th instar larva of C. trivittatus on copepods, emphasizing the

effects of size on the components of predation. Little detailed
information is available concerning predation rates in
chaoborines. Body size is known to affect prey selection (Allan
1973, Swuste et al. 1973, Swift and Fedorenko 1975, Smyly 1980,
Vinyard and Menger 1980, Winner and Greber 1980),. but none of
these studies (except for Swift and Fedorenko) used prey which
had uniform body plans, comparable escape abilities (Kerfoot

1978) or known swimming speeds (Smyly 1980). Thus they have

limited usefulness.

48



MATERIALS AND METHODS

Fourth instar larvae of C. trivittatus were allowed to

attack prey (D. leptopus and inkenai) inside rectangular arenas
in the laboratory. A trial consisted of a 12-60 min |
confrontation (usually 24 or 36 min). The duration was pre-fixed
(in 12 min increments) according to prey density. This procedure
was repeated until a sufficient sample size was achieved for one
treatment'category (i.e. one particular combination of predator
size, prey size, prey density and temperature). Detailed visual
observations of predator-prey interactions were recorded to
gquantify components of predation as follows (where Pr=

probability of):
Pr(capture)= Pr(encounter) x Pr(strike) x Strike efficiency (5)

To estimate Pr(encounter), encounter rates (m, in #/min)
were estimated (see below) and used as input parameters for a
Poisson probability distribution. Pr(strike) and strike
efficiency were expressed as proportions of total numbers of
encounters and strikes respectively.

I scored an “encounter” whenever a part of the body of a

prey (ekcluding antennae) entered a cylindrical volume of space
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within 2.0 mm of the surface of the body of the larva (this
value included 93%Z of the total number of attacks observed on
high-speed films, see Chapter 1), or an attack occurred. Thus an
“encounter” was usually scored fegardless of prey detection by
the predator. This division of the space around a larvé was
chosen for practical reasons (see GENERAL INTRODUCTION). It
provides all the necessary information to construct a
descriptive model of Chaoborus predation.

I report here the results pertaining to first prey capture
by a “hungry” larva; the effects of “hunger” on the components

of predation will not be considered at the present time.

Section I- The effect of prey size, prey density and temperature

on components of predation

.

Observations and data analysis. Predator-prey interactions

were monitored by looking down into two juxtaposed arenas.
Observations were noted with the help of event recorders running
at minimum speed of 3 cm/min (Esterline Angus models A620X and
minigraph). Events were coded and decision rules established to
deal with some rare but potentially confusing situations in a

consistent manner (e.g. a prey moving more or less parallel to
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the encounter volume is scored only once). The observer prepared
the apparatus, assigned predators to treatment cells “randomly”
(sée below) and introduced prey into the arenas. Since deciding
that an encounter had occurred involved judgment on the part of
the observer (similar to an umpire calling strikes in 5aseba11),
an initial training period of 33 hrs was needed until consistent
oBservations were obtained. Grids were glued to the bottom of
the arenas to help in making this decision.

Because of various constraints in running these
experiments, predators were re—used for periods of 1-3 weeks.
Consequently, the data lack independence in a stastistical sense
although randomization (by dice throw) was carried out whenever
possible. A stastical analysis (F-test) comparing variances in
time to first capture within and between individuals indicated
no significant differences (p20.25 for all treatment categories
tested). Conéequently statistical bias due to a lack of

independence should be slight.

Experimental arenas. Small containers were assembled out of

0.6 cm Plexiglas. The inside dimensions of each chamber were:
height= 4.5, width= 5.0 and depth= 4.0 cm. They were calibrated
for volume and a fill line was drawn to show 75 ml. These small
dimensions avoided excessive heterogeneity in patterns of
distribution of prey without affecting the strike efficiency of

the predator in any appreciable manner (strike efficiency within
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0.6 mm of Plexigias vs away from it, fa= 0.46 and 0.12 for tﬁo
prey size categories at 13 C; d.f.= 1l; p> 0.50). Moreover I have
already shown (Chapter 1 Section III) that increases in rates of
encounter due to the tendency of the predator and the prey to
aggregate in the vicinity of a Plexiglas wall are neariy
compensated by a “shadow”™ effect since prey cannot approach the
predator from this particular difection. Consequently relatively
unbiased encounter rates are presumed to océur within these

arenas.
!

Predator handling. Very small and very large larvae were
individually removed from field saﬁples to ensure uniformity of
size (mean length= 14.8 mm +¥0.95 SE), and individuals were
placed singly - into an arena. This eliminated the possibility of
predator interference. The larvae were given 3 days to become
familiar with their new surroundings and fed 2-3 times in a
simulated experiment: They remained permanently in a particular
arena to keep disturbances to a minimum. Individuals were
generally “starved” 1-3 days before being used in a trial
(dgpending on convenience) since early results showed that time
to first capture did not vary significantly for starvation
periods upwards of 1-2 weeks. All individuals tested had an

empty crop.
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Prey handling. Inter—-specific differences with respect to

vulnerability to predation were assumed not to exist, except for
those that are reflected in body size (see results below). To
start a trial, a number of prey of a given size category were
put inside an arena using a piece of plastic window screening.
Individuals showing signs of damage were immediately replaced.
This method of introduction resulted in slightly higher levels
of prey activity at the beginning of a trial, but an otherwise
stable pattern of activity seemed to hold for at least one hour.

Treatments. Four treatment factors were initially

considered, but early results showed that light did not
significantly affect time to first capture (t= -0.99; d.f.=39;
p20.30) and a standard setting of 1600 Lux was adopted
thereafter. Treatments Comprised four levels of prey size
(categories I to IV, see MATERIALS AND GENERAL METHODS), three
levels of temperature (6, 13 and 24 C) and six levels of prey
density (1, 2, 3, 4, 6 and 9 prey/arena). Not all possible
combinations of these levels were investigated, and two
densities were most commonly used thrdughout (3 or 6
prey/arena). All but the lowest prey density represent food
concentrations greater than normally encountered in the lake.
This was necessary to generate a sufficient number of
observations over short time periods. It was assumed that there
was no effect of density on Pr(strike) or strike efficiency (see

results below).
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Section II- The effect of predator body size on Pr(capture) and

some components of predation

The experiments described above did not include a complete
range of larval sizes. I investigated separately how predator
body size affects prey capture by running one series of
experiments (13 C, 6 prey/arena) using three predator length
categories (11-12, 13-14 and 15-16 mm). Pr(capture) was
determined directly for all four prey size categories using the
geometric distribution (Appendix TI). Some visual observations
were also collected to quantify components of predation (right
hand side of Eqn. 5) according to the methods previously
described in Section I above. However, since sample size waé
small (n= 8) and these data are incomplete (I have visual
observations for prey size categories I, II and III only), the

individual components of predation are dealt with summarily.
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RESULTS

Section I- The effect of prey size, prey density and temperature

on components of predation

1. Pr(encounter). To obtain a uniform composition of prey
sizes, and in order to ensure consistency in scoring
encounters, the encounter data were collected over a short
period (10 days) in June 1977. Mean encounter rate values
(m) are summarized at the top of Table VI. Significant
effects (see statistics on p. 37, Chapter 1) of prey dénsity
and prey size (but not temperature) on m were found. These
values were converted to a probability estimate by making
use of the Poisson distribution. Since the larva can only
capture one prey at a time, the opportunities for capture
can be best described by adding up the probabilities that
there occur one, two, three, etc. prey within the strike
field of the predator (one minus the zero term of the
Poisson distribution, m*= (1 - e —mB. These values are also

given in Table VI.
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Table VI Encounter parameters between copepods and the attack
field of the 4th instar larva of C. trivittatus for four
prey size categories (see MATERIALS AND GENERAL METHODS) and
two prey densities (3 and 6 prey/arena). m= mean encounter
rate in #/min (¥ 95% C.L.) m*= Probability that at least
one encounter occurs in one minute (see text for
explanation).

Parameter m m*

Prey density
(#/ml) 0.04 0.08 0.04 0.08

Prey size
categories -

.203 0.405

1 0.227(.056) 0.519(.184) 0
11 : 0.443(.089) 0.737(.136) 0.358 0.522
111 0.492(.164) 1.000(.152) 0.389 0.632

v 0.557(.092) 1.214(.296) 0.427 0.703
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Pr(strike). There was no significant effect of density on
the proportioq of “encounters” which resulted in a strike
(X"; d.f.=3; p= 0.74, 0.15, 0,73 and 0.49 for 4 treatment
categories tested). The daﬁa were pooled over this variable
and are summarized in Table VII. There was no sighificant
effect of temperature or prey size on Pr(strike)
(contingency Xa; p=20.34). The pooled value for Pr(strike)
on copepods is therefore 0.459. An estimate obtained for

Pr(strike) on Daphnia rosea (~2 mm), a different type of

prey also found in Gwendoline Lake, was nearly identical

(0.472).

Strike efficiency. There was no significant effect of prey
density on the proportion of strikes which were successful
(Xa; d.f.= 1-4; p30.32 for five treatment categories
tested). The data were therefore pooled over this variable
and are summarized in Table VIII, along with results from
Swift and Fedorenko (1975) and Pastorok(1978). Their results
are similar to my findings at 6 and 24 C, but data collected
at 13 C clearly indicate a positive effect of temperature on
strike efficiency (roughly a 50% increase). It 1s presumed
that this results from different effects of temperature on
speeds of attack and escape 1n the predator and prey

respectively. Confirmation awaits the analysis of high-speed

films of predator-prey interactions.
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Table VII The percentage of copepods that enter the attack field
of the 4th instar larva of C. trivittatus and are attacked
by a “hungry” larva (i.e. Pr(strike) see Eqn. 5). The total
number of “encounters” observed is shown in parentheses.
Data were collected for four prey size categories at three
temperatures. Data were first pooled with respect to prey
density. The grobability estimates (p) are from a
contingency X% test.

Temperature

(C) 6 13 24

Prey size
categories

I - 0.373(51) 0.450(20) 0.55

II 0.443(194) 0.483(118) 0.49

111 0.456(217) 0.444(162) 0.82

v 0.493(138) 0.435(389) 0.474(880) 0.34
0.67 0.90 . p
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This temperature effect may have been confounded by an
acclimation factor since larvae were kept at 13 C when
brought into the laboratory. I investigated this possibility
by estimating strike efficiéncy over time for larvae kept at
24 C. No trends towards an increase in strike effiéiency
were apparent after three weeks. It is thus likely that the

temperature effect on strike efficiency is real.

To estimate Pr(capture), Ibmultiplied the individual
components of predation (right hand side terms of Eqmn. 5). This
simple computation is justified because there were no effecfs of
prey density on Pr(strike) or strike efficiency, and because the
two prey species did not seem to differ with respect to their
vulnerability to predation except as expected on the basislof
their hifferences in body size alone (e.g. see Table VIII). The

results are presented in Table IX.

Section II- The effect of predator body size on Pr(capture) and

some components of predation
: ot predation

Pr(capture) determined from the geometric distribution’

varied with predator body size (Table X) and the differences

were sighificant for prey size categories I and IV (extension of
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Table IX Probability that a “hungry” 4th instar larva of
C. trivittatus will capture a copepod in one minute
determined from the product of individual components
of predation (see Eqn. 5). This was done for four
prey size, three temperature, and two prey density
treatments. :

Temperature 6 13 24
(c)

Prey density
(#/ml) 0.04 0.08 0.04 0.08 0.04 0.08

Prey size
categories

I 0.020 0.039 0.026 0.051 0.021 0.040

II - 0,033 0.048 0.047 0.069 0.034 0.049
ITI 0.026 0.041 0.056 0.089 0.031 0.050

IV 0.006 0.007 0.032 0.045 0.020 0.030
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Table X Probability that a “hungry” 4th instar larva of
C. trivittatus will capture a copepod in one minute (with
sample size) determined from the geometric probability
distribution for four prey size and three predator size
categories (see text and Appendix I for explanation). The
data were first pooled with respect to temperature. The
probability estimates (p) were obtained from the extension
of the median test (Siegel 1956).

Prey size categories
Predator

sizes
1 171 111 IV
Small 0.079(8) 0.109(16) 0.047(16) 0.008(8)
Medium 0.040(8) 0.056(16) 0.056(16) 0.015(7)
‘Large 0.024(8) 0.034(16) 0.056(8) 0.056(8)
P 0.03 0.40 ' 0.64 <0.01
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the median test, Siegel 1956). It is clear that small predators

are more successful at capturing small prey than are large

predators and vice versa. Pr(strike) data did not exhibit any
recognizable trend with respect to predator body size, but
strike efficiency data showed the same significant trends as
Pr(capture). The last two sets of data were significantly
correlafed (ra= 0.50; d.f.= 7; p< .05); body size dependent
strike efficiency is thus a major determinant of pattermns of
Pr(capture) in these larvae.

Prey size had a positive effect (p< .01) on Pr(encounter);
these encounter values were collected in June 1978 and are
somewhat higher than those reported in Table VI. Predator size
had no significant effect (p= 0.09), although the trend was in
the expected direction. High-speed films of Chaoborus-copepod
interactions (see GENERAL DISCUSSION) show that attack distances

of “hungry” 4th instar larvae of C. trivittatus are not affected

by larval length within an instar. An effect of predator size on
encounter rates therefore may have been difficult to detect

given my sample size and methods.
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DISCUSSION

Prey size had a strong positive effect on encounfer rate
values. A collision model based upon theorefical considerations
of the size and speed of randomly moving particles has been
developed independently in an attempt to describe this process
accurately. It showed good agreement with the present data
(Table VI) obtained in the laboratory (Giguere et al. submitted;

Chapter 1).
The larvae generally responded to 46%Z of prey coming within
2.0 mm of their body regardless of prey length (over a 0.9-2.6

mm range) or experimental conditions. Pastorok (1980) reported

non-selective feeding by 3-day “starved” C. trivittatus 4th

instar larvae when offered the choice between two types of prey

(1.5 mm Diaptomus franciscanus and Daphnia pulicaria). My

results also suggest opportunistic feeding (with respect to prey
size or type) in “hungry” Chaoborus lafvae. However, since an
encounter with prey was not defined with respect to prey
detection by the predator, these results must be interpreted
cautiously. A broader range of prey sizes will have to be
included in future experiments. Copepods as small as 0.6 mm are
not uncommon in the lake, and there must exist a lower prey size

threshold below which prey will elicit relatively few attacks.
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Strike efficiency tends to decrease as prey size increases,
although the trend obtained at 13 C 1is not linear like the data
of Swift and Fedorenko (1975) at 10 C. Similar results have been
presented by Kerfoot (1978) for‘twp sp;cies of cyclopoid
copepods feeding on Bosmina. This effect of prey size’on strike
efficiency (along with prey size dependent encounter rate
valués, see Chapter 1, and GENERAL DISCUSSION) will be critical
in determining patterns of food size selection of larval
chaoborines.

Strike efficiency also exhibited patterns of variation as a
‘function of the size of the 4th instar larva. It is clear that
predator and prey size interact to determine patterﬁs of feeding
efficiency in this predator. This had been previously
demonstrated for one aquatic invertebrate predator using prey of
uniform body plan (Cloarec 1980). Similar data have been |
published for non-aquatic predatory insects (Dixon 1959, 1970,
Wratten 1973, Glen 1975, Evans 1976). There are also several
studies on aquatic invertebrates which deal with this problem at
the interspecific level (Brown 1974, Kerfoot 1978, Giftelman‘
1978, Williamson and Gilbert 1980). Clearly the relative size of
a predator and its prey is an important variable to control for
in feeding or growth experiments. Detailed information on the
effect of body size on individual components of predation 1is
thus necessary to predict accurately the rate of transfer of

energy between a predator and its prey.
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For the Chaoborus larva, one could argue that the size of

PSS - PN

<BE?Pgnsilekantennae and other parts of the trophic apparatus 1is
gﬂgpted to grasp prey of a particular size anqmgpgpmgpis
determines patterns of strike efficiency. An important factor
miliféfes against this morphological interpretation: Qhereas
body size varies considerably with growth within an instar,.head
length remains constant (although a variable degree of
chitinization with age, Swift and Fedorenko 1975, and possibly
of muscularization as well, could affect strike efficiency). The
most significant factor contributing to a variable strike

efficiency is therefore body size per se, through the effects of

drag, viscosity, etc. on speed of attack. Visual observations

suggest an attraction between the predator and the prey when
prey are very small and close to the bdﬁy of the predator. Prey
can be entrained by the attack movements of the predator aﬂd
remain at a safe distance from the predator”s head throughout
the attack cycle. This suggests a much closer coupling between
predator and prey sizes than was previously assumed.

An effect of temperature on strike efficiency is élso
relevant in the context of the energetics of vertical migration.
McLaren (1963) suggested that migrants can derive an energy
boost by alternating between warm, food rich surface water
layers (where feeding occurs) and cold deeper layers (where
digestion is more efficient). Swift (1976) could not demonstrate

the existence of such an energy bonus for migrating 4th instar
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C. trivittatus larvae in Eunice Lake (British Columbia), but he

suggested that diel variation in prey vulnerability could affect
his findings (although his model called for a considerable
change in prey vulnerability to alter his conclusions). Since
strike efficiency (at least for copepods) is temperature
dependent, and since D. kenal also undergoes diel vertical
migration in the field (roughiy‘in the opposite direction to
that of the larvae), predators could maximize food intake by
timing their movements to encounter “preferred” prey in the
Aappropriate temperature zone where strike efficiency is highest.
On the other hand digestion rates (Fedorenko 1975a; Chapter 4)
and respiration rates (Swift 1976, Giguere 1980; Chapter 3) are
also temperature dependent in this organisﬁ, and food
assimilation efficiency is temperature and meal size dependent
(Giguére 1981; Chapter 4). Consequently more detailed models
must be used to determine: (1) if an energy boost is possible
under simﬁlated field conditions, (2) the net magnitude of this
possible gain, and (3) what factors or combination of factors
are mainly responsible for it. Some of these factors are
considered in Chapter 6 (Giguere and Dill 1980).

Ultimately I hope to obtain similar data to examine the
effect of body size on capture efficiency for smaliler instars.
It should then be possible to determine if there exists a
continuum of resource utilization throughout the life cycle of

Chaoborus, or whether feeding occurs through discrete phases or
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stanzas as suggested for fishes (Parker and Larkin 1959). This
information would be useful in order to understand growth and
development patterns in chaoborines. Before doing so, the
present methods will be applied.to describe the effects of
“hunger” on the components of predation (Giguére in pfep.). A
comprehensive energetic model of predation by the 4th instar

larva of C. trivittatus on copepods will then be assembled.
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3. RESPIRATION AND ENERGETICS

INTRODUCTION

Two of the major problems encountered in component studies
of predation consist of evaluating what proportion of the
predator”s time is spent in foraging vs non-foraging activities
(and the various costs associated with these), and what the
actual rate of successful search is in a natural environment.
The problems are particularly acute when dealing with a
vertebrate predator searching for prey in a relativef&b
heterogeneous environment and engaging in any number of
non-feeding behaviours (e.g. social, reproductive and
anti-predatory behaviours).

To circumvent these problems, I undertook an energetics .
study of an “ambush” type of predator, living in a relatively
simple and uniform environment, and whose behavioural repertoire

consisted of a few activities whose frequencies and unit costs
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could be estimated. In Gwendoline Lake, the 4th instar larva of

C. trivittatus has no known major predator (Neill and Peacock
1980), and all of its activities (sittiﬁg in ambush, swimming
vertically and attacking prey) have feéding or feeding-related
functions. Moreover, it attacks primarily in response fo
acoustic stimuli produced by its prey (Giguere and Dill 1979;
Chapter 5), and the propagation of these signals in water should
not be altered greatly by biotic or abiotic factors in the
environment. In this way, much.of the complexity of the
interaction between predator and prey which is encountered in
component studies of visual predators is eliminated, and
laboratory results can be translated easily to a field
situation. In this chapter, I present results on respiration
rates pertaining to the negative terms of the energy budget of

the 4th instar larva of C. trivittatus, and describe a new

technique which permits measurement of the cost of attacking
prey by exploiting the tendency of the larvae to attack a needle

vibrating at high frequency.

MATERIALS AND METHODS

Chaoborus handling. Chaoborus larvae were kept in 75 ml

containers at the experimental temperature for at least 24 hours

before an experiment. This allowed them to become accustomed to
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confinement. To minimize the possibility of activity due to
light-controlled diel rhythms, the respirometer bath was covered
with a black plastic sheet and the larvae were kept under dark
conditions. Periodic observatioﬁs ensured that the larvae
remained motionless. Oxygen comsumption by young (W13 ﬁm in
length) and old (~16 mm in 1ength)‘1arvae was estimated
separately. Based on samples dried in an oven for 3 days at 80
C, they weighed 1.30% 0;05(26) and 1.84* 0.17(11) mg dry weight
respectively. (All data presented in this chapter are means t

SE(with sample size)).

Apparatus and data conversion. All measurements were

obtained with a manometric technique using a Gilson differential
respirometer (Gilson 1963) and standard operating procedures.
The unit possesses a constant temperature bath and 14 indifidual
16 ml1 flasks. I used 6-8 ml of lake water per flask (with 6-8 ml
of air space) to avoid declining oxygen tensions in the»water
for long (24 hour) respiratory rumns (I assumed that diffusion
maintained the gas equilibrium between air and water). The
apparatus was located in a growth chamber and the temperature
regulated (£1.5 C) to obtain more accurate readings. After a two
hour equilibration period, initial readings were taken. Larval
oxygen consumption was then estimated from a set of readings
takgn after a fixed period of time and converted to energy by

multiplying by the constant 0.0202 Joule/Pl oxygen. Although the
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respirometer is calibrated to show very small differences in
volume (0.2 Pl)’ external sources of variation (mainly small
differences in temperature) do not permit such accuracy.
Therefore I relied on statistical measures to identify
significant differences between treatments (p<£ 0.05).

The number of larvae in each vial was increased from one to
four individuals to facilitate readings at low levels of oxygen
consumption for young larvae, since it did not result in a
marked increase in their activity or consumption of energy (for
fed young larvae at 21 C, energy consumption in mJ/larva/hour
was 23.9% 2.08(8) for one larva, 19.0¥Y 1.76(7) for two larvae,
and 19.5% 0.78(15) for four larvae; F= 3.31; d.f.= 2,27; p>

0.05).

Resting metabolism. Starved individuals should consume less

oxygen than recently fed ones since the latter are engaged in
proceésing, absorbing and transporting food metabolically.
Therefore T had to establish two sets of experiments to
determine metabolic expenditures in recently fed animals, and
metabolic exﬁenditures for larvae “starved” for a fixed period
of time using recently fed animals as controls. In the first
case, all larvae were fed copepods (D. kenai) just prior to the
start of an experiment, and 1-2 individuals (either old or
youpg) were placed in each vial. This was repeated at 13 and 21

C and resulted in four treatment groups. Given that a short

72



period of starvation does not reduce oxygen consumption and that
larval feeding occurs on a fairly regular basis, these data
approximate metabolic expenditures at rest for larvae in the
field. In the second case, threé groups of young larvae were
“starved” for 1-2, 4 and 6 days respectively. In each‘group, at
least half the larvae were fed copepods in a tray at 21 C just
prior to being introduced into the respirometer flask.

By comparing the metabolic rate of “starved” larvae (SMR)
to that of those redently fed, one may obtain an estimate of
“specific dynamic action” or SDA, i:e. the increase in
metabolism due to processing of a meal (Wigglesworth 1965).
According to Warren and Davis (1967) this method is valid as

long as the activity of the animals studied is minimal, a

condition which appeared to hold in these experiments.

Active metabolism. T attempted to estimate the energy cost

of swimming and attacking prey by stimulating larval Chaoborus
confined in a respiratory flask at 21 C, either with a brigﬁt
light flash or a briéf acoustic signal. By substracting the
measured levels of active metabolism from the resting metabolism
of the immobile larvae, the cost of their swimming or attacking
motions can be evaluated. This assumes that respiration rates'do
not vary according to a circadian rhythm independent of external
conditions and that any 1increase above the‘basal rate can be

attributed to the activity of the larva (such as for
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C. punctipennis, Sigmon et al. 1978). According to observations

made on Odonata (Lawton 1971), this is most likely to occur in
organisms in which the eyes are less important in prey
detection. This would apply to fhe Chaoborus larva (Giguere and
Dill 1979; Chapter 5).

For the energy cost of swimming, all larvae were “starved” .
for 24 hours and four individuals were put into each of 9
flasks. Larval respiration rates were measured for 3 hours,
following which the flasks were exposed to a brightbsource of
light to which the larvae responded by swimming (presumably an
avoidance reaction). It consists of a jack-knife motion followed
by a glide. This 70 s exposure alternated with a 70 s rest
period, and the sequence was repeated 21 times for a total of 49
min. The total number of swimming motions of the larvae was
counted in one or two vials each time and for four or five.
periods per vial. The larvae were then left alone for 71 min to
reclaim any oxygen debt, and a final reading was taken. By
comparing larval oxygen consumption at rest (first 3 héurs) with
that during the period which included swimming (last 2 hours)
for each vial, I determined the consumption due to swimming
activity. This was divided by the estimate of the total number
of swimming motions for each vial and coﬁverted into Joules.:

For the energy cost of attacking, a single larva was placed
in each vial and the stimulus for attack was provided by an

acoustic signal. The transducer consisted of a transistor radio
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earphone with a shortened insect pin affixed to its diaphragm
(Giguere and Dill 1979; Chapter 5). The unit was placed inside a
fiask and the electrical wires run through a previously broken
side arm and sealed with epoxy glue. The larva was.kept in the
vicinity of the vibrating needle by a plastic screen (Fig. 5).
Signals were produced at 1,000 Hz, and at a volume of 3 v. Short
({1 s) signals were used, and the;number of attacks generated
was limited to a maximum of 300 to prevent the accumulation of
an excessive oxygen debt. As in the previous experiment, each
trial ended with a period of at least 60 min during which no

activity was elicited.
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Fig. 5 Diagram of apparatus used to measure energetic cost of
attack in. Chaoborus larvae. The acoustic signal is provided
by an oscillator. The transducer is an insect pin glued onto
a transistor radio earphone. A screen keeps the larva near
the vibrating needle.
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RESULTS

Resting metabolism

Energy consumption of fed larvae is shown in Table XI. An
analysis of variance was performed on these data, and there was
a highly significant effect of temperature and age (or size) on
energy consumption. Although the data also suggest an
interaction between age and temperature (i.e. o0ld larvae show a
greater degree of temperature independence relative to young
ones); this effect was not significant (Table XIT). On the other
hand, Q'° values calculated/faccording to a formula in Hoar
1966) from these data were 3.1 and 1.7 for young and old larvae
respectively and very similar to those derived from Swift s
(1976) figures (2.9 and 1.7) over the same range of temperature.
Therefofe our joint data suggest clearly an interaction between
temperature and the age of a larva on respiration rates. Since
larvae do not interact with one another in the confines of the
respirometer flasks (both Swift and I used one old larva and two
young ones in our experiments), the effect cannot be attributed
to differences (with respect to age) in temperature dependent

levels of behavioural interaction between larvae. Rather it is
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Table XI Mean metabolic expenditures (in mJ/larva/hr)*¥SE (with
sample size) of young and old 4th instar larvae of
C. trivittatus that fed on one copepod at 13 and 21 C.

Temperature (C)

Age
of
larva 13 . 21
Young 8.6f 1.28(13) 21.2% 1.83(7)
01d 20.5% 0.85(30) 30.6% 1.78(15)
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Table XII Analysis of variance of mean metabolic expenditures of
bth instar larvae of C. trivittatus as a function of
temperature and age of larvae.

Source of Sum of d.f. Mean F P
variation squares square
Temperature 3.52 1 3.52 51.9 <0.001
Age 3.90 1 3.90 57.5 <0.001
Interaction 0.05 1 0.05 0.7 0.40
Residual | 4.14 61 0.07

Total 12.41 64
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likely to reflect previous temperature regimes experienced by
larvae in the field. 01d larvae exhibit vértical migration
patterns of wider amplitude than young ones. This could expose
them to cold temperatures for 16nger periods of time and induce
acclimatization.

On the other hand, although the pattern of my data is
consistent with Swift”“s data, my estimates are greater than one
would predict from his figures (by 337%, 33%, 43%Z and 22%). Since
his measurements apply to larvae which had no food in their
érop, more detailed information on SDA is needed.to interpret
this difference correctly.

Fed individuals consumed energy at a higher rate than
“starved” individuals and the differences were found to be
statistically significant after periods of 4 and 6 days (Table
XIII). By averaging the statistically significant values, oﬁe

finds that SDA causes a 37.37 increase in energy consumption

relative to un-fed young 4th instar larvae of C. trivittatus.
This value would account for the differences observed bétween
Swift“s results and my data in Table XI (assuming that SDA is
independent of body size (or age?) as shown.for'fishes,'Kerr
1971). This value is also comparable to the 407 value determined

by Gourévitch (1928) for another insect, the cockroach, at 15'C.
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Table XIII Mean metabolic expenditures (in mJ/larva/hr)*SE
(with sample size) as a function of starvation period for
young 4th instar larvae of C. trivittatus at 21 C. Each
“starved” group (1-2, 4, 6 days) is compared statistically
with a control group using a t-test. Percentage increases in
energy consumption represent metabolic costs of processing
food (SDA).

Treatment groups No. of
Days larvae
starved not fed fed % per t P
increase flask
1-2 19.8 2.48(8) 21.6 1.48(15) 9.1 1-2 0.68 0.50
4 13.3 1.20(5) 18.9 0.69(9) 42.1 4 4.36 <0.001
6 15.5 0.49(6) 20.4 1.70(6) 31.6 4 2.74 0.02
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Active metabolism

Young and o0ld 4th instar larvae do not differ significantly
with respect to their energy consumption due to swimming or
attacking (Table XIV).~Since these larvae differ in body size,
thisvfinding is somewhat surprising. However, sample sizes are
small and only small changes in body size are foupd within an
instar. The difference may be too small tovbe detected using a
Gilson apparatus. The pooled estimates are 0.07 and 0.57
mJ/motion for swimming and attacking respectively. To determine
if a bias is inherent to these estimates because of the
accumulation of an oxygen debt (measured energy expenditure
would decline at high levels of activity) I regressed the
estimates for expenditures while active on the number of motions
in each case. V

The correlation was not significant for cost of swimming
(r¥= 0.06; d.f.= 7; p= 0.87; y-intercept= 0.07) but some effect
(albeit not significant) was indicated for cosf of attacking
(ra= 0.41; d.f.= 16; p= 0.09). The y-intercept (1.2 mJ) suggests

a unit cost value double that shown in Table XIV.
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DISCUSSION

Before examining these estimates of metabolic expenditures
in the context of the feeding eéology of the Chaoborus larva,
the unit cost estimates must be weighted by considering
appropriate intensity levels of activity for a larva living in
its natural environment.

The energy cost of attaéking (0.57 mJ/attack) is about 2.8
and 6.6%Z of the hourly metabolic rate at 13 C for old and young
larvae respectively. If an attack occurred every 100 s, it would
double the metabolic expenditure of an old larva. However, since
a larva can generally éapture a éopepod in 3 to 8 attacks, the
cost of capture represents only 0.3 to 3.9%Z of the energy
contents of a copepod over a copepod size range of 1.2-2.3 mm
(from Fedorenko 1973). A daily meal of 2-3 copepods (Fedoreﬁko
1975b) can then be secured at an attack cost less than 2.87% of
the daily resting metabolic expenditure of an old larva at 13 C.

The energy cost of swimming is about eight times lower than
the cost of attacking, but its total contribution‘could be
significant because the larvae exhibit considerable vertical
displacements in the field. Since a larva covers roughly 2.5 cm
vertically per swimming motion (based on observations in an
artificial column in the laboratory), it will cost a larva 17 mJ
to actively swim a distance of 6 m. If one assumes that (a) a

larva migrates from a temperature of 6 to 20 C and that the
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respiration rate at 13 C represents the average metabolic
expenditure during this period, (b) the unit swimming cost is
constant regardless of temperature (i.e. the effect of drag due
to temperature dependent change§ in viscosity are considered to
be negligible), and\(c) the active vertical migration‘of 6 m
lasts about 1 hour (as for C. flavicans in Lochan Dubh,
Goldspink and Scott 1971), an old larva would approximately
double its metabolic rate during this pefiod. This result is in
line with various estimates published on active vertical
migration in planktonic crustaceans (see review by Klyashtorin
1978).

The daily cost of migration can be calculated in another
way. If we accept a resting metabolic expenditure of 490 mJ/day
at 10 C (from Swift 1976), the cost of a 20 m active migration
(i.e. 10 m in each direction) represents 11.67% of the daily
expenditure at rest. This is much greater than the less than 37
estimated by Swift (1976) for the same vertical displacement.
His estimate is based upon friction coefficients, -sinking rates,
and the metabolic efficiency of the animals, and may well
represent a theoretical minimum cost for displacement in
Chaoborus larvae. Such an estimate might apply in the case of a
larva which migrates vertically by adjustihg its buoyancy-with
the help of its tracheal sacs. On the other hand my estimate
would be applicable in a situation where vertical migration

occurs by active swimming. If one assumes that a larva uses both
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methods in equal proportions, an intermediate cost value of 7.3%
of the daily metabolic expenditure at rest would be appropriate.
While there is no direct evidence to support this assumption,
Fedorenko and Swift’s‘(l972) data do show Fhat larvae in the
field exhibit a raplid dusk rise (active swimming?) foilowed by a
gradual descent throughout the night (passive sinking?; see
Pearre 1979, p.‘30). However, to obtain a realistic value for
the daily cost of vertical migration for 4th instar

C. trivittatus in Gwendoline Lake, this estimate must be

corrected to include SDA and to account for the fact that the
amplitude of migration is no more than 6 m. This results in an
increase of 2.8% to the daily resting metabolic expenditure at
10 cC.

In short, the portion of metabolic expenditures
attributable to the activity of the larvae is quite small
(< 5-10% of the daily resting metabolic expenditures). On the
other hand SDA (36.9%Z of SMR) could play a very signifipant role
in affecting the balance of the energy budget of this aﬁbush
predator. Whereas good estimates are now available for SMR
(Swift 1976) and SDA (this chapter), it remains difficult to
assess the importance of the latter since one also would need to
know how SDA varies as a function of meal volume, and the time
spent between feeding bouts relative to the total duration of
SDA following meal intake (presumably about 3 days). Although

the‘experiments above refer to individuals that captured a
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single prey, a sufficient number of young larvae (at 21 C)
captured'twp prey to warrant a comparison, and hence evaluate
the effect of meal volume on SDA. The difference in energy
consumption of individuals catching two prey or one prey (25.93
3.52(10) and 23.9%¥2.08(8) mJ/larva/hour respectively) was not
significant (t= -0.46; d.f.= 16; p= 0.67).

The lack of an effect of meal size on SDA (expressed as an
instantaneous rate or 7 of SMR) suggests that the metabolic
processes involved in the assimilation, transportation, storage
of food, etc. can be described as being switched “on” or “off~.
Thus the larvae can be characterized according to two
fundamental physiological states. Since it is obvious that SDA
must depend somehow on the size of the meal ingested, one has to
consider the length of time during which SDA is expressed in
relation to the time necessary to gomplete digestion of a meal
of a particular size. Although these data are not available for
Chaoborus, crop emptjing takes longer for large meals than small
ones (Chapter 4).

The quesfion then becomes how often do starvation periods
of 2-4 days occur for individuals living in their natural
environments? Is this critical starvation interval attained
periodically (in which case SDA would be a major determinant of
total expenditures), or is feeding occurring in a sufficiently
regylar manner that only one physiological state is possible

(SMR+SDA) except under very specific circumstances (such as in
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the winter)?

According to crop content analyses performed by Fedorenko

(1975a) and Swift (1976) on C. trivittatus larvae from
neighbouring Eunice Lake, at moét 40% of larvae collected had
food in their crop, a rough value of 30% being generally more
representative of their data. On the basis of this observation
as well as information on the diel feeding pattern of the
larvae, Swift (1976) suggested that onl& a small proportion of
the larval population feeds on a given day. Therefore SDA is a
significant factor that must be considered in energetics studies

of Chaoborus larvae.
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4. DIGESTIVE PROCESSES

INTRODUCTION

Optimal foraging theory says that an animal should feed
efficiently because (a) it may be in competition with other
animals for a limited resource, and/or (b) this allows more time
to be spent in other important activities (Davies 1977). On
these grounds, optimal feeding strategies based on the
interaction of behavioural and morphological adaptations have
been proposed and tested experimentally. One prédiction.is that
predators should rank prey according to profitability (i.e. net
energy content/ handling” time, or the time spent pursuing,
subduing and eating prey) and feed only upon the most profitable
items still allowing them to meet their energetic requirements
(see Pyke et al. 1977).

An underlying assumption of this theorem is that prey can

be éssigned a fixed net energy content regardless of the
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predator”s previous hunting success. For example, it may be
assumed that assimilafion efficiency remains the same whether or
not the gut is partly full. However, it appears quite unlikely
that organisms possess aﬁ unlimited capacity for assimilation;
rather it is reasonable to expect that under normal
circumstances it should be bounded, and that foraging should be
carried out in such a way that physiological capacity for
absorption is rarely exceeded. Having meal size regulated by gut
fullness (i.e inversely related to “hunger”) would serve this
purpose. However, many organisms feed upon fairly large food
items (i.e. whole prey) and it is unlikely that “hunger” will
always succeed in adjusting meal size optimally. Similarly, food
items may become available in various temporal patterns that
force meal size to vary considerably. It is therefore psssible
that assimilation efficiency will vary as well, and to imagine
various ways that this might aepend on meal size and influence
optimal diet significantly. Assimilation efficiency, while
included as a component in some modéls, is usually assumed to be
constant.

Preliminary observations suggested a decrease in
assimilation efficiency for large meal sizes in the Chaoborus
larva. The mid-gut (where absorption occurs) has a limited
volumetric capacity relative to the maximum volume of the crop
(wh;ch liquefies and pumps the food into the mid-gut), and(since

crop volume decreases in roughly exponential fashion after
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feeéing, the initial rate of transfer of food materials from the
crop into the mid—gut is high relative to the latter;s storage
capacity. This could create a nutrient loss in the faeces and
result in lowered assimilation efficiency (AE).

The purpose of the present study was to determine
empirically the rate of emptying of the crop (or rate of
digestion) and the efficiency of assimilation for prey or meals
varying in size at different temperatures. Little is known about
the latter in predatory zooplankton (Cosper and Reeve 1975), but
it is usually found to be constant over a wide range of feeding
rates in invertebrate predators (Lawton 1970). If assimilation
efficiency could be shown to vary as a function of meal volume,
it would be of considerable importance for studies on growth,

production and optimal foraging of invertebrate predators.
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MATERTALS AND METHODS

Assimilation efficiency

In order to evaluate AE at various temperatures while
controlling temperature effects on feeding rates, I fed a known
number of radioactively labelled prey to individual 4th instar
larvae of Chaoborus, monitoring the appearance of radioactive
materials in the water in which they were kept. Copepods were
labelled by allowing them to feed for 3 days in 300 ml of lake
water to which 50 PC of 3°p orthophosphate (Amersham) were
added. They were washed and re-suspended for 24 hours in natural
lake water to eliminate short term loads of >XP (e.g. in the
gut, or adhering to the carapaée), rinsed twice more and divided
into three approximate_prey size categories: I; 2# leptopus, 1.3
mm in length, 0.10 Pl by volume; II- D. kenai, 1.8 mm, 0.30 Pl;
ITI- D. kenai, 2.2 mm, 0.50 pl. They were offered to Chaoborus
larvae for a period of up to 45 min, and the larvae that fed
were individually placed in vials containing 12 ml of lake
water. Five meal size (or volume) treatment groups resulted:
0.10 (I), 0.20 (2x1), 0.30 (I1), 0.50 (III) and 0.90 Pl (2xI11).

The latter category was set arbitrarily at 0.90 ul rather than
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~ 1.0 Pl to compensate for the tendency of the larvae to obtain
a somewhat smaller prey on their second capture. Sample size
generally varied between 7 and 92 (mean= 17.6).

Following feeding, the larvae were kept without food and
transferred to a new vial at least three times during the
e#periments (including the first and last day in every case) to

323p from the water (Marshall and Orr

avoid direct uptake of
1955). After 5-10 days (depending on temperature and
convenience), the larvae were measured, transferred to 2 ml
Protosol, and digested at 60 C for at least 6 hours. In this
way, self absorption biases were kept to a minimum. The amount

of 32

P in each larva was then estimated using standard
procedures (toluene cocktail, quench on background corrections)
on a scintillation counter. All vials (4-5/larva) containing
waste water were assayed using Cerenkov’s method (Kobayashi and
Maudsley 1974) and all resulfs were converted to disintegrations
per minute (dpm). Percent assimilation was then estimated for
each larva (as 100 X (dpm larva)/(dpm waste wafer'+ dpm larva)
and the arc-sin square-root transformation applied for
statistical treatment. These experiments were carried out at 6,
13, 16 and 24 C. There were therefore twenty meal
volume—-temperature combinations.

To ensure that excretibn of 3%p by the larvae did not
significantly reduce the estimates of assimilation, I observed

the sequence of appearance of 33p in the water over 8 days for 8
H
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larvae fed a meal volume of 0.50 Pl at 13 C, transferring the
animals to new vials daily. The dpm values showed a rapid
decline with time, were low after 6 days, and equalled O for 5
of the 8 animals after 8 days (Fig. 6) . If we use the meaﬁ
value fromkthe last set of vials to provide an estimate for
daily loss due to excretion (assuming that this value remains
constant throughout), excretion represents less than 17 of the
total dpm over 8 days. Therefore, AE will be estimated fairly
accurately as long as (1) phosphorus is fairly evenly
distributed in ali parts of the body of the copepod (as for

Calanus finmarchicus, Marshall and Orr 1955), or (2) all body

-

parts are assimilated in the same proportion, regardless of
their phosphorus content. While this has not been demonstrated
experimentally, Marshall and Orr“s results obtained with géP
were consistent with results obtained with a weight method,
suggesting that the ZaP radio-tracer method provides an adequate
approximation of global AE. |

In another set of experiments, two groups'of'larvae were
fed a supplementary copepod (labelled or unlabelled, ~0.50 Pl in
volume, 13 C, n= 16 and 14 respectively) after 48 hours from the
start of the experiment. The feeding was limited to a 15 min
period and occurred in a separate tray. Following feeding, thé
animals were immediately refurned to fresh vials to continue\the

experiment. Reduced AE was expected in this case because larvae

often appeared to flush part of their gut shortly after the
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Fig. 6 Time sequence of appearance of 32p (mean *SE) in lake
water in which 4th instar larvae of C. trivittatus were kept

after feeding upon one copepod (about 1.8 mm long) at 13 C
“(n= 8).
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successful capture of prey. The food material (which has a
bright réd colour) was exuded posteriorly, diffusing rapidly in
the water. These experiments were designed to provide a
quantitative estimate of the amount of food wastage involved.

A fewklarvae regurgitated most of their food shortly after
feeding, but this problem was not identified early enough to
allow separate treatment of these data. However, since the
frequency distribution of AE values was bimodal with a large. gap
intervening between the two modes, I ignored all low values
(AE < 267). This resulted in the rejection of less than ten data

points, and 2-3%Z of the total sample size over all experiments.

Rate of emptying of the crop

In order to compare the rate of emptying of the crop to
mid-gut capacity, and to evaluate the net rate of energy intake
for various feeding rates at different temperatures, digestion
rates were estimated at 6, 13 and 22 C for youhg and old 4th

instar larvae of C. trivittatus. Each group was allowed to feed

on small D. leptopus or large D. kenai. The larvae (n> 5) were
then periodically observed and the crop volume visually
estimated until all were empty. After the larvae captured a
prey, there was a short initial period during which crop voiume'
remained constant (presumably while digestion and liquefaction

began), but it decreased in roughly exponential fashion
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thereafter. However it was assumed that an exponential decline
prevailed throughout, and rate of crop emptying was estimated
according to Brett and Higg“™s (1970) graphical méthod
(originally used for rate of gastric digestion of salmon). The
data were expressed as ﬁg dry weight of meal/thousand mg dry
weight of Chaoborus/hour and the following relationship

determined:

ln V,= 1ln V{ - Rt (6)

where V; = initial meal volume in the crop, Vo= meal volume
in the crop at time t and R= the instantaneous rate of digestion
(i.e. the slope of the straight line describing the crop
emptying process). This method is relatively straightforward and
accurate, and does not necessitate serial slaughter. Dry weight
of prey was estimated by multiplying prey volume (or wet weight
since 1 gr~1 ml) by 0.06 (W. Neill, U.B.C., pers. comm.), and
dry weight of larvae was obtained from Fedorenko and Swift

(1972).
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RESULTS

Assimilation efficiency

Multiple regression analysis revealed the following
statistically significant (p<£ 0.05) effects (by order of
importance): meal size(-), temperature(-), a temperature x meal
size interaction(-), and predator size(+). The poor fit of the
model (ra= 0.26) was due partly to a lack of linearity in the
trends observed (Fig. 7). At 24 C, AE was néarly constant
(~v80%Z). At all other temperatures tested, AE decreased

significantly from 91.27 to 86.5% for meal sizes up to 0.50 Pl:

AE= 0.92- 0.118 V; (7)

It was much lower for the largest meal size (from 767 at
16 C to 52% at 6 C).

Temperature or size are not the only factors that reduce
AE. Animals that were allowed to feed 48 hours after the start
of an experiment yielded relatively low AE values of 81.9 and’
80.3% for labelled and unlabelled copepods respectively. The

difference between these two groups is not statistically

signifiéant (t= ~-0.63; d.f.= 29; p= 0.53) but their pooled value
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differs significantly from that of individuals that were not fed
a‘supplementary copepod (87.6%Z) (t=-6.67; d.f.= 131; p< 0.0001).
Part of this loss may be due to‘phosphofus,turnover and
excretion, but it is presumed that this 6.5% food loss resulted
from the gut “flushing” behaviour exhibited by the larvae since
it agrees well with the volume of food present in the gut at
that time (by comparison w¥th photographic estimates). A similar

phenomenon was inferred by Clarke (1979) for Glyptonotus

antarcticus. Upon resuming feeding after a two day starvation

period, this isopod increased faeces production by a factor of
5-8 with a concomitant 3-7% reduction in AE (defaecation
strategies are discussed by Calow 1975). It is therefore
possibie that AE values lower than 807 are normal for Chaoborus
larvae if feeding occurs frequently and faeces are produced

regularly. Swift (1976) obtained an AE estimate of 76.47% at 10 C

in the 4th instar larva of C. trivittatus feeding on copepods,

using a radiocarbon method and allowing feeding on unlabelled
prey after an initial feeding on labelled prej. The best
estimate AE must then be about 76-827%, but it can be very much

lower for large meals and low temperatures.
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Rate of emptying of the crop

The instantaneous rates of crop emptying (Table XV) are
fairly similar across meal sizes or larval body sizes, even
though a difference appears between young and oldAlarvae at 6 C.
A pairwise comparison with respect to meal size (t= -0.96;

’ ‘
d.f.= 5; p= 0.40) and larval size (t= -0.27; d.f.

5; p= 0.80)
indicates no statistically significant overall differences. The
results were therefore pooled and tested for a temperature
effect which was found to be significant (F= 21.5; d.f.= 2,9;

p= 0.0004). These results are compatible with those on rate of
gastric digestion in fishes (Brett and Higgs 1970), although
some effects of meal size on the instantaneous rate of digestion
have been reported elsewhere (Steigenberger and Larkin 1974, see
Elliott and Persson 1978, and Jobling and Davies 1979).

Although there is no significant effect of larval size on
digestion rate, the results are expressed as percentages of the
dry body weight of the larvae. Therefore, a yoﬁng'larva did take
longer to digest a meal of a given size than did an older one.
In contrast Fedorenko (1973) reported no such difference in the
digestion rate of copepods between 3rd and 4th instar larvae of

C. americanus and C. trivittatus, although she mentions that the

variability between larvae was considerable. This variability

could be attributed to variation in body size within an instar.
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Table XV Instantaneous rates of digestion (expressed as mg dry
weight of meal/thousand mg dry weight of Chaoborus/hour) as
a function of meal volume and temperature (T) for two size
categories of the 4th instar larva of C. trivittatus. Sample
slizes are indicated in parentheses.

Small larvae Large larvae
T ' L L e Grand
(C) Small meal Large meal Small meal Large meal mean
6 -0.59(6) -0.054(9) -0.119(6) ~0.167((5) -0.09
13 -0.278(9) -0.240(8) -0.112(7) -0.241(9) -0.,22
22 -0.316(6) -0.361(8) ~0.382(6) -0.351(8) -0.35
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DISCUSSION

Effect of meal size on AE

Whereas some authors haﬁe not detected an effect of meal
size or feeding rate on AE'(e.g. Cospér and Reeve 1975, Lawton
1970), Cormer et al. (1976) obtained a 10-20% decrease in AE for

Calanus helgolandicus feeding on barnacle nauplii over a 4-7

fold increase in the ration ingested. An even greater meal size

dependent decrease in AE was recorded for Macrocyclops albidus

feeding on Paramecium (Klekowski and Shushkina 1966). The

experimental curves presented here show a substantial decline in
AE (up to 42%) as a function of meal volume, and the magnitude
of the reduction and its interaction with temperature coincides

well with C. trivittatus growth data published by Swift (1976),

although temperature-dependent feeding and digéstion rates may
have played a role in producing Swift”s results. These data
therefore strongly suggest that the capacity for assimilation in
Chaoborus larvae can be exceeded and that AE can vary

considerably.
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Cause of the decrease in AE

At 22 C, the rate of crop emptying can be quite high
(0.41 Pl/hour for a 1 pl meal and a 1.5 mg larva, In VL= 3.69,
see Eqn. 6) compared to the volume of the mid-gut (wO0.1 Fl by
photographic estimates). However, since the greatest reduction
in AE occurred at low temperatures, we need to know the exact
rates of assimilation and digestion with respect to temperature
to determine if an overloading of the mid-gut is possible. In
the absence of physiological data on maximum assimilation rate
in the midgut of a Chaoborus larva, it is not possible to
provide a model which would permit a correct interpretation of
the AE data and the factor(s) underlying the decrease in AE
cannot be identified with certainty.

One mechanism which might partially explain the effects of
temperature and meal volume on AE is food wastage though the
mouth. Thomson (1975) has demonstrated that malfunctions bf

muscular valves in the gut of the blowfly, Phormia regina

(Diptera: Callophoridae) occur when the crop is greatly
distended. The proventricular valve acts as a regulator and
prevents an excess of food from reaching the mid-gut, forcing it
back anteriorly where regurgitation may occur. In Chaoborus, it
is possible that the pro-ventriculus regulates food transfef as
suggested for Phormia. The crop contents could thus leak out

anteriorly when the crop is full and/or closing of the mouth
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opening 1is partially obstruéted. Multiple prey capture often
results in parts of the body of prey projecting ougside the
mouth of Chaoborus énd liquid egesta can be seen to escape.

If this is the case, the aﬁount of food wasted should be a
function of the amount of time (tty) that the crop volume
remains above a critical threshold where AE begins to decline
sharply (say TH= 0.50 Pl from Fig. 7). If we express crop volume
as a function of time for a 1 mg larva which has secured a meal
0.90 Fl in voluge as shown in‘Fig. 8, we can easily obtain
values for tty: these are 6.1, 2.8, 2.3 and 1.5 hours for 6, 13,
16 and 22 C respectively. A regression of food loss (measured as
reduced AE from an expected value of 0.81 from Eqn. 7) on these
values of tyyis highly significant (y= -7.14 - 5.93 tty;
rd = 0.987; p< 0.01). This suggests a direct linear relationship
between tyyand the amount of fogd lost. Although not a crifica}
test of the above hypothesis, these results are congruent with
an interpretation involving leakage of crop contents through the

mouth opening.

Consequences for optimal foraging

AE decreased from 91.27 to 86.5% from the smallest prey
size ingested to the largest one, a small but significant effect
which will affect predicted values of optimal prey size when

included in the calculation of net energy content. However the
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Fig. 8 Schematic digestion curves of 1 mg C. trivittatus larvae
at 4 temperatures. The crop volume thrgghgfgw(THx 0.50 pi1y
above which food leakage is presumed to occur is indicated
by the horlzontal line. This line intersects the digestion
curves at four points from which one can determine bty
(filled circles), 1.e. the time necessary for crop volume' to

reach TH.
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most important reduction in AE occurs for the largest meal
(achieved by multiple prey capture). This result implies that it
is not possible to assign prey a specific net energy content as
this depends also on the physiological state of the predator
(i.e. the éxtent of fullness of its crop). In other words, there
is an interaction occurring between prey-ingested which
determines the overall AE of a particular meal (a similar
argument could be made for some species of fish where AE 1is
knoﬁn to vary, see Elliott 1976). The problem of optimal
foraging in these organisms must therefore be approached from
the point of view of optimal meal size (rather than optimal prey
size) and more attention must be paid to spatio—temporal
patterns of feeding and the concomitant functioning of the gut.
For example, two altermative tactics can be envisaged in
cases where AE decreases as a function of meal size: (a) an
organism can méintain a high feeding rate and allow AE to
decrease accordingly, or (b) it can curfail feeding and maintain
AE at a high value. This decisiqn should depeﬁd on the rate and
cost of feeding (a function of food distribution and
availability), the rate of digestion and the extent to which AE
decreases as a function of meal volume (or feeding rate). In
Chaoborus larvae, all these rates are also temperature dependént
and detailed simulation modelling will be necessary to predict

which is the “best” tactic from an energetic standpoint.
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Although this problem has not been investigated in
invertebrate predators, studies on suspension-feeding mussels
have described cases of these two alternative tactics:

Tactic (a) for Mytilus edulis (Thompson and Bayne 1972, 1974;

Widdows 1978), and Aulacomya ater (Griffiths and King 1979), and

tactic (b) for Modiolus modiolus and Arctica islandica (Winter

1969). While the ecological factors which dictate the tactic
adopted by a species are not known, it may be assumed that the
gut is limited in its capacity for assimilation and that natural
selection results in highest assimilation efficiencies for meal
sizes which are secured most frequently. Consequently it would
be interesting to aftempt to relate the patterns of food
abundance and availability for these species in their natural
habitat to their respective feeding tactics (see Winter 1969).
Specific hypotheses could be tested by comparing, for example,
two populations of the same species living in'géographicai areas
varying in their tidal cycles (thus imposing different resource
utilization patterns).

Besides “optimal diet”, another fundamental aspect of
foraging which will Be affected by meal size and temperature
dependent AE is “optimal foraging space” (Schoener 1971). In
Chaoborus, given that prey abundance and temperature both
decrease as a function of depth in Gwendoline Lake (except in
the winter), and that there are no other major selective forces

determining where a_larva should be at a particular time (such
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as predator avoidance), an individual could vary its net rate of
energy intake by foraging at different depths. Some of the
consequences of a variable assimilation efficiency to an energy
maximizing strategy of vertical migration have been explored

elsewhere (Giguére and Dill 1980; Chapter 6).
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5. ACOUSTICS IN ZOOPLANKTON

INTRODUCTION

Studies of aquatic invertebrates that respond to acoustic
stimuli are relatively few. Most deal with responsiveness of
predators to stimuli of various frequencies, or attempt to
identify the site and structure of the sensory receptors
involved. No quantitative study of the relationship between
attack behaviour and the distance of the source of an underwater
signal has been published. Brief mentions of attack distances in
response to a vibrating probe have been made for chaetognaths
(Horridge and Boulton 1967, Feigenbaum and Reevé 1977) and a
chaoborid (Horridge 1966). I studied the response of the 4th

instar larva of C. trivittatus (Fig. 9) to a probe vibrating at

various frequencies and intensities, and determined attack
distances at different “hunger” levels. I also analyzed the

stimuli originating from its natural prey species (one daphnid
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Fig.. 9 Side view of a 4th instar larva of C. trivittatus mounted
for an experiment. Larval length: 13.3 nm.
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and two copepods). The results should prove useful in
understanding the behaviour of other aquatic predators which
detect their prey in response to mechanical disturbances in a
fluid environment, particularly the chaetognaths which bear many
resemblancés to Chaoborus larvae ecologically. Both are abundaﬁt
and important predators in their respective communitieé
(Feigenbaum and Reeve 1977; Fedorenko 1973, Lewis 1975), and
have a diversified diet of zooplanktoﬁ comprising a substantial
amount of copepods (Reeve and Baker 1975; Fedorenko 1975a, Swift
1976, Giguére 1979). They both are transparent, rest motionless
in the water and strike at prey at close quarters (Horridge
1966, Newbury 1972, Feigenbaum 1979; Fedorenko 1973, Giguere
pers. obs.), and appear to carry out most feeding activities at
night (Pearre 1973, Nagasawa and Marumo 1976; Fedorenko 1975a,

Swift 1976).
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MATERTIALS AND METHODS

Animals were collected from Gwendoline Lake except for
Daphnia, which caﬁe from a laboratory culture. The larvae were
prepared fpr the experiments by gluing their head capsule to the
tip of a 1 ml syringe with Super—-Glue 3 (Woodhill Chemical Co.).
The needle had previously been bent at approximately a 45 angie
(Fig. 9). The syringe was mounted on a micromanipulator and the
animal positioned horizontally inside a 15 c¢m rectangular
container. The transducer consisted of a transistor radio
eafphone, with a shortened insect pin (14 mm in length) affixed
to its diaphragm with epoxy glue. The pin“s rounded tip was
0.80 mm in diameter, and it was placed in a positiom adjacent to
the head capsule‘of the larva with a second manipulator. The
unit was moved towards or away from the head of the Chaoborus,
at fixed distance intervals (d= 0, 0.375, 0.75 mm, etc.) on thev
larva“s right side. For each new larva, the tip of the needle
was first placed in a position adjacent to the head capsule of
the larva and the micro-manipulator was set at d= 0. The unit
was powered by an audio oscillator (Hewlett—Packard'ZOOAB) ana
produced small localized disturbances to which a larva
responded. The same unit with the insect pin removed failed to

elicit any response. The experiments were carried out at room
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temperature, on the top of an anti-~vibration table, and at light
intensities around 900 1x. Prior to an experiment, each larva
was presented with a short stimulus (1000 Hz, d= 1.125 mm, 3 v,
1 s) to ensure that it was responsive after being manipulated.
This resulted in the rejection of less than 5% of the larvae.

A positive response consisted of a sudden “strike” movement
of the larva; but also inciﬁded (less than 10% 6f the time) any
detectable feeding motions, including those of the mandibular
apparatus, which sometimes preceded an attack. The equivalence
between positive responses and attack behaviour can only be
inferred from independent observations made on non-immobilized
larvae. The stimuli presented were of two kinds: (a) a rising
frequency stimulus (Type I) obtained by slowly rotating the
frequency dial of the generator from 200 to 2100 Hz or until the
larva responded, and (b) a &ecreasing frequency stimulus (Type
D) obtained by reversing the procedure. The first values at
which the larvae responded were recorded in each case. An
alternative method produced similar results: short stimuli of
constant frequency were presented to the larvae at 50 Hz
intervals. More importantly, this procedure demonstrated that a
larva will respond to frequencies intermediate between the
values referred to above (i.e. type I and D stimuli), suggesting
that these define the boundaries of the range of effective
frequencies to which a Chaoborus larva will respond. Howeve? the

first method was preferred for convenience. A correction factor
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was applied to compensate for the tendency of the experimenter
to overshoot the effective frequency while watching the larva.

For the determination of the range of effective frequencies
as a function of amplitude, I used two type I stimuli followed
by two typé D stimuli at each distance, as the probe was moved
in. Starting-at d= 0 and moving the probe step-by—-step outward
produced the same results; thus the larvae were not being
sensitized to the stimuli as the probe was moved in. For all
other experiments, two type I stimuli were presented at each
distance as the probe was moved in, and two type D stimuli as
the probe was moved out. When the larva responded to both of the
type I (or D) stimuli at a given distance, the variation between
readings was small and significantly smaller than the variation
between individuals. To determine standard errors, one of the
replicates was selected af random. The rate of presentation of
stimuli was limited to a maximum of 3/min, and generally 2/min.
No evidence of habituation was detected, even in trial runs
where much higher rates of presentation were utilized.

The amplitude at the tip of the needle was determined using
a stroboscope. It was small (w10 Pm) but not constant at any
voltage. It increased slowly as the frequency‘rose from 200 to
1400 Hz where resonance occurred and amplitude suddendly tripied
before declining again at higher frequencies. However, larvée
presented with a type D stimulus often did not respond until the

frequency fell below this area of resonance, suggesting that
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Chaoborus response is primarily frequency specific.
Nevertheless, since the amplitude at the tip of the needle is
somewhat confounded with frequency in these experiments, the
results should be interpreted with caution, particularly those
pertaining to attack distance, until more results are obtained
with an‘amplitude regulator.

The acoustic“signal from the prey was recorded on a
magnetic tape cassette using a similar transducer and a Pioneer
CT-F2121 recorder. The rounded tip of'the insect pin was removed
and the prey glued on the end at approximately a 45 angle. The
recording was later analyzed for frequency and sound pressure
level on a Sona-Graph model 6061B (Kay Electric Co.). Because of
inherent noise (60 cycles) at high amplification, only
frequencies above 400 Hz were analyzed.

The prey were D. leptopus,'RL kenai and Daphnia pulex. The

last were used instead of the normal prey, Daphnia rosea, which
was rare in the lake at the time of the experiments. Prey

lengths were ~1.5 mm, ~2.0 mm and 1.5-2.2 mm respectively.
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RESULTS

Section I- The response of the predator

Frequency response

The range of effective frequencies was determined as a
function of distance for larvae without food in their crop
(n= 19) at a volume setting of 3 v. Ihe results are presented in
Fig. 10. At the farthest point away from Chaoborus, both kinds
of stimuli elicit a positive response at similar frequencies.
This appears to be an “optimal” frequency (1100 Hz) since it
results in the greatest attack distance. As the probe is moved
in, type I produces a positive response at a lower frequency,
and type D at a higher one. In this way, roughly symmetrical
curves are described and the maximum range of effective
frequencies is found at d= 0. The lower and upper mean values

are 675 and 1500 Hz respectively (range 550-2050 Hz).
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Fig. 10 Mean probe vibration frequency (£SE) to which 4th
instar C. trivittatus larvae with an empty crop responded at
" various distances. D= decreasing stimulus. I= increasing
stimulus.

118



Effect of amplitude

In this experiment, the range of effective frequeﬁcies was
‘determinedkas a function of distance for three groups of larvae
(n= 5 to 6) with some food in their crop at three different
volume (2, 3 and 10 v). The results are depicted in Fig. 11. For
any given amplitude, I observe an “optimal” response around 970
Hz and louder signals elicit positive responses at greater
distance away from the predator at each frequency. Consequently,
each curve envelops all the other curves of lower amplitude. The
loudness of the signal is clearly important in determining
attack distance. The distances at whichxleast 50%7 of the larvae
respond (at any frequency) to a stimulus of type I are 0.75, 1.5
and 4.5 mm for 2, 3 and 10 v stimuli respectively. The mean
lower and upper values for effective frequencies are 400 and

1575 Hz respectively (range 350—1850 Hz).

Effect of hunger

Assuming that stimulus frequency is prey species (and
perhaps size) specific, and‘given that “hungry” predators will
frequently take a wider range of prey types than “satiated” ones

(i.e. those with some food in their crop) (e.g. Ivlev 1961), one
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mightbpredict that a “hungry” larva should respond to a wider
range of frequencies than a “satiated” one. I therefore
conducted an experiment to test the null hypothesis that
“Runger” has no effect on the range of effective frequencies in
Chaoborus.kI used one volume setting (3 v), an increased sample
size (n= 10 to 13), and four levels of “hunger”. Since Chaoborus
larvae are transparent, I was able to establish two groups of
“satiated” larvae (Hl= crop volume > 0.5VP1, H2= crop volume
between O and 0.4 Fl)' Two other groups were ’starved’ for 1-3
days (H3) and 6-8 days (H4) respectively, and had no prey
remaining in their crops.

The results are summarized in Fig. 12. These groups were
presented with both T and D stimuli at all distances, but
significant effects (ANOVA) were observed only with the type I
stimulus at short distances (d= 0 and 0.375 mm). The effect of
“hunger” is small (~11%), but larger crop volumes are possible
(0.8-1.0 mm) than were actually used. A predator keeping its
crop full for an extended period of time may thus be expected to
exhibit a restricted diet (again, assuming some species-specific
frequency stimulus).

To test the null hypothesis that “hunger” has no effect on
attack distance in Chaoborus, the 7% positive responses of laréée
with partly full (H1, H2) and empty (H3, H4) crops were plotfed
as a function of distance (Fig. 13). The difference was

statistically significant (sign-test, Siegel 1956). Attack
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distances (at the 507 response level) were 1.9 and 2.25 mm for
“satiated” and “hungry” larvae respectively (an 18.47 increase).
Assuming a cylindriéal reaction field around a 1.5 ecm larva,
this would yield a reaction volume 32.87% greater for a “hungry”
larva than for a larva with food in its crop. These findings can
be compared with other results obtained from high speed films of

predation on Diaptomus kenai. Distances were measured by drawing

a étraight line from the nearest part of the body of the prey to
the head of the predator. This was carried out for positive
responses to prey near the anterior (1/3) portion of the body of
the larvae, except in cases where the prey actually made contact
with the predator. Attack distance increased by 30.8% from 1.43
to 1.87 mm over the same range of “hunger” and at the same
temperature as for the vibrating needle experiments. Although
the increase is not statistically significant (p= 0.35,
Mann-Whitney U-test, Siegel 1956) the trend is in the same
direction. Thus “satiated” Cﬁéoborus do not respond to prey
until they come quite close, but may then select species on the

basis of their signal frequency.
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Section II- The stimulus from the prey

Various behaviours of the three species of prey were
recorded and analyzed for their sound pressure level and
frequency characteristics. No significant differences in the
former were detegted between species (mean= 33.5 dB). I also
compared (ANOVA) maximum and minimum frequencies, and frequency
at the highest sound pressure level but only the last two proved
to differ significantly (Table XVI). The results suggest that
copepods generate sound with a wider range of frequencies than

Daphnia, and that in D. kenai highest sound pressure level

occurs at around the frequency (1080 Hz) which elicits positive
responses at maximum distance in Chaoborus (1100 Hz). Also, the
frequency at the highest sound pressure level in D. leptopus
(685 Hz) and Daphnia (830 Hz) lie near the range whefe “hunger”
significantly affected responses in Chaoborus.'Coﬁsequently,
selective feeding might be expected for a predator operating
with a partially filléd crop. This condition should occur at
high food densities. Lewis (1977) and Pastorok (1978) (in the
field and laboratory respectively) both report selective feeding
occurring in Chaoborus when food density is relatively high.
The origin of the sound produced by zooplankton is not

known but I believe it to be caused by friction of the cuticle
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Table XVI Sound pressure level and sound frequency analysis for
three species of zooplankton attached to a probe. Sound
pressure level is the mean of the maximum values recorded
for individuals of each species.

Prey species ANOVA
Variable
D. leptopus D. kenai Daphnia d.f. F
FREQUENCY (Hz):
-maximum 1104 1204 1094 2,7 1.31
—~at highest sound
pressure level 684 1081 830 2,5 11.29%
-minimum 515 575 703 2,7 6.66%
SOUND PRESSURE
LEVEL (dB): 32.5 33.5 34.2 2,6 3.40

* = gignificant, pg 0.05
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of the jointed appendages, as well as by the action of these
[
appendages against one another and against the carapace. An

observer equipped with earphones can correlate sounds with

particular motions of the animal. The swimming motions of

D. leptopus sound like “drumming” (see Figs. 14 and 15) and the

rapid downward action of the abdomen of D. kenai results in a

“pop”. The antennal beat of Déphnia was heard as a “flutter” and

movements of the postabdomen produce a loud “crack”. On the

other hand, the overlap in frequencies emitted between species

is extensive (Fig. 15).
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DISCUSSION

Aquatic invertebrate predators are known to carry out such
essential activities as feeding and mating in total darkness
(Chaoborus larva, Duhr 1955;>chaetognath, Parry 1944, Reeve.
1964; water strider, Wilcox 1972) and non-visual sensory
mechanisms must be postulated to account for these abilities.
Perception of vibration with motile cilia (Horridge 1966) is the
most plausible hypothesis. Although chemical communication has
also been demonstrated (Katona 1973), the speed of diffusion of
chemicals in water is less than the speed of planktonic animals
(Strickler 1975), and olfaction is not likely to be functional
in locating prey for an accurate strike at close quarters
(Feigenbaum and Reeve 1977).

Mechano-receptors (setae) have been described in
chaetognaths (Horridge and Boulton 1967, Feigehbaﬁm 1978) and in
cyclopoid copepods by Strickler and Bal (1973). The latter
suggested that animals may create signals "of discrete
frequencies for individual species and could be recognized by
setae of characteristic length™ (p. 2658). Newbury (1972)
determined that appendages of copepods move at characteristic
frequencies which correspond to the frequencies at which

chaetognaths attack a vibrating probe, and suggested that
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selective predation‘may be accounted for in that way. However,
Feigenbaum and Reeve (1977) found that chaetognaths responded
positively at all frequencies tested (8-480 Hz). Moreover, only
in two species out of four studied to date (review by Feigenbaum
and Reeve)‘does the frequency with peak positive response
coincide with Néwburz’s data on copepods. Strickler (1975)
verified the assumption that.disturbances created around the
moving body of’zooplanktqn is species—-specific, but found the
wéke to be specific o;ly to the various orders. My study looked
at the frequencies of the sound produced by prey of Chaoborus
(range 425-1300 Hz), and revealed correspondence with the range
of frequencies to which the predator responds (range 350-1850
Hz). But since all three species of prey studied overlap
considerably in the frequencies produced, and since Chaoborus
responds strongly to artificial signals with a narrow frequency
Band anywhere within the frequency range common to all three
species, I would argue against selective predation on the basis
of discrete species—-specific frequencies. Howeﬁer; “hunger”
significantly reduced the range of effective frequencies in
Chaoborus, and frequency at the highest sound pressure levels in
D. leptopus lies in the area where this effect occurs. This
would result in reducing the effective encounter field betweeﬁ
the predator and this prey and possibly diminish the relatiﬁe

contribution of this item in the diet of a “satiated” predator.
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fn order to determine how the experimental results compare
to a situation involving a natural prey, I compiled (Table XVII)
maximum attack distances for Chaoborus larvae in response to
acoustic signals of various intensities and to the copepod
D. kenai (ﬁigh speed film). These included 100%Z and 90% of
observations (the latter to eliminate outliers). First, it
should be noted that experiménts using a vibrating probe can
overestimate maximum attack distance in acoustic predators
considerably, depending on the volume used. Second, it appears
that a volume setting between 2 and 3 v would result in “normal”
maximum attack distances. My regular setting at 3 v clearly
overestimated (by 10-15%) maximum attack distance relative to
the situation involving natural prey.

Therefore, the best estimate for mean attack distance in

the 4th instar larva of C. trivittatus is about 1.4-1.9 mm.

Comparatively, Feigenbaum and Reeve (1977) estimated an attack

radius of 0.88 mm for the chaetognath Sagitta hispida in the

laboratory, based upon a mathematical model fitted with data
from feeding experiments at various prey densities. However,
since (a) Sagitta exhibits sink-and~swim behaviour (Feigenbaum
and Reeve 1977) which should increase encounter rate with the
prey, and (b) the percentage of attacks resulting in successful
capéure of copepods is low in Chaoborus (5-35Z depending on‘size
and temperature, Chapter 2) compared to Sagitta (83%Z, Feigenbaum

and Reeve 1977), greater feeding rates should be possible in the
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Table XVII Maximum attack distance of 4th instar larvae of
C. trivittatus responding to a vibrating probe (all
frequencies examined), and to natural prey (D. kenai).

Number of  Maximum attack distance(mm), including:
Stimulus individuals o
tested 90% I 1011}/
of observations of observations
Probe
2.0 v 10 1.7 2.3
3.0 v 8 2.2 3.8
3.5 v 8 2.6 4.1
6.0 v 13 3.0 4.5
10.0 v 8 4,5 6.0
D. kenai 22 1.9 3.4
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chaetognath.

Despite the striking ecological similarities between
Chaoborus larvae and chaetognaths, the former attack at higher
frequencies and lower amplitudes than the latter (Tablg XVIII).
This is surprising, particularly in view of the fact that their
diets are similar (mainly copepods). However Sagitta feeds on
fish larvae as well as zooplankton. Intuitively I would
associate low frequencies and high amplitudes with swimming fish
larvae. Therefore the chaetognath might possess a response
reflecting a compromise to a diet including two very different
types of food. Moreover Spadella, a benthic chaetognath,
responds to probes at even lower frequencies than Sagitta.
Presumably it feeds on a diversified diet of benthic organisms
as well as some zooplankton.

It is possible that the planktonic mode of life of a
variety of aquatic crustacea results in the production of
similar sounds (high freqﬁency, low amplitude) when feeding,
mating or moving, and that the range of effective frequencies
for acoustic predators reflects the extent to which they rely
upon this food source. This hypothesis could be tested in
chaoborine larvae siﬁce they feed in the muddy substrate of
ponds and lakes to various degrees. The only example availéblé
for comparison (Horridge 1966; see Table XVIII) was collected in
shallow ponds where larvae are likely to utilize the substratum

for feeding, and to eat insects and insect larvae (Parma 1971).
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Chaoborus from Gwendoline Lake rarely do either. Therefore,
respective values of 200 and 1080 Hz fit the hypothesis. More

data collected with the same probe will be needed to draw firm

conclusions.
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6. ENERGETICS OF VERTICAL MIGRATION

INTRODUCTION

In fishless lakes near Vancouver, the predatory 4th instar

larvae of Chaoborus trivittatus demonstrate striking changes in

seasonal patterns of vertical migration. In June most larvae
remain near the surface throughout the day and night and exhibit
migrations of small amplitude (based on depth distribution
profiles from Fedorenko 1975a; see Pearre 1979). Later on, in
the summer and the fall, however, the larvae unde;go migrations
of increasing amplitude. My purpose here was t§ investigate
whether this pattern could be the result of individuals
attempting to maximize their net rate of energy intake (ENET). I
investigated this possibility by computing daily energy budgets
for larvae using the two contrasting tactics (migratory and
non-migratory) and by comparing the resulting ENET.

The data required to calculate daily energy budgets under
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various temperature and prey size conditions were collected in
the laboratory, using larvae from Gwendoline Lake. In this
paper, I generate a prediction about a migratory tactic based on
a simulation model with a few simplifying assumptionsi This
prediction is then compared to field data collected in another
fishless lake in the same vicinity (Eunice Lake) by another
researcher (Fedorenko 1973, 1975a). Both lakes are situated in
the U.B.C. Research Forest and contain a similar set of

crustacean zooplankton species (except that Diaptomus leptopus

in Gwendoline Lake is replaced in Eunice Lake by D. tyrelli,a

species which is similar in size).

SCENARIO FOR THE MODEL

Let us consider a hypothetical fishless lake with a
simplified femperature stratification in two layers (16 C for
0-5 m and 6 C from 5 m down). Moreover, let us assume that most
prey are found, in the top 5 m of the lake during the daytime.

D. kenai for example is usually rare below that depth during the
day (< 0.05 ind/1). We can imagine the following scenario, based
on the timing and usual migratory pattern of the 4th instar:
Chaoborus larvae come up at dusk to feed in the upper layers for
a pgriod of 8 hours. If we grant the larvae a composite meal of

0.8 J for this period (based on data in Fedorenko 1973), what is
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the “best” migratory tactic, i.e. the one permitting
maximization of ENET over the next 16 hours? At dawn, an animal
can either cease feeding and return toward the bottom of the
lake, or forego vertical migration and continue feeding for the
remainder df the day (16 hours). In the former case, greater
metabolic efficiency (McLaren 1963) may be possible (at the cost
of vertical migration and a potentially reduced assimilation
efficiency). Non-migratory larvae, on the other hand, can count
on greater opportunities to capture prey, provided that they are
not fully satiated and that there is a sufficient number of
easily "handled” energy~-rich items available to compensate for
higher metabolic rates at high temperature. For several reasons,
I expect that this depends on the availability of the prey

D. kenai. First, it ranks first or second in terms of relative

contribution to the total biomass of crustacean zooplankton in
these lakes. Second, it constitutes the bulk of the diet of 4th

instar C. trivittatus in coastal lakes and ponds near Vancouver,

British Columbia (Fedorenkq 1975a, Swift 1976, Giguere 1979).
Copepods are also almost always considered among the most
important Chaoborus foods (Deonier 1943, Main 1953, Lewis 1977),
and although other cladocerans are generally preferred (Bosmina

and Diaphanosoma, Lewis 1977), these are not dominant members of

the zooplankton community in these lakes (see Northcote and

Clarotto 1975). Daphnia rosea on the other hand is important

numérically and by biomass, but daphnids rank the lowest in prey
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choice experiments conducted with Chaoborus larvae (Lewis 1977).
For example, Swuste et al. (1973) anvaastorok (1980a) found a
preference for copepods over daphnids. Copepods are also more
easily “handled” than daphnids because of their body shape
(Swift and Fedorenko 1975, see also Swuste et al. 1973).
Chaoborus ingestion time (Swift and Fedorenko 1975) and
digestion time (Fedorenko 1973, Giguere pers. obs.) for Daphnia
are greater thamn for fhe prey Diaptomus. Moreover, fhe % energy
assimilated by Chaoborus is greater for copepod prey than for

Daphnia prey (Swift 1976). Parma (1969) has published data

showing greater growth for C. crystallinus larvae fed with a

copepod diet that those fed mainly Daphnia pulex. Similar

results were also obtained with 4th instar C. trivittatus

feeding on D. franciséanus and Daphnia rosea (Pastorok 1980a).

Therefore D. kenai could make an energy boost possible for
non-migratory 4th instar larvae. The following model attempts to
compare the magnitude of this energy boost, given various
densities of D. kemai, to the boost accruedbfrém Qertical

migration.
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‘ THEVMODEL
Data were collected in the laboratory and the details of
methods are presented in Chapters 2-4. The following data were

included in the model:

(1) Capture rate. The rate of capture of a relatively large

copepod (1.8 mm long,~ 0.3 pl by volume) per unit time (CAP) was
obtained from data in Chapter 2. This particular prey size was
chosen because it is about an average size D. kempai in
Gwendoline Lake. At a given density, the capture rate for a
larva having food in its crop is lower than for larvae ’st;rved’
" for 1-2 days (crop volume= Q) (Fig. 16). This is caused by fewer
attacks being triggered under partly satiated conditions and by
a lower probability that an attaék will be successful once
launched. These data allow calculation of feeding rates, if it
is further assumed that CAP increases lineafly as a function of
D. kenai density. This is not an unrealistic assumption
considering the low‘prey density found in these oligotrophic
lakes and the relatively short “handling” time of copepods by\
Chaoborus (103.6 sec for 1.8 mm length prey; Swift and Fedorenko

1975).
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(2) Metabolic costs. The energetic costs of three

behaviours of the 4th instar larvae are required In the model.
These are the meﬁabolic rates at rest (0,008 J/hour at 5 C and
0.020 J/hour at 16 C, from Swift 1976 and corrected for SDA,
Giguere 1980; Chapter 3), the metabolic cost while SWimming
(0.07 mJ per swimming motion)land while attacking (0.057
mJ/attack, Giguere 1980; Chapter 3). The cost of vertical
migration can then be estimated since vertical displacement is
generally of the order of 5 m in these lakes and a larva covers
roughly 2.5 cm vertically per swimming motion (based on
observations in an artificial column in the laboratory). If we

agssume active swimming, an average roundtrip therefore

represents an expenditure of 0.028 J.

technique, I evaluated the % assimilation of copepods by
Chaoborus under four temperature conditions and five different
meal volumes (Giguére 1981; Eqn. 7 and Fig. 7 in Chapter 4y, It
was nearly constant over the complete range of possible meal
volumes (up to 0.9 Pl) at 24 C. At lower temperatures, 1t was
constant up to a meal volume of 0.5 Pl but decreased for larger

—— - . - ——n e —— s un an - —

1 These values as well as those given in Table XIX and XX differ
from those found in Giguere and Di1l (1980). The data given in
this chapter have been revised (larger sample sizes), and the
model includes more details on the processes of respiration
(including SDA) and digestion. The general conclusions remain
the same.
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meals (two large D. kenai ingested), particularly at low

temperature.

(4) Digestion rate. The rate of emptying of the crop was
studied at three different temperatures and the data are
presented in Chapter 4 (Eqn. 6). Values for the instantaneous
rate of digestion at 16 C were obtained by linear interpolétion

from the mean values shown in Table XV.

THE PREDICTION

What is the migratory tactic that will result in a maximum
amount of net energy being secured by a 4th instar larva iq a
day? In the case of a larva choosing vertical migration, T
obtain the value 0.13 Joule for ENET/day (Table XIX gives a

complete breakdown). Some feeding is allowed on the low D. kenai

density found below 5 m. In the caserf no vertical migration, I
computed the number of further captures by simulating predation
hourly over a period of 16 hours at a given prey density and
“hunger” level (also updated each hour). The results suggest
that vertical migration should cease to occur at D. kenai
densities above about 0.20/1litre if individuals attempt to

maximize ENET/day (Table XX).
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Table XIX Energy budget for Chaoborus larvae undergoing vertical
migration after eight hours of feeding near the surface.

Joule/day
Meal assimilation 0.56
Vertical migration -0.03
Respiration -0.40
TOTAL: 0.13
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Table XX Energy budget (J/day) for Chaoborus larvae staying near
the surface for 24 hours, at various D. kenai densities.

Prey density

(no./1): 0.1 0.2 0.3 0.4 0.5
Meal assimilation 0.76 0.80 0.85 0.90 0.95
Respiration -0.66 -0.66 -0.66 -0.66 -0.66
Cost of attacks -0.01 -0.02 -0.03 -0.04 -0.05
TOTAL: 0.09 0.12 0.16 0.20 0.24
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Moreover, I found that larvae cannot increase ENET/day by
staying near the surface until one more prey is captured and
then migrating. This can be attributed to two factors: The CAP
value in the early part of the l6-hour period is low apd is
combined with a3 lowered assimilation efficiency for all prey,
including those captured previously; and any potential savings
due to a lowered respiration rate following capture iéte in the

period will be outweighed by the cost of vertical migration.

COMPARISON WITH FIELD DATA

Data on vertical distribution of zooplankton in Eunice Lake
are available from Fedorenko (1973, 1975a). I reproduce here the
information on vertical distribution of o0ld 4th instar larvae of

C. trivittatus at noon and midnight, as well as the noon

distribution of D. kenai on four dates in 1972 (Fig. 17). The
dotted line represents the density above which I predicted
cessation of vertical migration based on the simulatioﬁ model
above. I would expect that fewer larvae would migrate as the
density of D. kenai increases above this threshold. This is
because a greater number of larvae will capture copepods as the
density of the latter increases, up to a point where presumably
most Chaoborus larvae can secure one or two more prey items and

should remain near the surface “en masse”. Chaoborus daytime and
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instar larvae of C. trivittatus. MT= midnight.
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nighttime distribution oﬁerlap should then be maximal, i.e.
little or no vertical migration should occur. To examine this
relationship quantitatively, I plotted the area under the D.
kenai curve above the critical threshold against the % overlap
in Chaoborus density curves at noon and gt midnight (all data
were first converted from a logarithmic to a linear scale). The
results confirm the predicted pattern of vertical migration

(Fig. 18).
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DISCUSSION

The agreement between‘the field data and the model
prediction is encouraging considering the simplifying
assumptions under which the latter was derived. The next step
will consist of testing the robustness of the model by relaxing
the assumption of a fixed copepod size and using a more
realistic temperature profile that matches fiela data on each
date. Capture efficiency is known to vary with temperature, prey
éize, prey type and predator size (see Chapter 2), and all prey
species should be included to obtain a complete picture of
Chaoborus predation.

This energy-efficiency hypothesis is an expansion of the
metabolic efficiency hypothesis of McLaren (1963), who suggested
that increasingly extensive migrétions will be valuable as
surface temperatures increase, since an animal can gain an
energy bonus by feeding efficiently at high temperature {(near
the surface) and resting at low temperature (greater depth)
while maintaining a low metabolic rate. Swift (1976) studied the

energetics of C. trivittatus and his simulations demonstrated

that a larva would maximize growth either by feeding near the
surface or by migrating according to its own physiological

rhythm. According to Swift, his conclusion differs from
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McLaren”s because of different assumptions about the effect of
temperature on diéestion rate. However, both Swift and McLaren
assume that assimilation efficiency is constant. My data suggest
that assimilation efficiency is temperature aependentvand that
the effect is very much dependent on meal size (Giguére 1981
*Fig. 19, Chapter 4). Over a 24-~hour period, Chaoborus
assimilation decreases by 0.037 J/ C for larger meals (0.9 Pl)
compared to a 0.025 J/ C decrease in respiration. There is
actually an increase of 0.003 J/ C in assimilation for smaller
meals (0.5 Fl)' The next step will consist of testing the effect
of meal volume on migratory behaviou; of Chaoborus by
pre—-feeding known amounts of food to larvae before introducing
them into thermally stratified water columns in the laboratory.
If the present model is confirmed, I would predict Vertical
migration of low amplitude for Chaoborus in the summer since one
would tend to associate high crustacean zooplanton production
(and hence largef meals for Chaoborus) with highér surface
temperature in temperate waters. This prediction is contrary to

McLaren“s.
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D. GENERAL DISCUSSION
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To this point in the thesis, several components of the
feeding of Chaoborus larvae have been studied and reported upon
in detail (Chapters 1-5). I have also illustrated how they can
be combined in a simulation model foAinvestigate one aspect of
predator—-prey interactions among pelagic zooplankton (i.e.
vertical migration, Chapter 6). A similar approach will now be
used to achieve a synthesis and emphaéize the importance of
size-selective predation to the structure of zooplankton
communities. First, some additional information is provided, and
the components of the feeding of Chaoborus are brought together
to reveal mechanisms underlying size—selective predation. I then
discuss competitive interactions between fish and invertebrate
predators.

Aquatic invertebrate predators are believed to have a
substantial impact on zooplankton populations, partly because
they are abundant (relative to fish), and partly because they
select pfey of specific sizes (bodson 1974b). Yet ecologists
have not attempted to unravel the dynamnic propérties of these
interactions by carrying out comprehensive studies of the
predation process. For example reactive distances to prey have
rarely been measured (for exceptions see Kerfoot 1978, Cloarec
1979, 1980), and quantitative studies on size—-dependent
encounter rates between predator and prey are lacking. This
information is .essential since size and speed of predator and

prey (the major determinants of encounter) are generally not
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much different. Thus prey characteristics can affect
substantially the encounter process and the availability of prey
to the predator.

Since crustacean zooplankton move more or less randomly in
a relatively uniform environment, the encounter problem can be
approached by designing stochastic modelé of their interactions.
I proposed a model (Chapter i) to predict encounter rates for an
ambush predator feeding on zooplankton which was based on
realistic assumptions concerning the size and cylindrical shape
of the strike field of the predator (the 4th instar larva of

C. trivittatus). Here I will use this model to determine the

effect of size of predator and prey on encounter rate values.
First, I measure from high speed films the mean apparent

attack distances for 3rd and 4th instar C. trivittatus feeding

on preferred prey (copepods). These values will differ from the
distances reported in Chapter 1, which enclose 937 of observed
attacks. Second, I combine these data with the encounter model

"~ and generéte realistic estimates of encounter fatés. Third, I
combine this information with other components of predation
(Chapters 2-4) to investigate the size-selective nature of the
feeding of Chaoborus. I break down the problem in two parts: (a)
effects of prey—-size-dependent encounter rates and strike |
efficiency, which determine the vulnerability of different s&zed
prey to the predator (passive size selection), and (b) effects

of hunger that influence selection through the behaviour of the
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larvae (active size selection; Pastorok 1978, 1980b).

Fihally, I compare the.size—selective feeding of
invertebrate predators with that of visual planktivores (mainly
fish), whose impact on size and species composition of:natural
freshwater zooplankton assembléges is firmly established (Dodson
1974b, Hall et al. 1976). I describe patterns of utilization on
the prey size dimension of tﬁe niche (other differences between
prey types are ignored for simplicity) for both fish and
invertebrate predators, and I discuss their competitive
interactions. I also examine their feeding strategies in a
bioenergetic context and consider their importance to the

structure of zooplankton communities.

Section I- DETERMINING REACTIVE DISTANCES

Materials and methods

I measured from high-speed films the distance at which
Chaoborus larvae begin to attack copepods (for details see
Chapter 1 and MATERTALS AND GENERAL METHODS). I used 3rd and 4th

instar larvae of C. trivittatus “starved” at least 24 hours. D.

kenai and D. leptopus were used as prey since they are preferred

by Chaoborus (see Chapter 6) and they provide a large number of
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prey with a uniform body plan.

Results

Apparent attack distancés did not vary significantly
between temperature treatments, and the data were pooled (Table
XXI). I then regressed prey length (0.9—2.6 mm) on attack
distance for all observations for each larval instar but the
coefficients of determination were not significant for either
3rd (r*= 0.026; slope= 0.27; n= 42; p» 0.30) or 4th instar
larvae (r¥= 0.001; slope= -0.05; n= 192; ps 0.65). I then tested
for an effect of predator size by computing a mean value for
each individual predator, and regressing those on individual
larval body size within each instar. The coefficients of
determination were not significant for either 3rd (r;= 0.004;
slope= 0.01; n= 11; p= 0.85) or 4th instar 1arvaé (r? = 0.074;
slope= -0.10; n= 20; p= 0.24). However, mean aﬁparént attack
distances varied significantly between instars (means in Table
XXI; F= 7.79; d.f.= 1,29; p< 0.01). Although predator body
size-dependent attack distances in invertebrate predators have
been inferred from estimates of their area of discovery
(Nicholson 1933, Thompsonv1975), direct evidence comes from bnly
a few previous studies (Gittelman 1978, Cloarec 1980, Jamieson

and Scudder 1979).
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Table XXI Mean apparent attack distances (mm, with sample size
in parentheses) for 3rd (w10 mm) and 4th (~15 mm) Iinstar
larvae of C. trivittatus feeding on copepods at three
temperatures. The data are based on high speed films of
predator-prey interactions (see MATERIALS AND GENERAL METHODS).
A summary of statistics is also provided.

Instar Temperature (C)
F ) d.f. Grand
6 13 24 mean
3rd 0.72(18) 0.92(25) 0.80 >0.20 1,41 0.84
4th 1.04(82) 1.10(82) 1.10(81) 1.03 >0.20 2,188 1.17
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Section II- PREDICTING ENCOUNTER RATES WITH PREY

The collision model assumes a cylindrical attack field for
a Chaoborus larva (details and rationale are presented in
Giguére et al. submitted; Chapter 1). The target cylinder is
stationary, and spherical prey are assumed to be uniformly or
randomly distributed, and moving in random directions. Mean
apparent attack distances (Section I above) for 3rd and 4th
instar larvae (last column in Table XXI) were used to determine
appropriate cylinder radii. They were corrected to true
threé~-dimensional attack distances by dividing by 0.62, based on
a Monte Carlo simulatién for the projection of randomly chosen
radii onto the horizontal plane passing through thencentervpf/a
circle. The radii of the cylinders were thus set at 1.3 and 1.9
mm, and their lengths (based on sample measurements) at 11.4 and
14.9 mm for 3rd and 4th instar larvae respectively.

The model predicts that a 4th instar larva encounters prey
2.4 nm long 9.07 times more often than it encounters 0.5 mm prey
(Fig. 20), although attack distancés in Chaoborus larvae are
independent of prey length (at least over a 0.9-2.6 mm range).
This very substantial biés, which will surely affect prey
selection, is due to the contribution of prey characteristicé
(viz. size per se and size-dependent swimming speed) to the

encounter process. The same pattern holds for a 3rd instar
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Fig. 20 Encounter rate between spheres (representing copepod ,

prey) and a cylinder representing the attack field of 3rd
and 4th instar C. trivittatus (based on measurements of mean
attack distances) given an equal density of prey of each '
length. Parameter values are given in the text. The details
of the model are in Chapter 1 Section I7.
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larva; although encounter values are lower than in the previous
case. Differences in the slope of the relationship between
larval instars indicate the presence of én interaction between
predator and prey sizes. The encounter value ratio (2.4/0.5 mm
prey) for a 3rd instar larva is 9.78 (cf. 9.07 for a 4th instar
larva, a differeﬁce of 7.8%Z). Thus these characteristics of the
prey are relatively more important in the encounter process when
the predator is small. This conclusion should not be restricted
to ambush predators like Chaoborus; zooplankton are highly
mobile and the speed of prey often exceeds that of predators.
Factors which influence tﬁe swimming speed of prey (see
Section TII below) will affect feeding by predators
considerably. This finding is relevant to the controversy
concerning the feeding of larval marine fishes, which show a
great deal of resemblance to such small planktivorous predators
as chaoborids and chaetognaths (see Section IV below). Recéntly,
researchers have attempted to determine the minimum prej density
necessary to sustain growth of fish larvae, because “good” and
“bad” years in larval survival seem.to be correlated with
plankton density_(Rosenthal and Hempel 1970, Houde 1978). Some
authors claim that normal growth of larval fish cannot be
supported at average natural prey densities, and invokgk
patchiness in prey distribution to account for the fishes”
survival (Blaxter 1965, Parsons and LeBrasseur 1970, Werner and

Blaxter 1980), while others maintain that this latter condition
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is not necessary (see Houde 1978, and Wermer and Blaxter 1980
for a review).

Much of the controversy is based on laboratory experiments
using brine shrimp (Artemia spp.) as food. Unfortunately, brine
shrimp nauplii have low swimming speeds (Rosenthal and Hempel
1970), and these may be decreased further at low temperatures
(most experiments are carried out around 10 C). Artemia
typically inhabit shallow water bodies and develop under
relatively warm coéditions. They are unlikely to acclimatize to
low temperatures, and their respiration and activity rates must
decrease sharply with temperature. Experiments using Artemia may
therefore overestimate the minimum prey densities needed to
sustain fish growth. More experiments should be carried out
using natural zooplankton, because fast swimming prey (such as
copepods) may allow larval fish to grow normally at lower food
densities.

The argument to this point has assumed that the rate of
encounter is determined solely by prey size and'sﬁeed. However,
small prey are generally large ones in natural communities. For
example, Sheldon et al. (1972) found roughly equal biomass at
all sizes of organisms.in marine pelagic communities. It
therefore is of interest to determine encounter rates with prey
while holding total prey voiume (biomass) constant for each
size. I arbitrarily set total prey volume equal to 0.0067 ml,

computed the number of prey needed to make up this volume, and
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carried out simulations as before. Greater encounter rate values
are predicted for smaller prey (Fig. 21). Thus a fixed amount of
biomass packaged in many small prey produces a greater number of
encounters with the predator than an equivalent biomass of large
prey. Clearly, number of prey carries more weight than prey size
(and/or speed) from a strict encounter point of view. On the
other hand prey of different sizes are not equally available
because capture efficiency is also prey-size-dependent in
Chaoborus larvae (Chapter 2; Swift and Fedorenko 1975; Giguére
in prep.). Other components of the predation process therefore

must be included to examine size-selective predation.

Section III- SIZE-SELECTIVE PREDATION BY 4th INSTAR LARVAE OF C.

TRIVITTATUS

Prey of different sizes are not equally available to a 4th

instar larva of C. trivittatus. For example, pfey larger than

2.3 mm in length cannot be ingested because.their diameter
exceeds that of the mouth opening of the larva (Fedorenko 1973,
Swift and Fedorenko 1975). In addition strike efficiency
decreases more or less linearly as a function of prey size
(Swift and Fedorenko 1975).‘By combining the results in Fig. 20

with Swift and Fedorenko”s data, I determined a relative rate of
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succeésful encounter with prey of differént sizes. It shows
(Fig. 22) that prey 1.3-1.4 mm long are most vulmnerable to a 4th
instar Chaoborus; everything else being equal (including
density), they should appear most frequently in the diet. This
kind of baséline information on passive size selection 1is
essential in order to assess preferénce ianhaoborus larvae.
Fig. 22 provides a valid quantitative null hypothesis for tests
of behavioural or active size-selective predation in laboratory
situations where prey are offered in equal proportions.

Note that since (a) copepod swimming speeds have been
reported to be sex dependent in some species (Katona 1973,
Gerritsen 1980) and to vary in response to other eéological
conditions (ambient pressure, light quality and intensity,
Champalbert 1975, 1978), and (b) strike efficiency is affected
by temperature and predator body size to some extent (Chapter
2), Fig. 22 reflects only the general conditions found in this .
system.

The.feeding patterns describedvabove will also be modified

by active (behavioural) selection (Swuste et al. 1973, Giguere

and Dill 1979, Pastorok 1980b, Smyly 1980, Vinyard and Menger
1980, Winner and Greber 1980). However this should have only a

minor impact on prey populations (see below).
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RATE CF SUCCESSFUL ENCOUNTER

Fig.

22 Rate of successful encounter of prey of different length
by 4th dinstar larvae of C. trivittatus. It ig¢ defined as the
product of the rate at which prey encounter the strike field
of the predator (Fig. 20) times the strike efficiency of the
larva. The -data are expressed relative to the most .

valnerable prey size.
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Section IV- FORAGING, SIZE, AND COMMUNITY STRUCTURE

Size—-selective predation

Recently, aquatic ecologists (e.g. Dodson 1974a,b) havé
taken a closer look at the effect bf invertebrate predators on
the size and species composition of natural freshwater
zooplankton communities (the impact of visual predators 1is
firmly established, Dodson 1974a, Hall et al. 1976).
Experimental field studies have indicated that larval chaoborids
can affect the competitive balance between prey population and
shift prey species composition (Allan 1973, Sprules 1972, Smyly
1976, Lynch 1979). Unfortunately, estimates of predation
pressure vary widely (see Pastorok 1980a for a review), and
little is known about ;he selective nature of their feeding
(data have been collected using prey which vary greatly in body
plan, swimming speed, or both).

The present study, on the other hand, provides the basis
for a comprehensive treatment of the effect of body size on
predation by a non-visual invertebrate planktivore. It is based
on an encounter model which was shown to be adequate in the
laboratory, and on size~depéndent attack distances measured\from
high-speed films of predator-prey interactions. Strike

efficiencies that depend on prey size were also determined
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empirically (Swift and Fedorenko 1975; Chapter 2). I will
therefore review patterns of size-selective predation in the 4th
instar larva of C. trivittatus, and compare them to those of a

1 .
prototype adult freshwater facultative planktivorous fish as

pictured by 0”“Brien (1979)in his recent review. This will permit
me to assess the potential impact of these two types of
predators on zooplankton populations, and evaluate the scope for

competitive interactions.

Passive size-selection

Size relationships will affect the relative availability of
prey to a predator (encounter rate x capture efficiency), and
Chaoborus larvae and fish are likely to differ markedly in this
respect. Because of its small size and low speed, the 4th instar

larva of C. trivittatus encounters large prey at a greater

frequency than small prey (the former swim faster), while the
efficiency of prey capture decreases rapidlf wifh size, partly
because of the size of the predator”s mouthparts. Passive prey
selection is thus bounded by a maximum size around 2.3 mm, with

a peak efficiency for prey 1.3-1.4 mm long (Fig. 22).

— i — = m—y Moy o b dam et - —

1 This distinction is historical (e.g. Galbraith 1967 and Brooks
1968 showed that adult fish select prey larger than 1 mm) but is
arbitrary. I retain it for convenience, and for contrasting
small invertebrates to large visual predators. Juvenile and
Iarval fishes also feed on zooplankton, and the latter are
considered below.
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Planktivorous fish, on the other hand, have a large
reactive field compared to the size of zooplankton, and search
for prey at relatively high speeds. Although movements of prey
may be an important factor in locating prey, they do not
contributeksignificantly to the encounter process. Therefore
encounter rates will be determined mainly by the inherent
characteristics of visual deéection systems of the predator.
Assuming that prey are distributed uniformly (i.e. aggregations
are not detected as super—-organisms, Eggers 1977), reactive
distance should increase with the size of tﬁe prey (07" Brien
1979). Thus encounter rate will be biased towards large prey.
For example, assuming a spherical reactive field for
planktivorous fish, 0“Brien (1979) estimated that a 2 mm Daphnia
is 27 times more likely to be located than a 1 mm Daphnia (over
the same range of copepod lengths my model yields a factor of
2.4 for the 4th instar Chaoborus larva). Since the efficiency of
prey capture by fish predatoré is not likely to vary muech over
this small range of sizes, passive prey selection-by f}shes will

be strongly biased towards large items (Fig. 23).

<
Active size—-selection

Active selection should not substantially affect the size

distribution within populations of prey fed upon by Chaoborus
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larvae, for the following reasons: (a) Selective feeding is
associated with low “"hunger” levels, and thus with feeding rates
which are lower than those of “starved” animals (Fig. 16); (b)
low “hunger” levels in predators are associated with an
abundance of food, the very circumstance in which only a small
percentage of the prey pdpulation should be affected. Moreover
low hunger levels, and thus selective feeding, are unlikely to;
be common in natural situations. Fedorenko”s (1973) field
studies clearly demonstrated that the growth of 4th instar

larvae of C. trivittatus was limited by food availability in

Eunice Lake (British Columbia) in 1972. Analyses of crop content
also revealed that generally fewer than 30% of larvae collected
from coastal lakes and ponds near Vancouver, British Columbia,
had food in their crop (Fedorenke 1975, Swift 1976, Giguére
1979).

Actiye size-selection by fish is also expected to have
little impact on zooplankton. Fish feed until their gut is
completely full with little or no apparent change in behaviour,
and they rarely pass by detected prey (0”"Brien 1979). One study
(Hall et al. 1979) investigated size-selection in a field
situation by appropriately correcting for biases in encounter
rates due to the effect of prey size on the reactive distance)of
fish (using Egger”s 1977 visual detection nodel). It was foﬁnd

that the golden shiner (a facultative planktivore) did not

actively select for large Daphnia on 7 sampling dates out of 8.
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The exception corresponded to the highest density of Daphnia.
Therefore active selection by planktivorous fish is not 1likely
to modify considerably their impact on zooplankton, and passive
selection is probably more important.for both types of

predators.

Energetics and evolutionary significance

The feeding success of a predator (and hence its growth and
perhaps reproduction rate) is determined primarily by the
frequency with which it meets suitable prey. In équatic
predators, I have argued that this depends on a few basic
components which are a function of the relative sizes of the
antagonists. Since body size has a large genetic component,.
these interactions are presumably under the influence of natural
selection. The job of the evolutionary ecologist consists of
unravelling the ultimate factors which govern these
interactions. I will attempt to do so by compafing their feeding
tactics (described above) in a bioenergetic context.

Planktivorous animals feed on small mobile prey that must
be encountered and captured at a minimum rate to satisfy the
metabolic demands of the predator. For a predator to be large,
it must be able to encounter many relatively large prey (smailer
zooplankters may represent an energy gain which is

disproportionate to the cost of capture). This is exemplified by
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fishes which have (a) visual systems permitting long reactive
distances that depend on the size of the prey, (b) high swimming
speed relative to that qf the prey, and (c) relatively high and
constant capture efficiencies over the size range of most
zooplanktoh. Thus they scan relatively large volumes of water,
encountering many prey with a strong bias towards easily
captured highly profitable items. Under these circumstanceé,
they can maintain the high feeding rates (in terms of net energy
gain per unit time) necessary to meet their metabolic demands.
This strategy will result in a diet which differs greatly from
the food spectrum available in their environment (i.e. what
Griffiths (1975) calls an “energy maximizer”).

Small predators do not feed in the same manner: (1) prey
are difficult to pursue and a predator is best to launch sudden
attacks at short distances to capture them successfully (i.e.
they cannot select larger prey just because they might detect
them at greater>distances); prey are highly mobile, and the
predator can maintain a positive energy budget'without incurring
large costs of searéhing for and pursuing prey at high drag
coefficients. As a consequence of these two factors, prey
characteristics should generally contribute substantially to the
rate of encounter, and encounter with prey will be relatively!
unpredictable (although predators can reduce the variability by

increasing their swimming speed).
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This unpredictabilty is compounded by another factor. Gut
size is quite small (e.g. three 1.8 mm copepods fill most of the

crop of a 4th instar C. trivittatus), and a predator might be

expected to satisfy its metabolic demands (or fill its crop) by
feeding selectively on a few large prey. Large prey are rare and
encountered quite unpredictably, and failure to capture one of
the three individual prey necessary to f£ill the gut entails a
33.3%Z energy loss. The benefits of cépturing large prey must
therefore be weighed against the risk of multiple failures,
whigh is high compared to an equivalent meal of smaller prey. A
predator should therefore hedge its bets by taking smaller but
more frequently encountered prey which represent substantial
energy gains to small predators. Hence small invertebrates
should feed opportunistically and maximize capture rates under
most circumstances (cf. Griffiths” “number maximizer”). This has
been reported for a score of aquatic predators including
-Chaoborus (Dodson 1970, Dodson and Dodéon 1971, Fedorenko 1975a,
Lewis 1977, Pastorok 1978). This strategy would be particularly
advantageous when continuous feeding is possible, as is the case
for several aquatic invertebrate predators (chaoborids,

chaetognatha,vsee.GiguEre and Dill 1979; mysids, Sameoto 1980).
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Competition between planktivorous fish and invertebrates

Larval stages of fish feed primarily on small zooplankton
and are subject to the same ecological constraints as
invertebrate predators (e.g. small size, low mobility, etc., see
below). Therefore, the potential for competitive interactions
with invertebrate predators is greater than for non-larval fish,

and I will consider them separately.

Larval fish

Larval fish exhibit feeding tactics and strategies similar
to those discussed for small planktivorous invertebrate
predators. First of all, many larval fishes do not feed
visually. Houde (1978) states that they possess non—-functional
eyes at birth, and they attack only prey cominngithin a few mm
(Rosenthal and Hempel 1970). They often feed cqntinuousiy
(Werner and Blaxter 1980). It is not surprising then to find
that larval fish (and juveniles as well) are “number maximizers”
(Griffiths 1975). Since many adult fishes are “energy
maximizers” (Griffiths 1975; there are exceptions), fish growth
should be accompanied by progressive changes in behavioural, .
physiological and morphological characteristics that will

reflect these changes in feeding strategy (Ross 1978, Houde and
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Schekter 1980). In larval fishgs, vision comes into play early
to aid in prey detection, and reactive distances increase
progressively with larval size (Rosenthal and Hempel 1970). The
fishes” movements also become more directional (Kawamura and
Hara 1980) énd more rapid (Rosenthal and Hempel 1970). At the
same time, their feeding efficiency increases. This is
correlated with the growth of the mouth and fins, and faster
darting behaviour in some larvae (Rosenthal and Hempel 1970,
Blaxter and Staines 1971, Hunter 1972).

These larvae show other resemblances to the freshwater
chaoborines and the marine chaetognaths. Not only are they
comparable in size and feeding habits, but they possess
transparent bodies and undergo diel vertical migrations.
Competition for food between aquatic invertebrate and larval
fishes could thus be intense and invertebréte predators could
create “bottlenecks” in the reproductive cycle of fishes by
depressing food density below levels necessary for fish survival
or growth. The fish strategy may therefore conéist'of producing
fewer larvae which are larger and more advanced in their
development. By hatching with better vision and greater swimming
ability (and probably greater feeding efficiency as weil), the
larvae would do better at low critical food densities (small |
slow moving larvae require é higher minimum food density to

sustain growth than large fast moving ones, Houde 1978).
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Such an adaptation would also help fishes to cope with
variations in zooplankton production. In small temperate
fresh-water bodies or at high latitudes in marine environments
for example, seasonal and annual fluctuations in plankton
numbers are considerable and very low food densities may occur
from time to time. This situation would favour large larval size
at hatching. Comparisons could be carried out along latitudinal

gradients or among water bodies varying greatly in size.

Juvenile and adult fish

The patterns of prey size selection shown in Fig; 23
indicate the possibility of competitive interactions between
large vertebrate and small invertebrate aquatic'predators; By
weighting the curves with appropriate prey densities and feeding
>intensities, one can determine utilization rates and obtain a
better understanding of the dynamics of competitive
interactions. Visual predators can also limit the spatial or
temporal distribution of invertebrate predators and even induce
their vertical migrations (Zaret and Suffern 1976, Wright et al.
1980) but this form of competition will not be considered here.

Competition results from the use by individuals of similar

resources in limited supply (Birch 1957). The magnitude of the

competition therefore will depend upon the abundance of the
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resource as well as the rates of food utilization by the
competitors. In the case of planktivores, competition will be
affected by the availability of alternate food resources to the
competing predators. Freshwater fish are facultative
planktivores, whereas many invertebrates are obligate
planktivores (however Chaoborus larvae will sometimes ingest
benthic materials; Parma 1971, Pastorok 1980a). As a result,
there exists an asymmetry (Wermer and Hall 1977) in the nature
of the competitive relationship between small invertebrate and
large visual predators living in fresh water. Since plankton may
not contribute the most substantial portion of the diet of many
planktivorous fishes (from an energetic standpoint), fish
abundance may not always be related to their zooplankton food
base. For exaﬁple, Eggers et al. (1978) studied the ecology of
fishes inhabiting Lake Washington and found that fish growth did
not correlate well with zooplankton abundance. Moreover, fishes
did not appear to reduce fhe abundance of zooplankton
significantly. Predation pressure by planktivorous fish may
therefore vary considerably from one situation to another and
one should be cautious when interpreting data on competitive
interactions.

If feeding by visual planktivores is low, competition will
not be significant because fish feed mainly on large prey (Fig.
23), and small prey are relatively abundant. The feeding niche

of the invertebrate predator will then be complementary to that
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cf the vertebrate predator (Dodéon 1970, Giguere 1979). If
feeding pressure by visual planktivores is high, (e.g. obligate
planktivores, large numbers of juvenile fish, or in small lakes
with extensive margins of emergent vegetation supporting many
facultative planktivores), the feeding niche of the invertebrate
predator will be included inside that of the vertebrate
predator. Coexistence may fhén depend upon patterns of resource
abundance and various mechanisms of temporal or spatial

segregation. For example, feeding in fishes is restricted to

"

f§y9qup¥¢;,aquatic invertebrates respond to acoustic stimuli
generated by zooplankton (Horridge 1966, Strickler and Bal 1973,
Giguere and Dill 1979) and can feed continuously. Moreover the
Chaoborus larva is resistant to low oxyen concentrations and can
feed in the oxygen depleted hypolimnion. This can provide a
refuge from vertebrate predation (Frey 1964, Stahl 1966, Hongve
1973). Thus, even when the feeding niche of Chaéborus is
included within that of the fishes”, coexistenée may be

possible.
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CONCLUSIONS

I have explored ways that body size affects the rate of

transfer of energy between 4th instar larvae of Chaoborus

trivittatus (an ambush predator) and copepod prey. The method
used was that of exﬁerimental components analysis (Holling
1964). The results given in the thesis provide only partial
answers to the quéstions raised (e.g. only larvae starved at
least 24 hours were used), but the following can be concluded:

(1) Larvae attack 487 of the prey which come within 2.2 mm
from the central axis of their body, regardless of the size of
the prey (0.9-2.6 mm) or the ambient temperature (6, 13, 16 or
24 C). Therefore, the swimming speed of prey, which is
positively correlated with their length, influences encounter
rates substantially.

’(2) The proportion of successful attacks (i.e. the strike
eficiency) is inversely related to prey length, and higher at 13
C than at 6 or 24 C. A small larva is more successful at

capturing small prey than a large larva is, and vice versa.

(3) By combining the results on encounter:rate and strike
efficiency, I determined a relationship for the rate of
successful encounter with prey (passive selection) as a function
of ﬁrey size. It is a2 monotonic function which reaches a maximum
for copepods 1.3-1.4 mm in length. This provides a null
hypothesis to test for active or (behavioural) size selectioﬁ by

larvae that have food in their crops (i.e. are not “hungry”’).
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(4) Although no effect of meal size on metabolic rate is
apparent, the presence of food in the gut of a larva increases
.metabolic rate (SMR) by 36.9%Z (specific dynamic action or SDA).
Large-larvae (~16 mm in length) have a higher total SMR than
small oneskat 13 and 21 C. The total cost of prey capture
represents only 0.3-3.97 of the energy content of copepods over
the size range 1.2-2.3 nmn, and metabolic expenditures
attributable to the activity of the larvae are less than 10% of
the daily expenditures. I conclude that SDA should be an
integral part of emnergetic studies of predation.

(5) The efficiency of food assimilation (AE) can vary by as
much as 337% depending on meal volume and temperature conditions.
Predator size also had a small positive effect on AE. I conclude
that the problem of optimal foraging should be approached from
the point of view of optimal meal size, which will be related to
prey size. More attention should be paid to spatio-temporal
patterns of feeding since the capacity for food assimilation can
be exceeded substantially.

(6) There was no significant effect of meal size or
predator size on the instantaneous rate of digestion,(expressed
as mg dry weight of meal/thousand mg dry weight of
Chaoborus/hour).

(7) In the general discussion, I suﬁmarized patterns of
size selection in the Chaoborus larva, and considered its

effects on the structure of aquatic communities. Ignoring other
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differences between prey types, I argued that the feeding
success of aquatic predators depends on.a few basic components
whiqh are a function of the relative sizes of the antagonists.
Competition for food between aquatic invertebrate predators and
larval fish could be intense. In the case of juvenile or adult
fishes, which visually select the largest prey sizes, the
intensity of competition could be less severe. However,
freshwater fishes are facultative planktivores (whereas many
invertebrate predators are more exclusively planktivorous), and
their abundance may not be directly related to the zooplankton
food base. Fish predation pressure could thus vary considerably
from one situation to another. Depending upon the abundance of
the resource and the rates of food utilization by the
competitors, the feeding niche of a non-visual invertebrate
predator like Chaoborus could be complementary to that of the

fish, or included within it.
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Appendix I

Given that p equals the probability of capturing one prey
in one minﬁte, and that this value remains constant throughout a
given period (i.e. “hunger” effects on p are negligible over
short periods of time), the ﬁrobability thaf an individual will
capture its first prey in the ith minute is p x (1—p§rt In other
words, it is the produét of the probability that it will capture
it, say, in the fifth minute (p) times the probability that it
did not capture any in the first four minutes (1—p¢ . Thus,
n x (1—p$q represents the number of predators that should
remain unsﬁccessful at the end of a 24 min period. This equation
can easily be solved for p. I carried out this procedure for the
5 treatment categories for which sample size was largest in my
experiments (Chapter 2), and used these values to generate a
distribution for the number of prédators expected to have
capfured their first prey at various times (up:to-24 minutes).

Predicted and observed distributions never differed

R
significantly (X ; p>»> 0.25, d.f.= 23).
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