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ABSTRACT

Through an examination of literature on predation strategies,
three factors emerge as being considered the most important in con-
tributing to the nature of such strategies. These are; a) the ener-
getic aspects of the strategy (e.g. net energy gains from different
types of prey); b) behavioural activities by which the predator is
able to forage; and c) morphological constraints on both the energetic
aspects and the behavioural activities,

Laboratory experiments are designed, (with particular interest
paid to realism and predator standanﬁsation), to examine how the above
factors affecé the predator strategies of three species of Notonecta,
feeding on three prey types, singly and in coﬁbinafion and in two
environments, Simple models are constricted to attempt to identify
the main factors affecting prey selection in a multiprey situation,
and a morphometric study is undertaken to examine the dynamics of loco-
motion and prey catching. Factors affecting the control of handling
time are also examined.

Comparisons are made between the strategies of the three British
Notonecté species and with data for foreign species available from
the literature.

On the basis of the predation strategies described from the lab-
oratory results and on other aspects of the bionomics of this genus
(such as oviposition behaviour, development rates etc), a prediction
of the range of habitat types, which each species under study should
be able to exploit, is drawn up. These predictions are then compared
to actual distribution and habitat selection found from field sampling
and ‘described in the literature, with the aim of elucidating, to some
extent, the ecological problems of species diversity and co—existence

within this génus.
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CHAPTER I

I.1. ' A Introduction

It has been pointed out by several authors (e.g. Werner 1977)
that one of the fundamental problems in Ecology is to identify and
relate those factors which determine the number of species that can
coexist in an area., Interspecific competition, as one factor, limits
the similarity of co-existing species, but one frequently observes app-
arent violations of the ecological principle that two species cannot
comﬁete indefinitely for the same limiting resource (Gause's rule).

Many studies, testing such concepts as competitive exclusion, |
coexistence, character displacement etc., have shown that the species
involved differ in théir ability to utilise common resources, Mac-—
Arther and Levins (1967) have suggested that the success of a species
invading between two residents on a particular resource axis is re-
lated to the differences in mean utilisation of this resource. This
has led to Niche theory and the conclusion that there is usually no
complete sharing of all resources of one sympatric species by another,
because under éhe pressure of competition, initial small differences
in resource utilisation are intensified through evolution, so that
the two species come to use different portions of the once common
resource, .

The species of Notonecta are very similar ecologically (Gittleman
1973), and thus provide a useful tool for examining overlapping resource
utilisation, niche separation and thus species coexistence. Studies
by Taylor (1968) and Streams and Newfield (1972) suggest that the
habitats and environmental resources used by six species of Notonecta
in New England appear to overlap rather broadly. It is not uncommon

to find three or four of the species present in the same pond. Sim-
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ilarly, three, or sometimes all four of the British species have been
found in the same pond (pers. observation.). Taylor,and Streams and
Newfield do find that the microhabitats in which the species are usu-
ally found, tend to be seﬁarated. However, the authors conclude that
although spatial and temporal differences tend to separate the species,
there appears to be sufficient overlap in the feeding areas of several
of the species, to permit significant competition between them. They
further suggest that differences in feeding behaviour or prey prefer-
ences may further reduce such competition, although this has not been
critically examined.

The only literature describing species separation and distribution
of the British species éf Notonecta to date, does so on the basis of
selection of oviposifion sites, life histories and of the common hab-
itat type (e.g. Brown 1943; Walton 1943; Southwood and Leston 1959).
These attempts have generally proved incomplete as one often finds
populations of several of the species reproducing in the same, small,
more or less homogenous pond.

As Emlen (1966) points out, the efficient exploitation of avail-
able food is a vi;al requirement of all animals, and a study of feeding
and food preferences, therefore, should be of vital importance in
ecology. Very rarely, have the differences in foraging efficiency of
morphologically similar species been quantified in relation to a set
of resources that change in a recognisable manner (Werner 1977). There
are several studies which aescribe and quantify the feeding response
of individual Notonecta species (e.g. Wiese 1971, 1972, Wolda 1961 etc.,)
or species spécific predator/prey interactions (e.g. Fox and Murdoch
1978, Lawton et al 1974, Toth and Chew 1972). There has however, been
very little comparative research on the foraging efficiency of a guild

of Notonecta species in relation to habitat selection, competition and-
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coexistence, The small guild of British Notonecta (four species)
provides an ideal opportunity for such a study.

In the examination of a feeding strategy, attention should be
paid to behavioural and ﬁorphological complexes which allow a given
animal to gather food in a particular environment (Schoener 1971).

The net value of different types of prey to the predator, in terms

of éome currency (e.g. energy, dry wt. etc.,) should also be examined.
As Emlen (1966) points out, the value of food to an animal can be
basically determined by its calorific yield per unit time to that
animal. A more appropriate, and accurate, form of currency would

be the net energy gain (net profit) per unit time, taking into account
the cost to the predator of catching and handling the particular food
type. It is likely, then, that natural selection will favour the
development of feeding preferences and strategies that will, within
the physical and nervous limitations of a species, maiimise (or
optimise) the net energy intake per individual of that species, per
unit time available for feeding (Emlen 1966).

In order to examine and compare predatory strategies, one must

examine a number of factors:-

1) The energetic aspects of the strategy (e.g. net energy gains

from different types of prey) which may allow the prediction of the
'optimal' solution to a multiprey situation, if the net energy gain‘

is the major factor involved in food preferences.

2) Behavioural activities by which the predator is able to forage

for different prey and in different environments.

3) Morphological constraints on a) the behavioural aspects, in terms
of what the predator can and cannot physically do, and b) the energetic
aspects, in terms of types and sizes of prey it is physically able to

catch, the ease of catching and handling these items and the costs
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thereby incurred.

By combining such a study with other aspects of the bionomics
- of the species, including oviposition behaviour, life histories and
development, a prediction of the range of habitat types, which each
species of'predator should be able to exploit, can then be formulated.
One would expect differences between the species, which migﬁt allow
coexistence in the more complex real world habitat, to become apparent
in this overall description of their theoretically 'best' habitat.
In other words, predictions of the circumstances in which several
species may be able to coexist, can be made, and these predictions
can be tested against the actual distribution and habitat selection
in the field. |

If the predicted and observed distribution patterns are similar,
then perhaps, one has gone some way to elucidating the major influences
in the ecological problem of species diversity and co-existence with-
in this genus.

I. 1.1. The energetics of feeding strategies.

Analysis of the energetics of feeding has been almost totally
 concerned with optimisation problems. Feeding is treated as a device,
vhose performance, as measured by net energy yield/feeding time (or
other similar "fitness" unité) may be maximised by natural selection
(Emlen 1966 ; Krebs 1974, 1978; Macaurther and Pianka 1966; Schoener
1971; Werner and Hall 1976 etc.,).

The usual function used to quantitatively describe food intake
relates E, the total net energy yield from feeding to T, the total
time spent feeding, during some longer time period P (Schoener 1971).
Given an environment with sevéral available prey species, a predator
foraging optimally should be able to rank the different kinds of prey

in terms of % As foragers often search for all items simultaneously,
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the ranking function need not include search time and energy costs,

and can be written as below (Schoener 1971).

E _ (Available potential energy from prey-energy costs of pursuit
T handling and eating prey (1)

Pursuit time“+ handling and eating time.
This description assumes that digestion is simultaneous with other
feeding behaviour. |

Similar functions have been used by Emlen (1966), Estabrook and
Dunham (1976) and Rapport (1971) in the analysis of optimal diets.
AlthoughAdefinitions of optimal diet based on maximising some measure
of food value per unit time are the most often used, other criteria
can be equally valid e.g. a diet that minimises total search, pursuit
or handling time per food item captured (Macaurther and Pianka (1966) );
one that maximises food value per unit of energy used in foraging
(Tullock (1971)); or a diet controlled by-ease of catching‘or ease of
handling prey (see Schoener (1971)).

Optimal diets in which predators rank different prey according
to the %-Values, have three properties (Pyke, Pulliam and Charnov
(1977)). Firstly, the decision as to whether or not to eat a food
type is dependent only on the relative abundance of the food types
of higher rank, a less profitable prey never being specialised on,
regardless of its abundance. Secondly, it is predicted that, as the
abundance of the most profitable prey type increases, the number of
less profitable food types included in the diet will shrink i.e. in-
creasing food abundance should increase specialisation.(Alternatively,
as the abundance of preferred prey falls, so more, less preferred,
prey should be included, but in their rank order). The final property
is that a food type is either completely included in, or completely

excluded from, the optimal diet (i.e. there should be no partial pre-

ferences, unless the theory is extended to include dietary contraints



14,

or random variations in the food abundances (Pyke et al (1977)).
Work such as that of Charnov (1976), Goss-Custard (1977) and Werner
and Hallv(1974), have shown that an animal's diet can be predicted
on the basis of such theoretical arguments.

There are, however,,séveral defects in such models of optimal
diets (Hassell and Southwood (1978)). Firstly, they assume that
ﬁrey exist in a homogeneous environment. Hassell and Southwood
suggest that such models could be made more realistic by being based
on some heterogenous distribution of prey as are optimum foraging
models. Secondly, studies on free flying blood sucking insects and
pollen and nectar gathering social bees, have shown that relative
abundance of different food types does affect their inclusion in thé
diets (for references see Hassell and Southwood (1978)). Finally,
the chrrent optimal diet models make no allowance for the forager's
need to sample the environment, and assume that a forager can unfailingly
rank different prey types. (For a further critique of optimal foraéing
theory and models, see Maynard-Smith (1978)).

Two types of predator have been described on the basis of their
attack strategy (Schoener 1971). Type I predators incur expenses in
time and energy in feeding from pursuit, handling and eating the prey,
and not from search. At the same time as monitoring the environment
for food, such a predator will simultaneously look for mates, terr-
itorial invaders (where appropriate) and its own predators. Overall,
it expends no more energy searching for food than on other activities.
This is the classic 'sit and wait' predator, an apt description of
Notonectids. Type II predators incur costs in time and energy for
search as well as the other costs listed above. Search costs involve
foraging in different areas, and optimal foraging Qould require the

predator to order the feeding areas by their probable profitability,
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The degree to which net food energy does increase the predator's
fitness depends on several factors; e.g. age, metabolic requirements,
storage of food, growth and reproduction. Feeding strategies are
often restricted by the way the predator controls its metabolic
expenditures to meet seasonal changes in thermal conditions and food
supply. For example, diapause, hibernation and daily torpor are all
devices to reduce metabolic energy consumption during unfavourable
conditions. Generally, fitness can be quantified in several ways.
Positive relationships between food intake and reproductive outpﬁt
are common, e.g. increase in the weight of reproducing individuals
affecting egg production; increase in clutch or-litter size; increase
in size of newborn young or egg; and increase in the number of broods
or litters per season, or in oviposition rate (Schoemer 1971), It
will be shoﬁn later than varying food levels for reproducing female
Notonecta affects number of eggs laid, age at which eggs are laid and
numbers of generations per year,

The profits an animal acquires in feeding must be weighed against
the loss of time to participate in other important activities associated
with fitness, such as search for mates or predator avoidance (Schoener
1971). Animals not grouped into localised pairs or harems, or with
low population densities, may be subject to a decrease in mating success
which might be directly proportional to time spent feeding. Animals
below a certain size are subject to a positive relationship between
conspicuousness, such as occurs when feeding, and the chance of being
eaten themselves. Other competing activities such as grooming, preening
and play are likely to be less important (Schoemer 1971).

Schoener also suggests that predators may be classed according to
‘the manner of maximising their fitness. Ene;gy maximisers are described

as animals whose fitness is maximised by maximising net energy intake
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for a given feeding time. Females and animals with variable clutch
sizes are good examples of this class of predator, Time minimisers

are animals whose fitness is maximised when time spent feeding to
gather a given energy requirement, M, is minimised. Animals with

a relat}vely fixed reproductive output may be approximated by this case,

The parameters of the net energy/Time equation (1) have been
discuésed by Schoener (1971) and are considered the most important
parameters in the analysis of foraging strategies.

a) Search time, The search time between two items of food, Ts,
can be simply expressed as some constant over D. the density of items.
With random search, this constant depends on both the predator's and
the prey's speed, the search area of the predator and the diameter
of the prey. NE, the reciprical of Ts, gives the expected number of
items encountered/time. As Notonectids are a Type I predator, this’
parameter need not be considered further.

b) Pursuit time. This represents time from detection of a food

item to contact, For predators feeding by touch, this value is nil.
For stationary prey, this time is the initial distance divided by

predator speed, Vp. For a moving prey, the distance is multiplied
VP
AL

ation and fatigue, may complicate this picture somewhat.

Vi being the prey speed. Other factors, such as acceler-

¢) Search and pursuit energy. The simplest assumption on ex—

penditure of energy during activity, is that it 1is proportional to W‘,
where W is the body weight, and £ a power index derived from respiration/
weight correlations amongst several different types of animal, and
commonly clusters about 0,75 (Schoener 1969). Active metabolism can

be up to twenty times basal, but Schoener reports most data available

demonstrates six to fourteen times, and food search may cost little

more than rest.
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d) Handling and eating time and cost per item. Handling and

eating time vary for different predators and prey types and sizes.
The energetic cost per item usually falls below pursuit costs. Apart
from feeding and handling, costs may be incurred in transporting the
prey item to some location for consumption or storage (this is often
important as it can reduce risk of predation, where positions chosen
for consumption reduce the feeders conspicuousness).

e) Pursuit and Capture Success. This will be examined in section

I. 1.2,

f) Potential calorific content of food. This term can be expressed

as Cait, where Ca is some constant proportional to the number of cal-
ories the animal can extract from the food item per unit volume, and i'
gives some measure of the effective volume of the prey, i being prey

length, t is some value between 2-3,

g) Relative abundance of kinds of food items. This is important
in the construction of optimal diet models, although for theoretical
purposes, it might be arbitarily set.

I. 1.2. Behavioural aspects of feeding strategies.

I.1.2.1. Introduction

Whereas Schoener has examined foraging strategies in terms of the
optimisation of gains and costs in relation to fitness, Holling (1959,
1961, 1966) considered such strategies from a more behavioural stand-
point, breaking down the whole process of predation into a series of
components, the effect of each one having an effect on the overgll
strategy; Holling (1961) classified the five main factors, which were
thought to affect the predation process, into two categories. He
termed basic components those factors which were umiversally present
in predator/prey interactions i.e. a) Prey density, and b) Predator

density. The remaining three factors, namely, c) characteristics of
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the environment (e.g. number and variety of alternate foods, environ-—
mental complexity ete.,) d) characteristics of the prey (e.g. defence
mechanisms, distributions etc.,) and e) characteristics of the predator
(e.g. attack techniques etc.,), he termed the subsidiary components.

I. 2,2.2, Components of Predation.

It is necessary, at this point, to briefly introduce the term
'Functional Response'.. This term was first proposed by Solomon (1949)
and later used by Holling (1959) to describe the change in the capture
rate of a predator with varying prey density. This usually shows an
increasing prey capture rate with increasing pre& density, and indicates
the general impact of the predator on the prey population. Hassell,
Lawton and Beddington (}976) note that the mathematical description
of this response is normally defined for the case where predators
search at random for a homogenous, randomly distributed prey population.
Most mathematical descriptions of this response also assume that the
instantaneous attack rate and handling time remain constant for all
captures at each density. Holling described how the components of

predation affected the functional response of Hierodula crassa on var-

ious insect prey items. Ten such components were described:-

i) The rate of success of search for prey by the predator. This comp-

onent has many variables and is affected by them in a number of ways.

a) Size of reaction area of a predator for a certain prey, either

in two (e.g. terrestrial predators) or three (aquatic predators) dimen-
sions, This area can be measured by determining the maximum distances
over which the predator will show at least an orientation response to
the prey presented from different directions., The size of prey, its
speed of movement and the predators hunger level will all affect the
size of the reaction area, It will be reduced with small prey, slow
prey and a low predator hunger level, and increased with large, rapidly

moving prey and higher hunger levels. (Environmental complexity can also
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affect its size).

b) Speed of movement of the predator and prey will affect search

success. Hunger generally increases the rate of movement of a predator
when searching,

¢) Actual success in capturing prey by the predator, when prey

enter its reaction area. This is further subdivided into three cat-
egories, chronollogically describing the attack procedure.

cl) Recognition success of the prey item by the predator. This is

Number of recognised encounters
Total number of encounters

given by -
This will be affected by acuity of perception of the predator, prey
camouflage effectiveness, and the clarity of the environment.

¢2) Pursuit success, which is given by =

Strikes made =
Total number of pursuits initiated

Where the pursuit is successful, the predator gets close enough to
initiate a strike.
¢3) Strike success, which is given by -

Number of successful strikes
Total number of strikes initiated

These subcomponents are important, as most attempts to describe the
functional response of a predator use more than one replicate. There
is likely to be a broad spectrum of variability between different
individual predators in these behavioural phenomena, so that consider—
able variation between individuals in overall response is likely.

ii) The time the predator is exposed to prey. This is basically sub-

divided into the time associated with feeding behaviour, and the time
associated with non~feeding be@gviour. (For experimental purposes,
one would try and reduce non-feeding behaviour as much as possible,
by carefully selecting experimental animals e.g. prédators should not

be selected just prior to, during or just after moulting, oviposition

etc,)
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iii) The handling time., This involves the time spent for the pursuit,

capture and eating of the prey, as well as the digestive pause after
feeding. Handling time is affected by factors such as size of prey

and hunger of predator, (and it is another likely cause of variation
between predators).

iv) Hunger. This component is possibly the most important, as it
affects every other component in feeding behaviour in some way. For
example, it affects the area of search, speed of movement, rate and
success of attack and the handling time. After eating, there is usually
a digestive pause, during which it is presumed that the hunger thresh-
old is below the attack threshold, so no search is initiated. (The
threshold is some physioiogical étate of the predator; see later).

All the above components will depend on the level of satiation of the
predator, Obviously, the amount of food required to reach satiation
will depend on the size of the predator and the length of previous

food deprivation (as well as the general nutritional state of the pre-
dator)., It is quite common amongst invertebrates, for the weight of
food required to reach satiation to increase at a decelerating rate
with time of food deprivation, levelling off at some value correspond-
ing to the volume of the gut (Holling 1966).

v) ‘Learning processes in the case of H, créssa and many other inverte-
brates will involve the development of a specific search image (Holling (1966)).
Such search images will develop as a result of experience, (although
the ability and rate of development of such a search image will vary
between individuals) and is likely to improve the predators ability at
recognising and catching prey.

vi) 1Inhibition by the prey, will include energetic defence, such as

inhibiting further attack for a certain period of time after contact

with the prey; escape; and sensory satiation and confusion at high
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prey densities.
These six components change with prey density, whereas the next
‘three components are affected by predator density.

vii) Exploitation, where the predators compete for the same resource,

thus as predator density increases, the chance that any one predator
will discover an unattacked prey item decreases, which in turn decreases
the attack rate.

viii) Interference betweeén predators. Meetings between predators decreases

the time available for search, and the efficiency of search, and so
tends to decrease attack rate.

xi) Social facilitation is the opposite of viii), as it is possible

for an initial stimulation for greater activity of the predator (hence
a higher attack rate) to occur as predator density increases,
The last component concerns a response by the prey.

x)  Avoidance learning by prey. This is not very widespread in inverte-

brate prey, but quite common in vertebrates.

‘In‘natural conditions, the overall response by predators to prey
will also be affected by the 'subsidiary' components listed previously.
It would be impossible in the time available for this study, to ex—
amine predatory strategies under all environmental conditions, with
all different prey distributions and types, over all predator stages.
They must, therefore be examined under a selected range of conditionms,
with selected prey distributions and predator stages and such constraints
must be taken into account when attempting to extrapolate the laboratory
findings to field conditions.

I. 1.2.3. Simulation models of feeding behaviour

Both Holling (1966) and Johmson et al (1975) point to.the im-
portance of hunger amongst the various components, and if one assumes

that feeding behaviour is determined by the interaction of hunger with



LEGEND TO FIG. 1

Diagrams showing the incorporation of feeding EOmponents
into models of feeding behaviour (Johnson et al (1975))
a) For the mantid H. crassa (after Holling (1966))
b) For a beetle (after Johnson et al (1975))
c) For a damselfly (after Holling (1966)) |

d) For the damselfly Anomalagrion hastatum

(after Johnson et al (1975))

Key: O -~ Stop eating threshold
HK - Gut capacity
HTE -~ Threshold for eating
HTC - Threshold for capture
HTP - Threshold for pursuit
HTM -~ Threshold for movement
HIF - Hunger in foregut

HIM - Hunger in midgut
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hunger thresholds, switching on or off search, pursuit, capture and
eating, then flow diagrams can be constructed, describing many diff-
erent types of feeding behaviour incorporating the various components
(Fig 1).

Such models assume that the emptiness of the gut, as a simple
manifestation of hunger, provides the internal drive, motivating all
components of feeding behaviour. Hunger declines during feeding, in-
creases through the combined actions of defaecation and assimilationm,
and approaéhes a maximum value corresponding to the capacity of the
gut., (Stretch receptors as described by Dethiers (1976) ;nd Gelpein
(1971) may provide the anatomical/physiological justification for these
models). Johnson (1975) points out that if one assumes hunger is a
unitary drive, and thresholds are érranged in a determinate heirarchy,
then only qualitative descriptions of behaviour are necessary to -
specify a number of thresholds, as well as their relative magnitude
(Fig. 1b). Holling also postulated the existence of a hunger thresh-~
old for eating greater than that for capture, to account for some pre-
dators pursuing and capturing prey, but not eating them (Fig. lc).

Hunger is assumed to vary from O (stop eating threshold) to HK
(the gut capacity). For the mantid H. crassa (Holling 1966) (Fig. la),
the thresholds for eating (HIE) and for capture (HTC) are at a similar
hunger level, Mantids will capture prey within reach if hungry enough
to eét, but will not.pursue flies unless much hungrier, as the thregh-
old for pursuit (HTP) is a higher one. For a beetle (Johnson et al
1975) (Fig. 1b), the threshold for pursuit is lower than that for
capture and eating, hence the predators behaviour of pursuing prey
but not attempting to capture them. For a damsel fly (Holling 1966),
the threshold for capture is below the threshold for eating, (This is

a 'sit and wait' predator, with little or no pursuit), hence the be-
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haviour of capturing then discarding prey. The threshold for move-
ment (HTM) is even higher, allowing for the changing of perch site
in search of prey, and aggregative responses by predators to local
concentrations of prey.

Johnson et al (1975) found data which conflicted with the propo-
sition of Holling's model for Damsel fly predation, and postulated
a different model. They'describe a model which assumes a two compart-
‘ment gut, where hunger in the foregut (HIF) affects the strike res-
ponse and eating, and hunger in the midgut (HIM) affeéts only the
strike response (Fig. 1ld). It is also assumed there is no association
of hunger responses with the hind gut. A strike can occur whenever
the total hunger (HIF ¥ HIM) exceeds a hunger threshold for capture
(HTC), but eating can only occur if HIF exceeds a hunger threshold
for eating (HTE) (Fig. 1d), vhenever the foregut became full (HIF=0),
partially eaten prey would be discarded whether the midgut was 'hungry'
or not. Discard of prey fepresents a temporary condition when the mid-
gut is not yet full, but the foregut is too full to allow further con-
sumption, thus the Damsel fly continues to capture prey, but does not
eat. This two-compartment model of the gut, with separate proprio-
receptors, does receive support from work on feeding in Phormia
(Dethiers (19 6), Gelperin (1971)),

I. 1.3. Morphological constraints on Prédation

Whatever the ultimate causes determining the overall predation
stfategy, proximate causes for some aspects, such as size and type
of prey selected and efficiency in locomotion, can be found in the
physiological and structural features of the predator. As Holling
(1964) suggests, for many measurements of the animals form, the op-
timum with respect to survival is usually near the mean, implying

the population under study is nearly at equilibrium under natural
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selection. One can then redefine the problem from one of 'how does
prey size affect predation?', to 'how do the structures that the
predators use to capture prey determine the size of prey captured?’
(Holling 1964).

Generally, most work of this nature has been confined to the
study of vertebrates e.g. rodents (Rosenzweig and Sterner 1970), fish °
(Werner 1977) etc.,. Of the little work on invertebrate morphology
in relation to predation, the most famous example is that of Holling
(1964), examining the relationship of prefered prey size with the
size of the prey catching appendages in the mantid ﬁ. éréésé. A
somewhat similar study by Gittleman (1977) studied possible resource
partitioning in the Notonectidae on the basis of relative sizes of
the prey catching appendages and their mechanical functioning. He
has also considered coexistence in the Notonectidae on the basis of
relative locomotary efficiency (1974).

By'comparing the form and mechanical functioning of prey catching
andllocomotary appendages within the British species of the genus
Notonecta one can investigate the possibility of differential resource
utilisation, and hence co—existence, amongst these superficially almost
identical insects.

I, 2, General Biology of the Notonectidae

I. 2.1. Introduction

Although there are a number of reviews of aspects of the biology
of the Notonectidae (e.g. Butler (1923) , Ellis and Borden (1970),
Fox (1975), Toth and Chew (1972), Southwood and Leston (1959) etc),
to date there has been no general review of the family as a whole. It
is important, however, that such a review be attempted, since a detailed
knowledge of the biology of a predator is extremely important in pro-

viding a basis to the understanding of its feeding strategy and habitat
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selection.

The family Notonectidae forms part of the section Hydrocorisae, of
the order Hemiptera. .They are fairly large, actively swimming pre~
dators, found in a wide variety of freshwater habitats. Food intake
and prey capture, described in more detail later, is carried out
with the use of a piercing rostrum and raptorial fore and middle
legs. Swimming is carried out by the posterior legs, which are
provided with hairs, giving them an overall shape similar to an oar,
@ence the more popular name of Waterboatmen, These insects character-
istically swim on their backs, which are keel shaped in section (Fig. 2A)
‘and only for short periods do they turn up the 'right' waﬁ, for example
when searching for perch sites or in capturing prey from such sites.
Another obvious feature is the pair of large compound eyes, sited
quite well forward on the head.

There are four species of the genus Notonecta found in Britain.

These are Notonecta glauca (Linnaeus); Notonecta maculata (Fabricius);

Notonecta viridis (Delcourt); and Notonecta obliqua (Gallen). The

latter has two subspeciés in Britain, the typical N. obliqua obliqua

and N. obliqua delcourtii.

I. 2.2, Taxonomy of the British species.

The adults of the four species can be quite easily separated on
the basis of their hemielytera colour (the sclerotised part of the
forewings, which covers most of the abdomen of the adults).

N. glauca - This species has dark tan or buff coloured hemiely-
tera, which sometimes have several fairly large dark blotches, these
never, however, obscure the main tan or buff colour.

N. maculata — This species has much darker hemielytera, which are
extensively mottled with dark brown or black dots, practically ob-

scuring the ground colour. The first few segments of the abdomen,
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LEGEND TO FIG. 2.

A)  Adult Notonectid hanging from water surface.
B) 1st instar Notonecta nymphs (not to scale)
a) 'N. glauca
b) N. obliqua
¢) N. maculata

d) N, viridis
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on the dorsal side, have a deep orange colour, which is seen when
the wings are opened.

N. obliqua — This species has almost black hemielytera, with
two pale cream streaks, diverging from anterior to posterior, along
both sides of the bug. This species is also the largest of the four.
The sub-species delcourti has additional pale yellow spots posterior
to the streaks.

N. viridis (marmurea)- This bug is superficially similar to

‘N. glauca, but the basic hemielytera colour is much lighter, tending
towards a grey colouration. It is also the smallest of the four
species, and has a characteristic black cross-marking along the sutures
in the centre of the hemielytera., Southwood and Leston (1959) also
refer to N, viridis as having pointed anterior angles to the pronotum,
which embrace the eyes to some extent., All three pairs of legs are
of a marked green colour.

Macan (1965a) separates the species on the basis of the genitalia.

Dévelopment in the Heteroptera is hemimetabolous, the young nymphs
resembling the adult stage. In the genus Notoneéta, the nymphs occupy
the same habitats as the adults, and also eat similar food, although
in the early nymphal stages, smaller items are taken. There are five
nymphal stages, which are very difficult to identify to species level
except in the first instar, where ventral abdomen colouration and size
allow fairly easy identification (Fig. 2B).

I. 2.3. Life History.

The life histories of the British spp. have been described by
Walton (1936) and Southwood and Leston (1959). N;tglauca is reported
to mate between December and late May, with oviposition mainly from
early February to early May. The five instars occupy at least two

months, but by late August, the new generation of adults has emerged.



LEGEND TO FIG. 3

Life histories of the Notonectidae:

A)

B)
C)
D)
E)
F)

G)

N. glauca and N. obliqua (Walton (1936}, Southwood

and Leston (1959))

N. viridis (Southwood and Leston (1959))
N. maculata (Walton 11936))

N. undulata (Toth and Chew (1972))

N. hoffmani (Fox (1975a))

N. borealis (Rice (1954))

Bueno elegans and B. martaritacea (Rice (1954))
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FIG 3 LIFE HISTORIES OF THE NOTONECTIDAE
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Only one generation is reported per year, with adults overwintering.
N. obliqua has a similar life cycle to N. glauca, with oviposition
occuring perhaps slightly earlier in the year (Fig. 3a). N. viridis
is again similar, but the oviposition pgriod is reported to be much
shorter, occuring between February and March (Fig. 3b). These three
species are normally uni-voltine, In N, maculata, the situation is
rather more complex (Walton 1936), as there is a tendency for eggs

to be laid at two distinct times in the year, August — October and
March = April inclusive. These two lots of eggs develop in rather
different ways. Those laid in the Autumn are of a form which undergoes
a period of diapause, and do not hatch until March or April of the
foilowing year, and the nymphs develop relatively sloﬁly to reach
adulthood by late July or early August. The spring laid eggs, how-
ever, hatch in about three weeks and grow rapidly to become adults

by the end of June (Fig. 3¢). It is unclear as to which of these

two adult cohorts then lay eggs in August or October, but it is un-
likely that those reaching adulthood by late July or early August will
have enough time to mature and lay eggs which subsequently overwinter,
These adults will probably overwinter and lay eggs in the spring, where-
as the adults matured from the spring eggs, probably lay eggs in
August or October, which then overwinter, the adults either dying or
possibly overwintering and producing another batch of eggs the next
spring. This complex reproductive strategy may well be an adaptation
to unstable habitats (a prefered habitat type (see Chapter VIII)),
similar to the 'cohort-splitting' of terrestrial isopods (Sunderland,
Hassall and Sutton (1976)).

Both ‘N, ‘glauca and N. obliqua, if brought into the laboratory

in November, will lay eggs, and during the Autumm of 1976, in the

sample ponds (see Chapter VIII), both species laid an extra batch of
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eggs in November, which then hatched, but the nymphs failed to survive
the winter. This may be either éarly oviposition of the spring eggs,
or attempts at a second generation, taking advantage of the long
sumier and mild Autumn of 1976. During a similar period in 1977 and
1978, after poor summers, fhese extra batches of eggs did not appear
in the field, but were laid in the laboratory. Obviously, temperatures
and food availability play a large part in the control of oviposition
and an examination of the life histories of some North American species
helps to elucidate this.

Toth and Chew (1972) showed egg production by N. undulata was
directly related to the female feeding level which controlled how long
after ecdysis the first eggs were laid, and also described attempts
at a second generation by this species (Fig. 3d). Fox (1975) noted
that young female N, hoffmani normally did not reproduce until the
" following February, but if given sufficient food, they will reproduce
in the late summer, a few weeks aftér moulting to adult. TFox con-
cluded from laboratory studies that delay in the onset of reproduction
was inversly related to the amount of food available, thus the one
generation a year'in the field shown by N. hoffmani, is a result of
a relatively low food supply for the young adults (Fig. 3e).

Rice (1954) found four different types of life histories in ten
species of N. American Notonectidae, and related them to the environ—
mental temperature. One type shows only one generation a year, and
is typified by adults overwintering; this includes N. irrorata;‘EL

insulata, N. undulata and N, lunata. There are two types of female

to be found in the autum in this type of life cycle:- old females
laying eggs and young immature females which will begin laying in
the spring. The second type of life cycle is shown by N. borealis,

which is univoltine with a long oviposition period, eggs being laid
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up until the middle of July, when the adults die. The eggs spend
four to eight months in diapause, overwintering, giving a life cycle
(egg to adult) of 199 to 265 days, compared to 52-72 days in the
previous four species (Fig. 3f). An intermediate strategy is shown

by Bueno limnocantaris and B. macrotibialis. These species have

eggs which can hatch after only 21 days in late August, and other which
overwinter till next spring. The fourth type of life history is

shown by B. elegans and B. martaritacea, which show overwintering

"as both adults and eggs and have two generations a year, one starting
in the spring and the second in late summer, the eggs hatching after
only nine days (Fig. 3g).

The tﬁo species described by Rice which éhow two gemerations
a year are found in areas of higher temperature than the others, where
food is either more abundant or available for longer periods. The
species showing the longest egg—adult cycle is found in the coldest
habitats, where water bodies are frozen for much of the year. The
other sPecies are restricted to one generation a year, although.in

some cases (e.g. N. undulata and N. hoffmani) they are physiologically

able to have more, but restricted from doing so by a combination of
low temperatures and low food levels,

| This ability to change life histories by increasing the number
of generations a year, shows the opportunistic nature of this family
of water bugs, allowing them to exploit what seem to be inferior
habitats.

I. 2.4, Egg classification.

British Notonectid eggs have been described by Walton (1936).
They are oblong oval in form, always blunter at the anterior end,
where the micropyle and its projecting peg occur., The chorion is

two layers thick, hexagonally sculptured, and perforated with fine
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holes. The embryo develops with its head to the anterior end.

N. maculata eggs are the largest eggs of the four British species
and change noticeably in size during development. A new laid egg
is 1.6mms in length and O.6mms wide,'and an egg showing eye spots
(indicating it is almost fully de§eloped) is 1.95mms by 0.8mms (an
increase of about 1007 in volume). When freshly laid, the fertilised
egg is a pale orange-yellow, but quickly darkens to a brown. The
micropyle peg is usually only a little rounded tubercle, sometimes
downward curved. (Fig. 6a).

It is reported that the egg of N. glauca does not alter much in
size during development. It does not usually exceed 1.7mm long,
0.5mm wide. When freshly laid, it is a pale yellow, slightly down—
ward curving cylinder, with a small pointed micropylar peg, and it
darkens slightly as it develops (Fig 6b).
| N.'obliqua eggs measure 1.9mm in length, O.7mm in width, when
showing red eye spots. They are pale yellow when freshly laid, and
downward curving at both ends, but less so anteriorly. The egg dark-
ens antero—dorsally as it dévelops, with a brownish Finge when fully
developed (Fig. 6c). |

N. viridis eggs are the smallest of the British species when
freshly laid measuring 1.45mm by O.5mm, and change very little in
size during development. They become darkish brown after a coupie
of days,being yellowish-white inclining to a green tinge until then
(Fig. 6d).

I. 2.5. Oviposition

The two sexes are not instantly recognisable, but by consideration

of overall body shape, abdomen and the last abdominal segments, they

can be separated (Fig. 4). Generally, the female appears wider across

the anterior ventral abdomen (e.g. N. gléuca f x = 0.499¢cms (n = 25),
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LEGEND TO FIG 4 Diagrams showing the terminal abdominal segments of

A) a female and B) a male Notonectid (side view)(after Macan (1965a)).

LEGEND TO FIG 5 The ovipositors of the female British Notonectids

(after Walton (1936) ).

A) N. maculata B) N. glauca C) N. obliqua D) N. viridis.

LEGENT TO FIG 6 The eggs of the British Notonectids (after Walton (1936) ).

A) N, maculata B) N. glauca C) N. obliqua D) N. viridis,
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m X = 0.4725 (n = 8) (sig. of diff = 0.1); N.maculata f X = 0,503cms
(n = 21); mx = 0.482cms (n = 8) (sig. of diff = 0.1); N, obliqua f x =
0.527cms (n = 27) m X = 0.508cms (n = 8) (sig. of diff = 0.05), and the
posterior end of the abdomen tends to be pointed in the female, but
more angular in the male., The last abddminal segment appears to be in
two parts on the ventral side, either side of the copulatory organs,

in the male, each part is small and sharply poinﬁed, in the female,
larger and rounded.

Walton (1936) describes the female ovipositor as being provided
with stout spines to which he ascribes the use of drilling holes in
stems of plants, the usual mode of egg laying. The ovipositor is of
a similar form in the four spécies of British Notomectids, but the
numbers and types of spines on the ovipositor differ (Fig. 5). N.
maculata has a pair of only moderately long gonopophyses (first pair)
with 43vlong sharp spines on each valve, situated on an oval, raised
portion of the valve (Fig. 5a). N. glauca has the longest, and re-
latively most slender ovipositor valve of the four species with 56
large, conical spines, tapering smoothly to a fairly sharp point (Fig. 5b).
The basal spines are the shortest and bluntest, while the apical ones
are the longest and sharpest. N. obliqua has a slightly shorter, but
much more powerful ovipositor than N. glauca. The central part is
very broad and solid, suited for strong muscle attachments, There
are 66 stout spines (Fig 5¢). N. viridis has a shorter, but relatively
wider, ovipositor than the preceding two species, with 45 spines which
are sharper and more slender (Fig. 5d).

The form of the ovipositors is well suited to the mechanism of
oviposition. N. glauca buries its eggs the deepest into plant stems
so would require the longest ovipositor. As its eggs are relatively

small, little power is needed to scour out a hole, a single drill hole
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probably being adequate. N. obliqua lays a much bigger egg, but it
is not so deeply embedded. A wider, but shallower hole is required,
so a shorter, broader and more muscular ovipositor is needed. This
species also lays its eggs on supports. N, viridis still retains to
some extent the habit of fixing eggs onto rather than into plant
surfaces. It probably scrapes away a small depression in plant stems
~ (when these are used), so it only requires a small ovipositor. The
sharper spines could be used to scrape depressions on the surfaces of
other solid objects. N, maculata retains the less advanced method of
ovipositing, by laying directly onto objects by means of a waterproof
glue. Walton (1936) reports that N, maculata never lays on soft plant
tissue or other soft objects, but sometimes lays on twigs or branches
if there are no stones etc., available in the habitat. Thus it would
only require a short ovipositorvwith short spines.

Butler (1923) suggests that by laying eggs in plant stems, if the
water level drops, the eggs will be protected from dessication, as in
the plant they are furnished with moisture. N. maculata, which lays
overwintering eggs in temporary ponds, is the most likely species to
undergo dessication in the egg stage, but actually lays its eggs outside
of plants. The egés can undergo periods of dessication and survive,
so it appears that Butler's argument is invalid.

Walton (1936) suggests that burying the eggs deep into the air-
filled plant stem tissues, as in N. glauca, aids development by supp-
lying additional oxygen. This is unlikely, as eggs have been laid in
and successfully develop from, polystyrene tile pieces floating on the
water surface, with no additional aeration, for all four British species
(éee Chapter II), and Ellis and Borden (1969a) reared N. undulata eggs
laid in the mesh of 'vexar' strips. Eggs laid in plant stems by British

species in the field, can be brought into the laboratory, removed from
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the plants and still develop normally.

What seems a logical reason for this oviposition behaviour, is
protection of the eggs from possible egg predators and parasites. By
burying the egg in the most convenient soft object, namely plant tissue,
the egg may be protected to a much greater degree than if left ex-
ternally. There are no recorded egg predators or parasites of British
Notonectid eggs, but Fox (1975a), working on N. hoffmani in California
found evidence of egg predation, although the identity of the predator
species was never discovered.

Several authors have suggested that habitat selection by the four
British Notonectid species is'mainly controlled by oviposition behav-
iour (e.g. Walton (1936), Brown (1943, 1948) etc.). Hence, N. glauca
and N. obliqua prefer weedy habitats, N, viridis less yeedy and partly
stony habitats, and N, maculata concrete man-made ponds or oligotrophic
ponds with stony substrates, Habitat selection will be considered in
more detail in Chapter VIII,

I. 2.6. Prey Detection

A more detailed description of general predatory behaviour by
this genus of bugs will be given later (Chapter IV ) but the following
section describes the location and functioning of the receptors in—
volved in prey detection.

Wolda (1961) reports that N, glaucé hangs upside down from the
water surface, touching this surface with the tarsi of its four, short,
prothoracic and mesothoracic legs, and with the tip of its abdomen.
Small vibrations caused by a floundering insect which has fallen into
the water, or in his experiments, by a thin steel wire touching the
water surface, constitute adequate stimulation, to which the animal
shows an orientation response. Gittleman (1973) and Murphey and

Mendenhall (1973) generalise that N, glauca depend on the vibration
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sense to locate their prey, and any surface disturbances in their
habitats are likely to be caused by potential prey items. Their
prey localisation behaviour can be elicited by artificially gener-
ated ripples in the frequency range 20 - 150 Hz, with ripples as
small as 1lvm in amplitude,

The use of vibrations to locate prey, as reported by the above
workers, does not adequately account for all forms of prey detection,
Notonectids can be observed searching for prey within the water column,
or even along the bottom of the water body (Ellis and Borden (1970)).
Southwood and Leston (1959) describing prey location by N. glauca, ob-
served that although it goes immediately towards the source of an
underwater disturbance, the final stage within an inch or two of the
prey is by sight. They also suggest that, although N. maculata 1s
principally a surface feeder, it is able to detect its prey by sight
at a range of about 8 inches (although no experimental details were
given). Personal observations have shown that N. glauca and N. obliqua
will both respond to a bubble of air moving up and down a stationary
pipette, where only a visual stimulus could elicit such a response,

As will be shown in later chapters, generalising on the predatory
behaviour of all Notonectids is a gross oversimplification, as their
behaviours vary as widely as their habitats. However, these references
do indicate the two components in prey location in Notonectids, namely
sight and wave detection, the importance of each varying with species
and habitats. Gittleman (1973) has postulated that differences in the
importance of these two components in detection and location of prey
may allow coexistance between two, otherwise similar, species.

The location of the receptors for controlling orientation be-
haviour has received a fair amount of attention., ' Wolda (1961), report-
ed that N. glauca responded to surface ripples after the pro-and meso

thoracic legs had been amputated proximal to the tibio—femeral joint,
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indicating the presence of sensory receptors at this joint. Murphey
and Mendenhall (1973), after amputating unilateraly, just proximal
to the tibio-tarsal joints of the pro — and mesothoracic legs, found
the variability of the turning response to prey was increased, but
there was no circling movement, which should occur if ali the receptors
on one side are ablated. However, when the receptors distal to, or
associated with the tibio—femoral joint were lesioned unilateraly,
circling movements toward the intact side were observed. This supported
the supposition that the receptors important to prey orientation be-
haviour are associated with the pro - and mesothoracic legs, and also
implies that the main receptors are located at or distal to the tibio-
femoral joint, aﬁd proximal to the tibio-tarsal joint. Even after all
four tibio—femoral joints were ablated, the predator could still respond
to a large stimulus, especially if posterior to the predator, indicating
the presence of anothef receptor. This was found #t the tip of the
abdomen., A conspicuous row of hairs along the posterior lateral margins
of each of the last three abdominal segments on either side was found
to be the site of this receptor.

Murphey and Mendenhall conclude that orientation depends on the
sensory imput from all five points in contact with the surface film.
The critical receptors are located near the tibio-femoral joint, the
abdominal receptor is involved in control of turns to ripples arriving
from posteriorly placed targets, the decision to turn left or right
being based on a comparison between sensory imputs tovhairs on the
two sides of the abdomen. Murphey and Mendenhall (1973 ) suggest the
CNS determines which receptor is nearest the target, and then initiates
a turn in this direction. The prothoracic receptor (discovered by
Wolda (1961)) is capable of eliciting small turns, but can be dis-

pensed with and other interactions between remaining receptors will
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lead to an almost normal input/output relationship.

Wiese (1971) reports that the range of frequencies perceived
by the bug fits well with the spectrum of waves transmitted by the
prey. The range of sengitivity extends from 5-300Hz (Wiese 1972).

The threshold is lowest at 100-150Hz, where a lym amplitude enables

a 507 response to a source of vibration. Thresholds of third instars

are about two times that of the adult, and thresholds of fifth instars

are intermediate. This is likely to be a pure scale problem, where

small animals have a shorter base to their range finder (greatest distance
between two receptors locating the prey).

Accuracy of location is maximal if the prey is situated in front
of the predator, which gives the greateét base length of the range
finder. Time differences of several milliseconds in arrival of waves
at symetrical receptors will occur when the prey is at an angle to
the predator, allowing a decision as to direction of prey to be made.
Accuracy of distance.measurement will be lower to such stimuli, as
the base length of the range finder will be smaller than in the for-
ward direction.

The eyes of Notonectids are large and reniform,situated on the
outerside and projecting a little way over the front margin of the
prothorax. The visual field is described as extending through 246°
in the horizontal plane and 360° in the vertical plane, the fields
of the eyes overlapping so as to give binocular vision in front, above
and below the head, (Hungerford (1919)), Ludke (1953) reports there are
seQen photo-receptive cells in each ommatidium of N. glauca. Bruckmoser
(1968) found three different kinds of visual cells in the dorsal part
of the eye; u.v. receptors with a maximum sensitivity of 350nm; violet
receptors with a maximum sensitivity of 420nm; and yellow—green re-=

ceptors with a maximum sensitivity of 567nm. The ratio was 1:6:6,
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Bennett and Ruck (1970) found twelve cells on the dorso-posterior

region of the eye of N. undulata and N. irrorata which were composed

of three similar classes of cells.in about the same ratio. Thesé
results suggest that the dorsal part and anterior part of the Noton—
ectids eye contains cell types which could provide a basis foritrich-
omatic colour vision. (Responses in the U.V. and violet ends of the
spectrum seem to tie in with the necessities of life in water, where
red is quickly filtered out by the medium.).

If an animal is presented with a continuous stimulus, a gradual
decrease in responsiveness can occur, and such a phenomenum would
affect the predators impact on a large prey population by affecting
the capture success rate. Wolda (1961) found such decreases in re-
sponsiveness in N. glauca. Water vibrations were created in a series
of tests by a thin steel wire. 900 stimulations in bouts of 25, thé;
an hours rest, then another 500 stimulations were given on the left
side of the animal, at the surface. Results showed that the pro-
bability of obtaining a response (a turn towards the stimulus) re-
mained 100Z for some time, then decreased to about 137 at the beginning
of the fifth hundred stimuli, and remains relatively constant there-
after. The decrement curve of responsiveness in bouts of 25 is 'S'
shaped, but after the hour rest, more responses were observed than
before, indicating a recovery. The rate of recovery to response
decrement is considerable during the first few minutes of the rest
interval, and slows down afterwards, so that even after 24h, recovery
is not complete.

In other tests, Wolda (1961) showed that the results were due
to stimulus repetition, not response repetition. He also showed that

response decrement to stimuli presented on one side is independant

of the response decrement to stimuli presented at the contralateral
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side of the animal. Responsiveness to left rear stimuli is at least,

to a large extent, independant of a preceeding series of left lateral
stimuli, and there is evidence that the left rear response is weaker

(as suggested by Murphey and Mendenhall (1973)). The decrement of

both left and Tight responses did not prevent the occurence of a large
number of front stimuli responses. Left and right résponses presented
simultaneously gave no response at all. To left and front-right stimuli
together, the usual response was a swimming forward movement. Such
mechanisms could result in lowered success of capture at high prey
densities.

I. 2.7. Prey capture and feeding.

Hungerford (1919) concludes that these predators not only free
their front but also their middle pair of legs for service in retain-
ing captured victims through remaining poised back downwards in the
water and not having to cling to supp?rts. Ellis and Borden (1970)
maintain that the fore and middle legs are raptural or grasping, being
equipped with a series of spines and 'teeth'. The tarsi each have
terminal claws that aid in seizing and manipulating struggling prey.
Careful observations, however, reveal that the actual prey capture
is accomplished mainly with the first pair of limbs, the second pair

mainly aiding in the restraint of the struggling prey. With
large prey, initial handling and subduing takes place at the surface
with the bug, ventral side uppermost, the hind limbs being employed
in providing additional support. They are angled back and act like
an "anchor' against the struggles of the prey. When the prey is suff-
iciently subdued, it is usual for the middle pair of legs to release
their hold and resume monitoring the surface for vibrations, or to
allow the predator to dive down and cling to some deeper perch site.

Indeed in theAcapturing and handling of small prey, the second pair
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of limbs are hardly ever used except near the end of feeding, when
the prey is squeezed to complete extraction.

Hemipterans have a powerful rostrum, used for extracting juices
of plants or animals on which they feed (Butler (1923)). Predatious
hemiptera stab the prey, then inject salivary secretions which kill
the prey. Following some external digestion of the prey tissues,

- they ingest the partially digested contents and discard the cuticular
. shell (Chapman (1969)). The venoms inJjected by heteropterans are
produced in the salivary glands, which are enlarged and possess a
muscular coat. Following penetration of the rostrum, the venom is
forcibly injected by a powerful salivary pump, and is then transported
round the body of the victim (in its haemolymph if an arthropod, or
in the blood system in vertebrate prey such as tadpoles and fish fry
etc.). Injection is followed by compulsive struggling of the prey,
rapidly leading to tremors and death. Chapman (1969) reports that
the venoms are non-specific, being toxic to a variety of insects,
crustaceans and some vertebrates. Their action causes a general
lysis of the tissues, so that nervous aétivity rapidly stops. Fox
(1975a) reports that, associated with these venoms, are proteolytic
enzymes which partially digest the prey tissues.

After capture, Ellis and Borden (1970) report the prey is man-—
ipulated by the fore legs and probed with the rostrum. As Butler
(1923) points out, only the softer parts of the prey can be attacked,
so‘it is likely that the probing by the rostrum is the searching for
a vulnerable entrance point for the stylets. A good description of
the functioning of the mouth parts of the heteroptera is given in
Butler (1923).

Ellis and Borden (1970) report that in N, undulata, 3 or &4 seconds

after capturé, the stylets begin piercing deeply at ome point in the
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prey's body, and as the salivary fluid is injected, so the prey begins
to turn a milky white.. They suggest that when feeding on mosquito
larvae, entry is gained to the ﬁrey in one of three main areas; the
thorax-head area; the mid—-abdominal area; and the posterior—abdominal
area. From ﬁhe initial point of entry, the stylets move posteriorly
and anteriorly within the prey body cavity, and the prey is repositioned
every 30 seconds as the probing continues. As one region is probed by
the stylets, it gradually shrinks and loses its normal shape. When all
regions have been probed, and the body fluids removed, the corpse is
released. It is removed from the rostrum and pushed away by one of
the fore limbs. The discarded prey item soon darkens, due to the
action of residual digestive juices.
I, 2.8. Respiration

As Butler (1923) points out, the Notonectid bedy is velvety, and
overspread with a glistening air film, which is conspicuous on the
underside, but elsewhere hidden by the wings. Notonectids are inflated
with air to such an extent, that they are very bouyant. The air stores
are held by long hydrofuge hairs on the ventral surface and under the
wings, and by small bristles over the dorsal surface of the fore wing in
a thin film. Obtaining oxygen directly from the air necessitates some
semi—-permanent connection with the surface for a water insect, or
frequent visits to the surface (Chapman 1969). The hindmost spiracles
are large in Notonectids, as when the bug is at the surface, it is only
the tip of the abdomen, possessing these spiracles, which makes contact
with the air. The position of the air store is such that the body
breaks the surface suitably orientated to renew its air supply. Ob-
servations with Notonectids, and their cleose relatives, corixids,
(Popham (1952)), have shown that there is a conspicuous loss of bouy-

ancy with continued submergence over 15°C, which may provide the stim—
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ulus to return to the surface for replenishment of the air stores
(Southwood and Leston (1959)). Popham (1962) examined the efficiency
of the air stores as a physical gill in N, glauca and he concluded
that at 10°C and above, the insect absorbs oxygen from the gas bubble
at a faster rate than the oxygen diffuses into the gas stores from
the water. At very low temperatures, the rate of oxygen consumption
. is small, and at 0 - 5°C, the insect can survive for an almost in-
definate period submerged, which is important when ice forms on the
surface. Thus the frequency Notonectids return to the surface de-
pends on both activity of the bug and temperature of the environment.

Respiration will be further discussed in Chépter I1I.

I. 2.9. Locomotion

Notonectids are practically unique in their habit of swimming
on their backs. Their prey capture method and positibn of air stores
are important factors involved with this habit, but which came first
is open to debate. The bug 'rows' along in a series of short jerks,
using the powerful hind legs. The hind legs are long, flattened,
edged with hairs, and protrude from the body at an angle of approx-
imately 30 - 45° forwards from the thorax, and resemble two oars
(Popham 1952). The greatest speeds are obtained during the leg kicks,
where the legs are pulled back sharply towards the abdomen, through
135 to 150° of arc. While the legs are being returned to their orig-
inal position, the resistance of the water retards the insect and may
bring the bug to a standstill,

Because the insect is Being raised by the bouyancy of the air
stores, it can only progress along a horizontal path some distance
below the surface if the kicks are of such a nature as to propel the
insect downwards (Popham (1952)). 1In Fig. 7 the point O, represents

the insect at the start of the kick. The line OPQ is the path taken
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FIG 7

LEGEND TO FIG 7

P .
The path taken by a Notonectid during one kick in

the process of locomotion travelling in the horizontal

direction (after Popham (1952) )
O represents the insect at the start of the kick

~OP - the path taken by the insect.

o - the angle of the body at the start of the kick.

FIG 8

LEGEND TO FIG 8 Diagram showing how the timing of the second kick

(at P) can alter the path taken by the insect (after Popham (1952) ).

FIG .9
SURFACE

SURFACE
N

OW

LEGEND TO FIG 9 The effect of temperature on the path taken by

20°c

the insect during locomotion along the surface (after Popham (1952) ).
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by the insect. The tangent to the curve OPQ at point O, makes an
angle « with the line OX, and indicates the initial path of the
insect. If the next kick takes place before the point P has crossed
the OX axis, then the insect will swim deeper into the water. On

the other hand, if the rate of leg beat is retarded so the next kick
occurs after P has crossed the OX axis, the Bug will rise to shallower
water. Finally, if the next kick takes place wheﬁ the point P reaches
the OX axis, the insect will progress forwards along a horizontal

path (Fig. 8).

The value of « varies from one species to another, and even be-
tween individuals., Generally, Notonecta starts with the dorsal surface
of the body forming an angle ofvabout 30° with the surface. As the
hind legs move backward;, the inclination is increased to 550, and
the bug is driven down at this angle. As the temperature increases,
the rate of leg beat increases, and the legs become more efficient
as organs of locomotion (Popham (1952)) and this is associated with
a decrease in angle « in order to compensate for this increased eff-
iciency. For example, in the corixidae, at 2°C the legs move through
1200, whereas at 25°C they only move through 30 or 40°, This affects
the depth to which each kick takes the bug (Fig. 9).

Further aspects of leg morphology and locomotory efficiency will
be discussed in Chapter VI,

I. 2,10, Flight

HeterOpterané have two pairs of wings. The upper (first pair)
wings are composed of several regions, of which the basal membranes
are stiff, and the apical ones membranous and flexible (Butler (1923)).
These wings are known as hemielytera. The only species to have its
flight examined in any detail is N. maculata (Walton (1935)). It is

thought that only three senses are important in orientation of flight
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by Notonecta. Firstly the sense of sight, secondly the sense equiv-
alent to smell, and thirdly the sense of touch, detecting differences
in air pressure.

Water bugs are unable to fly unless their wings are dry. During
flight both pairs of wings vibrate fast, the front legs are tucked
up and the long rear legs stretch out behind, helping to streamline

t

the insect. On perceiving water, the insects fly towards it, close
their wings and drop in. Walton concluded that N, maculata finds
water by sight. When there is no other attraction, the greater number
of bugs will either fly to the compass point of greatest illumination,
or downwind, the line of least resistance.

N. maculata is described as a day flier by Southwood and Leston (1959)
requiring temperatures around 20°C for flight, although this seems to
be a little high, as this species tends to migrate in September, October
or early November, whén even daytime temperatures are low,

I. 2.11. Response to physical stimuli

Very little work has been done to examine the responses (taxes
etc.,) of Notonectids to various physical stimuli.

Notonecta has a ventral light reaction which can be demonstrated
by a simple test (Southwoodrand Leston (1959)). A glass tank is lit
from below, and the bug swims the 'wrong' side uppermost i.e. with
the ventral side downwards. This reaction is present in the late
embryo. Chapman (1969), also reports an orientation by Notonectids
upstream in lotic habitats, where the bugs will swim strongly as
the current tends to drift them downstream. In this way, it tends
to maintain its position. In a tank without any landmarks, or with
the eyes blackened, Notonecta are unable to keep static and are swept

downstream.
Further aspects of the biology of Notonecta such as hab=

itat selection, prey selection, nymph development, learning, morpho-
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metric measurements etc., will be discussed in later chapters.

In .the design of an experimental procedure to compare the pre-
dation strategies of several predators, not only is it important to
initially recognise the more relevant factors which should be observed
and measured (as reviewed in section I,1.) but also to obtain a de-
tailed knowledge of the biology of the animals in question (as reviewed
in section I.2.) From this background information, one can organise
the exﬁerimental procedure such that the maximum amount of both relevant
and realistic information can be extracted in the time available for

such a study.
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CHAPTER II1

GENERAL METHODS

II. 1. Introduction

The general aim of this study is the examination of aspects of
the predation strategies of Notonectids in terms of a) overall ener-
getic gains from different prey types and in different eﬁvironments;
b) behavioural responses to the different prey types in different en-
vironments; and c) the morphological comstraints on the predation
strategy as a whole.

The nature of heteropteran predators and the physicél factors
of the habitats, make it necessary to biing such an analysis into the
laboratory. The predators do not carry any easily recognisable prey
feeding history in their guts, and it is more or less impbésible to
examine feeding behaviour by watching the prédators or recovering prey
carcasses in natural h#bitats, which are often weedy, cloudy and deep.
One should endeavour, however, to make laboratory conditions as realistic
as possible, whilst recognising the problems in experimentation that this
brings in order that results will still be meaningfulAin natural situations.
This means that considerabie care must be exercised over decisions guch
as; what type of environment to use, how to run the experiments, which
prey to use, how to standardise predators? These problems and their
solutions are discussed in the following sections,

1I.2. : Rearing of the Predators

I1.2.1. Introduction

Past feeding history can greatly affect the predatory activity
of this bug, as it controls size, and hence predatory potential (Fox
and Murdoch (1978)), maturity (Ellis and Borden (1970)) and hunger. If

one uses predators from the field for experiments, one has no idea



51.

of the past feeding history of the animal., Hunger can be controlled
to some extent by starvation, but the overall predatory capabilities
have been produced as an end product of development and past food
levels, and unless predators of a certain size and age are carefqlly
selecte&, a large variation in such capabilities can be expected.
Rearing predators in thg laboratory overcomes most problems assoc-
iated with using field animals, in that past feeding history is known
and can be controlled, predator age is known, and thus it 1is likely
that there will be a reduction in variation between bugs. Laboratory
cultures also allow two generations a year.

The disadvantages of laboratory rearing basically lie in the
time and effort necessary to successfully rear sdch animals., Several
workers (e.g. Williams (pers comm.), Lawton et al. (1974) etc), decided
such efforts were not worthwhile, and so collected bugs from the field,
but for detailed studies of the predation strategies large variation
is a hindrance, and can mask many subtle and important changes of

behaviour.

IT.2.2, Maintenance of Breeding and Laboratory Cultures.

Successful rearing of Notonectids has been achieved by several
authors (Ellis and Borden (1970), Fox (1975), Fox and Murdoch (1978),
Leong (1963), Toth and Chew (1972)). 1In some techniques, very ela-
borate environments have been used, with aeration, controlled pH.,
filters etc., but these were found unnecessary for the British species.

_ Four or five pairs of adults were maintained in covered plastic
bowls (app;ox. 75cm. diameter) in a room at 17° - 20%C. and fed every
other day on several different prey types, depending on availability

(e.g. Musca domestica adults, Daphnia magna, Gammarus pulex, Aedes

‘agypti larvae, Phormia larvae etc). Although, as reported in Chapter I,

three of the species of the bug seem very catholic in selection of
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oviposition sites in the field, all four species were found to success-—
fully oviposit into or onto floating pieces of polystyrene tile. These
'egg pads' were then removed and transferred to other bowls for rearing.
Ten or twelve pairs of each species gave sufficient offspring for ex-
perimental requirements, and in this system, two generations were pro-
duced each year., It was generally found that at least 75% of the eggs
laid eventually hatched.

II. 2.3. Nymph Development

I1.2.3.1. Nymph Mortality

Several authors report very high mortality in Notonecta nymphs
during the first instar. In the laboratory, this has been ascribed
to feeding levels (Leong (1963),'Toth and Chew (1972)) and food type (Fox
and Murdoch (1978)). The youhg nymphs must reach and break through the
surface film of the water 1in order to obtain their air bubble, necessary
for both respiration and locomotion,and from observations of this process,
it appears that a large expenditure of energy is required, which, added
to that needed to escape from the egg, must severely tax the nymph's
energy resources., At this stage, as after every subsequent moult, the
nymph ﬁndergoes a period when it is unable to feed. These problems
appear additive, thus making this the most sensitive part of the life-
cycle with respect to survival., Cannibalism is also an important source
of mortality in early instars or moulting individwals (Fox 1975 (a) and
(b), Macan (1965), Toth and Chew (1972)). Some workers believe that
cannibalism is essential in the maintenance of population levels (Fox
1975 (b)), and could also explain observations by Larsen (1930), that
ponds contained only one stage of N. glauca even though oviposition
was seen to continue over long periods. Hence the nymphs must be reared
singly in the laboratory in order to obtain sufficient numbers of adults.

I1I. 2.3.2. Effects of Food Level on Development

The food level available during nymphal development can affect both
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development and survival rates. Fox and Murdoch (1978) demonstrated
that feeding levels influenced both the time needed to become a IV
instar and the absolute size of that instar (Figure 10). Nymphs reared
at the highest food level weighed about 2lmg and averaged 21 days old
when they moulted to IV instar,-while those kept at the lowest level
were about 17mg and 31 days old at the same moult., Toth and Chew (1972)
found the effect of increased food level was more pronounced in later
stages, when a fixed food supply at a low level became more restrictive
as the size of the nymph increased (Figure 11), and from their results
concluded that food supply affected survival more than it affected
durafion of the instars, when fixed levels were used.

From this, oﬁe can see that it is necessary to strictl& control
feeding levels and environmental teﬁperature during the rearing of the
nymphs, if any form of standardisation of the predators (and hence
reduction in variance) is to be achieved. Such standardisation is
necessary to allow direct comparison of the feeding strategies of the
different species.

II, 2.4, Rearing Technique

The best rearing technique is the one producing the most adults
in the shortest time from a given number of first instar nymphs, with
a high synchrony of time of moult., Experiments on rearing nymphs to
adults on different prey types, showed differences in development rates
and subsequent adult feeding rates for some time after the final ecdysis
(Tables 2.1 and'2,2). Overall, it was found thats-much reduced mortality
occurs if first instar nymphs are fed on Daphnia than on fifth instar mos-
quito larvae, but this trend is reversed from the second instar onwards.
The most efficient method was found to be to leave the first instars
to develop together in the same container with Daphnia as food. This
allows natural mortality and cannibalism to 'weed out' the less viable

individuals and gives an increased proportion of successful rearings.



Table 2.1.

Rearing success of Notonecta nymphs on different diets.

AVERAGE TIME FROM

DIET REARING STAGES REARING SUCCESS (NO. OF ADULTS) III INSTAR + ADULT (DAYS)
N. glauca N. obliqua N. glauca | N, obliqua N. glauca N, obliqua N. glauca N. obliqua
SMALL MOSQUITO LARVAE 0/.. ADULTS 0/.. ADULTS

10+15+20, 2 é 3rd instars FROM) 1st 2/12 1 / /
» <nf or Jrd in INSTAR 12+3rd INSTAR | NONE REACHING
through time ' NONE OVER 3rd. | 2nd INSTAR
DAPHNIA MAGNA '
10 at 1lst instar, 15 at 2nd, FROM|1st (1) 2/15 ppurrs  |(1) O/5 ADULTS 0Z || oy 505 /
20 at 3xd, 25 at 4th, 40 at INSTAR 13.3% (2) 0/.. ADULTS 0z|| +4.72
5th. (2) 6/45 apurTS 9/ P |
13,37 19 REACHED 5th
MOSQUITO "i:VAE FROM | 1st (1) 6/, ADULTS  [(1) 1/, ADULTS 25%
- 5th instars~REGIME AS ABOVE INSTAR 5.457 41,857 55.25
(2) 1/41 apurrs (2) 3/, ADULTg o 47,417 +17,05
3,237 : » 0%
AS ABOVE gnou ' ‘ 9/31 apuLTs 61.889
- nd — 297 || — +1.314
INSTAR . It
LARGE DAPHNIA MAGNA FROM |1st 2/, ADULTS 0/15 ADULTS 76.0 | /
REGIME [AS ABOVE INSTAR 16.6% 11/, REACHED
_ 4th
UNCONTROLLED |DAPHNIA DIET FROM 1lst 12/ 52,58
- EXCESS DAPHNIA =250 INSTAR —_— 30 ADULTS 247 +3.00
Continued 8-‘



Table 2.1. (Continued)
' . AVERAGE TIME FROM
DIET REARING STAGES REARING SUCCESS (NO. OF ADULTS) . III INSTAR -+ ADULT (DAYS)
N. glauca N, obliqua N, glauca | N, obliqua N, glauca N. obliqua N. ‘glauca N. obliqua
. MIXED DJIET . .
MOSQUITSAEQEVAE + DAPHNIA F’I‘g’;r}\;‘{t 4114 apurts 30.72] %/15 ApuLTs 36.25 36.0
, 26.67% +10.5 +9.8
) (D) _

REGIME FROM| 1s¢ 5/¢ apurts 83.327 | */10 ADULTS 40z || 41.2 38.0
15M) INSEAR .6 +4.49
15D)lst: and 2nd instars . FROM FIELD et —te
20M) 3 4 hnd 4th instars FROM|2nd 9/ ' 37/
20D) 1ne INSTAR 9 ADULTS 1007% 40 ADULTS 40.22

7 92,57 +1,27
25M)St:h instars -
25D)° - 1
N. MACULATA FROM |2nd 17/ FROM 2nd TO 44,5 + 3.55
.AS.A%SOVE o INSTAR ‘ .25 ADULTS 687 ADULT DAYS

‘98
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TIME TIME TIME TIME TIME
Diet 1st to 2nd] 2nd to 3rd rd to 4th J4th to 5th |5th to Adult
‘N. glauca
Mixed Prey / 940.575 8.11+0.75 | 11+0.99 22.2+1,27
N. obliqua
/ 7.86+1.49 | 7.86+41.09 | 10.14+3.5 |17.43+3.32
N. glauca
. o 15.55+0,717| 16,33+1,57 | 17.77+1.134{27.43+1,65
Mosquito — — — —
larvae N, obliqua
only /. 13,55+41.158 16.3311.22 18+1.35. 27.89+1.31
N, glauca (7 out of 9 died
. ..12.66+1,15 13.89+2,28 | 13.78+2,06 | 20.11+1.84 §53.5 .
Dthnla — —_ — —
prey N. obliqua. (3 out 9
only / 12.33+41.15 | 15.66+0,813 died) All died
26+4.58 .
Table 2.2. Mean length of instars with different rearing diets.

(Days)
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From the second instar onwards, individuals were reared separately
in 200ml plastic beakers on a mixed diet of equal proportions of
mosquito larvae and Daphnia. Thg food levels used were 15 mosquito
larvae (M)/15 Daphnia (D) per two days for second instars, 20M/20D
per two days for third and fourth instars, and 25M/25D per two days
for fifth instars. Adults were then maintained on 30-35 mosquito
larvae every two days.

Most success was obtained in rearing N. obliqua, N, maculata,

and N. glauca, and as these are the predominant species found in this
area, the experimental study was confined to a comparison of the
, predation strategies of these three.

II., 3? Standardisation of the predators for experimental purposes

II. 3. 1. ' Introduction

The response a predator shows when presented with prey depends
on many variables e.g. hunger, préy density, prey type, environmental
complexity, predator experience, predator age, sex etc., (Schoener (1971)).
To examine the effects of all of these variables in the predators
response is a hﬁge task, and well beyond the scope and time available
for this study. It was therefore important to select which variables
to examine, and which to hold constant during the experiments. In
the examination of predatory strategies and their effect on habitat
selection and coexistance, the effects of such variables as prey type,
prey density and environmental complexity deserve consideration,
and such variables as hunger, predator experience, predator age, size
and sex should be kept constant,

Simple analysis of variance between feeding levels on seven occasions
through one month, using unstandardised adult N. glauca of both sexes
feeding on mosquito larvae, showed that within sample variance was

greater than between sample variance (F = 0.625 n. sig - see Appendix I),
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This demonstrates the need for both good standardisation of predators

and large sample sizes.

II. 3.27 Selection of Standardised Predator life-~history stage

Thé nymphal stages, as described in previous sections, are rather
short, and the feeding levels fluctuate quite markedly during each
instar, from low levels just after ecdysis, through maximum intake in
the middle of the instar, to low levels again prior to the next ecdysis.
This reduces time available for experimentation, thus making it'diff-
icult to obtain sufficient data without a complex rearing system to pro-
vide large numbers of similar age over long periods.

The adult, on the other hand, is much longer lived (8 to 18 months),
and apart from a short period after ecdysis, maintains a relatively
stable feeding rate until senescence in the male and oviposition in
the female. The adult stage was therefofe selected for the main ex-
perimental program.

"II. 3.3. Standardisatioﬁ'with-respect to Predator size and age within

the selected stage.

Predators can be standardised Qith respect to these.two'variables
by controlled rearing as described earlier (section II, 2,4,) and in this
study predators showing similar development times from III instar were
used, During monitoring of feeding levels through the adult stage, the
effect of age of predator has not been found to be so important over
the first few months of adult life (pers. observation), but after that,
male senescence and female egg maturation and oviposition (even though
unfertilised) do significantly alter feeding levels and introduce large
daily variation. Thus not only were insects of similar developmental
rate used, but they were only used for the first four months of adult

life,

II. 3.4, Standardisation with respect to sex,

If one segregates the data on feeding rates shown in Appendix I,
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with respect to sex, the variance within samples is much reduced though
the between sample variance is still high, (2~ F = 10.3 Sig 0.001,

f- F = 3.655 Sig 0.05, Appendix II), Thus within sample variance can
be reduced to a large extent by using predators of one sex. Diff-
erences in life history indicates that females should be used. The
males are shorter lived (=~ 8 months at the most) and tend to go into

a slow decline in feeding before they die. The female will generally.
live for over a year, and prior to egg maturation, feeding levels

are relatively stable, The feeding strategy of the female is obviously
the more important of the two sexes, as egg production and hence eff-
ective reproduction is directly tied to feeding levels (as discussed

in Chapter I).

II. 3.5. 'Standardisation‘'with respect to preédators hunager.

As Holling (1966) pointed out, hunger is probably the most im
portant of the components of predation, as it directly affects the
nature of all other components. It is therefore essential that a
method of standardisation be adopted which will ensure, to as great
an extent as possible, that all predators are at a similar hunger
level before any experiment, especially i1f the results are to be
comparable.

The most widely used method of standardising a predator's hunger
level involves starvation for a set period of time e.g. 24h (Fox and
Murdoch (1978)) or 48 h (Cook and Cockrell (1978), Williams (pers.
comm.)). This method is used prior to short term experiments. During
long term experiments, no starvation period is necessary, as the pre-
dators are given sufficient food to maintain a more or less stable
level of satiation (Lawton et al (1974), Murdoch and Sih (1978)).
During these types of experiments, the predators are much more likely

to be under similar hunger levels to those in the field, These long
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term studies however, only really demonstrate gross responses by the
predator. If one requires an insight into the subtleties of predator
behaviour, or measurement of energy expenditure, short term studies
are preferable. |

A pilot study was carried out to determine how the length of
starvation affected the predators' subsequent feeding level and be-
tween predator variance. Predators were starved for 24, 48, 72 and
96 hours, and subsequently fed for 3h on fifth instar mosquito larvae.
The numbers eaten, and amount of food removed (for det#ils see Chapter
I1I) were monitored for 16 predators. It was found that more prey
were killed after 48, 72 and 96 hours than after 24 hours starvation,
more food extracted from the prey after 72 and 96 hours, and also the
coefficient of variation (.gg-x 100%) was smallest after 72 hours, indic-
ating this length of starva;;on appeared to give the least variable-data
(Table 2.3.)This length of starvation is too long to be realistic,'so 
a shorter period was selected, which would require more replicates.

This work does show, however, that short term, and more realistic star-
vation periods alone are not ideal, and the chances of bringing all
predators to an absolutely standard hunger level prior to any experiment
is likely to be remote.

If the predators are»allowed to feed on an excess of prey after
experimentation, and then starved prior to the next exferiment, it is
ﬁore likely that higher success in standardisation can bé achieved.
1f this prey is not one used in experimentation, and is provided in
excess, then predators which have undergone different feeding regimes
in experiments, can even out any hunger differences at this time and
reach similar levels of hunger prior to starvation for the next ex—
éeriment.

The standardising technique used was therefore a combination of
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Table 2,3 Effect of starvation time on predation rate of female N, glauca

TIME OF STARVATION

24hrs, 48hrs. 72hrs, 96hrs.

X [Number eaten ' 11,751 17.133 18.928 16.46
|Wt., extracted mgs. 0.829 1.722 2,777 2,544

SD [Number eaten 6.486 9.226 7.529 7.933
Wt. extracted mgs. 0.788 0.881 1.148 1.245

5 x 100 [Number eaten  55.195%  53.8% 39.77% 48.19%
g Wt.extracted mgs 95% 51.16% 41.347 48,897

Table 2.4 = The effect on the number of prey killed by adult N, obliqua

reared on mosquito larvae.

Predator Food No. killed after 3hrs. No. killed after 24hrs,
-1 Daphnia 0 10
2 Daphnia 1 5
3 Mosquito 3 6
4 Mosquito 9 : 13
5 Daphnia 0 17
6 DaEhnia 1 13
7 Mosquito 4 9

8 Mosquito 8 15
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satiation and starvation. After each test, the predator was given 70

. Daphnia magna, the remainder of which were removed after a total of 24

hours feeding, including the experimental period. The predator was
then starved for 24 hours. This technique was used in all the main
experimental procedures.

IT. 3.6, Standardisation with reéspect to Predator Expérience.

- Simple experiments were carried out to examine the feeding of
predators on one prey when reared on ahother (using N. obliqua). A
group of predators had been reared exclusively on mosquito larvae, at sim=

ilar food levels. After 24 hour starvation period, half were given 20

Daphnia magna, and‘half 20 mosquito larvae. After 3 hours, the number
of prey killed was recorded (dead prey being replaced during the 3h.)
_and this was repeated after 24 hours of feeding at this level (Table 2.4).
After 3 hours, there appears to be a reduced ability to detect and
catch the novel prey compared to the normal prey. After 24 hours, sim-
ilar numbers of both types were caught. However, each Daphnia item
offers about half the calorific return of a mosquito larvae (Savan (1979)),
so the results still demonstrate a poorer predatory efficiency on the
novel prey. Two days later, more Daphnia were Being taken ;han mosquitoes,
and after three days, double the number of‘Dthnié wvere being eaten,
indicating equal predatory efficiency on both.
When compared to later results (see Chapter VII), the time periods
involved above do aﬁpear rather excessive, but they demonstrate that
when subjected to a new prey, Nofonectids are able to learn to capture
this prey over a period of time. Similar increases in efficiency with
time have been reported by Lawton et al, (1974). The above time values
are only estimates, but they do indicate the necessity for allowing the
predator a period of acclimatisation to a new prey type before experiment-

ation,
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The procedure adopted for the main experimental study was to allow
the predators to acclimatise to a mew prey type for five test periods
before experimentation. Although apparently excessive, acclimatisation
times for different prey types are likely to be different, and prolonged
écclimatisation ensures standardisation of predator experience prior
to testing on different prey types.

It should be pointed out, that when predators being fed on Daphnia
in the study described above (Table 2.4)were returned to a diet of

mosquito larvae, no loss in predatory ability on this prey was detected.

II. 4? ‘Experimental Design

II. 4.1, 'Introduction

As was described briefly in the previous sectign, analysis of
net energy gains to a predator and descriptions of behavioural responses
both necessitate careful observations, thus the bulk of experimentation
consisted of a serieé of short term, continuous observation studies. ¥For
each species of predator, the energetic and behavioural responses were
monitored for varying prey type, prey demsity and environmental complex—
ity.

In trying to make the artificial laboratory habitat as near natural
as possible,‘ligﬁting, temperature and environmental arena must be
carefully selected. In considering predator responses, one must select
prey types as close to natural prey as is possible, as well as realistic
experimental times and prey demsities. Also in considering the ener-
getics of heteropteran predator feeding, the amount of food being ex—

tracted  from any prey item must be ascertained.

With poikilothermic predators, constant temperature conditions
are necessary in order to obtain comparable results from different

experiments.” The selection of temperature was made on the basis of
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the use of realistic natural temperatures, balanced against the practical
problem of the availability of constant temperature room space. Lawton
et al (1974) have worked with N. glauca at 8°C. This is the temperature
corresponding to mean Winter/Spring conditions, and results in a lowered
activity level by the bugs. This can be tolerated when undertaking long
term experiments, but for short term experiments, such lowered activity
is undesirable., Williams (unpublished) worked with N, maculata at 20°C,
which is rather high. Temperatures more indicative of Spring or Summer
are more desirable, and a temperature of 15°C was selected for most work.
(When comparing results from different temperatures, it should be bourne
in mind that not only will the metabolic rate be altered, but so, also,
will the efféctiveness of the physical gill and efficiéncy of locomotion,
giving a likely change in overall behaviour).

A constant lighting scheme of 1l6hours light; 8 hours dark was used,
supplied from five, 8 foot flourescent tubes, approximately'four feet
above the experimental arenas,

II. 4.3, 'ExperimenfalfArena

Studies on the effect of arena size on‘predator feeding have been
carried out using sit and wait predators, damsel fly naiids, and showed
that although small (unrealistic) arenas e.g, petri dishes, give low’
variability in results at certain densities, they also showed depressed
feeding rates when results were compared to responses made in a larger
(more realistic) arena with effectively similar denmsities of prey (Savan
1979). Predation in larger arenas, e.g. 2 gallon plastic buckets,
although showing higher variability between predators, also gave higher
feeding rates. In other words, it appears that gains by using small
arenas in terms of lowered variance in results (necessitating fewer
replicates e.,g. Thompson (1975), (1978)), turn to losses in respect of

reduced predator efficiency compared to the response made by predators
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in more realistically sized arenas. If an attempt is to be made to
extrapolate from laboratory results to éredictions of responses in

the field, it is obviously more important to offer more realistic
conditions, allowing more natural responses by the predator, even though
one is perhaps introducing higher variances into thé data, Increasing
replication can overcome high between-predator variation to a great
extent, but no amount of juggling can alter the dépressed predator
responses in small aremas. Intuitively, it would appear sensible that
the arena should be at least as big as the predators normal reaction
area.

After considering the above arguments, the space available, and
that differénces between the predator species may be found in.preferences
for prey at different depths in the water body, a two gallon plastic
bucket, filled to within 1}" of the top, was chosen as the experimental
arena. Initially‘white buckets wére used, (as by Williams (unpublished)
for N. maculata), but pilot experiments indiﬁated their unsuitability

for N. glauca and N. obliqua. Blue buckets were found to be satisfactory.

Environmental complexity is likely to be utilised iﬁ.different
ways by the different species. Indeed, further pilot experiments in-
dicated increased predation rates by N, gléucé in a more complex en-
vironment when compared to a simple one. For these reasons, two environ-
mental types were used in the study, a simple one, and a complex one.
The simple environment consisted of the bucket om its own, filled to
within 1}" of the top with tapwater (left to equilibrate for 24 hours
at 15°C before use). The complex environment had in addition three
netlon 'plants'. Each 'plant' consisted of a strip of green netlon,
approximately 20cm. long, 7-9 cm. wide, held vertically with a wire
backbone and supported on a glass stopper. Tbe& are arranged in the

arena as shown in Figure 12,
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CROSS SECTION OF COMPLEX ARENA
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LEGEND TO FIG 12

Diagrams showing the design of the 'plants' used in the complex

environment, and the arrangement of plants in the arena.
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II. 4.4, Experimental Time Peériod

In pilot experiments monitoring feeding levels over seven hours,
it was found that between 60Z and 707 of the feeding was done in the
first three hours after presentation of the prey (using mosquito-larvae

fed to N. glauca and N, obliqua), the rest of the feeding was spaced fairly

evenly over the other four hours. It was therefore decided to run
each test for three hours.

II. 4.5. Prey Replacement and Weight of Food Extracted, -

Simple pilot exﬁeriments indicated that low densities of small
prey were fully exploited by the predators in a short space of time,
In the examination of the predators response to prey density and con-
struction of functional response curves, such results offer complica-
tions. The time period the experiment is viable for depends on how
long it takes the predator to fully exploit low densities of prey.
At this point, the experiment must be terminated, otherwise there Qill
be a bias towards the high densities of prey. Experiments and des-
ériptive mathematical équations describing the functional response,
making allowances for exploitation, have been suggested by Rogers
(1972), but this still limits experimental time periods. To overcome
the problem posed by the use of low prey densities, the procedure of
prey réplaceﬁent can be used (Holling (1959), (1964) etc.,). Replace- |
ment techniques are varied; prey replaced as they are eaten; dea& prey are
replaced after a certain time; or dead prey are replaced after a
certain percentage of exploitation (usually up to 10%Z). For this
study, (which includes the use of low prey densities), prey are re-
placed as they are eaten. Prey replacement allows the maintenance of
the prey density to which the predator was first introduced, and so
allows the expgriment to be carried out over any period of time without

the associated problems of exploitation.



69,

Unlike predators engulfing the whole prey, the number of prey
killed by a heteropteran predator does not necessarily give an accurate
description of the quantity of food ingested, as this type of predator
can extract different amounts of food, depending on how long it spends

- feeding from each item. (Thisbproblem is more fully discussed in
Chapter VII). For descriptions of the response by a heteropteran
predator to prey, and for calculation of accurate net energy gains
by the predator, both numbers of prey killed and weight of food ex-
tracted from each item must be monitored. Thus the cafcasseé of util-
ised prey items must be recovered, weighed, and by comparison to weights
of similar sized live prey, the amount of food extracted by the predator
can be ascertained; By relating the amount of food extracted to the
time spent feeding on each item, the predator's rate of extraction of
food for that prey type can be described (for further details seg‘
Chapter III).

II. 5. " Prey Species Used.

II. 5.1. Introduction

One of the main differences one might expect between the predators
feeding strategies, is in the utilisation of food resources distributed
at different depths, i.e. in the use of surface and upper, mid water
or bottom dwelling prey. In choosing the prey species for this study,
this was the main factor considered. Within this constraint, the prey
_were chosen with respect to the ease of obtaining sufficient numbers
either by rearing or capture from the field, as well as their general
availability through the year. This unfortunately ruled out the use
of naturally occuring prey, as fhe time and effort involved in catching
and maintaining sufficient numbers would have been excessive, and the
availability through the year sporadic. It was therefore necessary to

select prey species not generally found in the predator's natural habitat,
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but which were of a similar type, or showed similar behaviour to,
those occurring naturally.

Although this imposes obvious disadvantages in the assessment
of the predation strategy, there was no difficulty in getting the
predators to feed on these prey. Predators were also successfully

reared and maintained on them. Four prey types were used in this

study; Musca domestica, L, adults as surface prey; Aedes agypti (Linnaeus)

fifth instar larvae as upper and mid-water prey; Gammarus pulex (Linnaeus)

as bottom prey; and Daphnia magna (L) as a general standardising food.

IT. 5.2. Prey rearing and collection.

Musca were reared by David Batt at the Silwood Insectory, and
were then maintained in a 20°C C;T. room on sucrose and water from a
gravity feeder. For obvious reasons, their wings were docked before
use in the experiments. During an experiment, it is important that
those flies not being fed on should remain aiive; Flies trapped in
the surface film will remain alive for over 20h, but at high densities
flies are often drowned by the attempts of others to escape by climbing
over them. In order to lessen this problem, several legs were also
&ocked from each fly before use.

Gammarus were collected from the outlet stream of Silwood Lake,
by 'kick-catching'. This entailed working upstream, dislodging stones
etc., disturbing the animals, which were swept downstream into a net.
They were maintained in plastic bowls at 10°C, feeding on stream debris
and general laboratory waste from the rearing of predators.

Aedes larvae were reared from a culture maintained at 28°C, 70RH,
Adult mosquitoes were maintained on 10%Z glucose solution and given a
blood meal from a rabbit once or twice a week. Eggs were laid three
days later on damp filter paper, dried, and in that state, could be

stored for up to six months. When necessary, eggs were submerged in
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water, and the larvae hatched after about a day. These were reared
in plastic bowls (density approx. 1000/bowl), and fed on dried yeast,
reaching the desired instar after four or five days. They were then
removed to a 20°C room, where they could be held at this stagé for
several days. The adult culture was maintained by allowing other
larvae to pupate, and returning the pupae to the stock cages.
Daphnia were obtained from a variety of sources (including local
pet shops, Wraysbury Reservoir, and occasionally from local ponds),
These sources were subject to climatic conditions and as a backup,
' ‘Daphnia were reared in the laboratory. They were reared in plastic
buckets at 10° or 15°C, being fed on‘Cthre‘llé or animal waste with
its associated bacteria.

ITI, 5.3, 'Prey vertieal distribution in the water body.

‘Musca were obviously confined to the surface. The vertical dis-
tribution of the other three prey species was determined by time lapse
photography. Various densities of prey were placed in a slim, rect-
angular, 1 litre glass tank. Covering the back of the tank was a piece
of xylonite, divided inté 49 sections (7 x 7). The tank dimensions
were 15 x 15 x 5 ems, Using 30 seconds between frames, 20-36 frames

were taken at each density of the three prey species, Aedes agypti

larvae at densities of 2, 9, 20 and 35 per arenaj; Gammarus pulex at

densities of 2, 9, and 20 per arena; and Daphnia magna at a density

of 30 per arena. The number of individuals in each section of the
tank was recorded after examination of the negatives under a bino-
cular microscope and summed over all frames at that density. The
overall proportion of individuals found in each section was calculated
and presented in the form of histograms (Figs 13, 14 and 15), showing
both vertical and horizontal distribution in the tank.

For Gammarus, there is no doubt that the large proportion of
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LEGEND TO FIG.

1

13

Preference of position by Gammarus pulex in vertical
and horizontal p}anes as shown by time lapse photography

BN

A - with prey density 2 per arena
B -~ with'bféy density 9 per é;ena
C - with prey density 20 per arena
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LEGEND TO FIG. 14

Preference of position by mosquito larvae (Aedes agypti)

in horizontal and vertical planes as shown by time
lapse photography.

A -~ with prey density 2 per arena

B -~ with prey density 9 per arena

C - with prey density 20 per arena
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LEGEND TO FIG. 15

A -~ Preference of position by mosquito larvae at

density 25 per arena.

B -~ Preference of position by Daphnia magna at density

30 per arena as shown by time lapse photography.
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individuals found at the bottom reflects a genuine preference as there
is a general increase in numbers found as the depth increases, with

low numbers at the surface and in adjoining areas. For mosquito larvae,
there is a gradual decrease in numbers found with increasing depth,
except for the uncharacteristic high proportion at the bottom of the
tank. For Daphnia there is a more even distribution through the tank,
except again for a high proportion at the bottom. For both mosquito
larvae and Daphnia, this could be the accumulatioa of individuals which
would go deeper if the tank was bigger. This can be tested by trans-
forming the numbers of individuals in each vertical section to a log
scale, and regressing the points against vertical position. If the
area under the graph after the deepest section of the tank is suff-
~icient to accommodate the proportion of individuals at the bottom of
the tank, then one is justified in assuming this proportion is the
product of summation of individuals which would have gone to deeper
parts. As shown in Fig. 16, this is the case for Mosquito larvae and

" Daphnia., For Gammarus, the regression lines are positivg (the surface
value at density 9 appears anomolous), suggesting a strong preference
for the bottom of the tank used.

From these results, it can be seen that the prey Speciés used do
have the desired qualities of vertical distribution,‘Gaﬁméfﬁs preferring
the deeper areas and bottom, Mosquito larvae the surface and upper layers,
and Daphnia, being used as a general prey, showing a much more even dis-
tribution in the water body. One should also note the apparent edge
effects shown by the prey species, which may complicate distributions
somewhat. Leclezio (1979) also noted some aggregation of Céﬁﬁarﬁs and

mosquito larvae round a 'plant' (as used in this study) which had been

added to the tank.



LEGEND TO FIG. 16

Correlations between log number of individuals per section
and vertical section for prey distribution Qata’(sections

2cm squares).

'A) With Gammarus pulex at density 2 per arena

. regression for sections 1-7 .Y = -0.4089 + 0.298x r = 0.889

B) With Gammarus pulex at density 9 per arena
regression for sections 2-7. Y =.0.382 + 0.196x r .= 0.753

C) With‘Gammarusvpulex_at;density 20 per arena

regression for sections 1-7 Y = 0.405 + 0.22x r = 0.834

D) With Daphnia magna at density 30 per arena

[

~ regression. for sections 1-6 Y = 2,2407 .+ (-0.0617x)
| r = 0.873
E) With mosquito larvae at density 2 per arena
. regre551on for sections 1-6 Y = 1 586 + (-O 1636x) r = 0.909

.

F) With mosquito larvae at density 9 per arena

regression for sections 1 6 Y = 1 936 + (-0 118x) r = 0,895
G) With mosquito 1arvae at density 20 per arena
regression for sections 1-6 Y = 2 316 + (-0,145x) r = 0.837

S

H) W1th mosquito larvae at density 35 per arena

regression for sections 1-6 Y 2. 355 + (-O o947x)
‘ ’ ’ ='0.724
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II. 5.4, Prey Densities

The densities selected for this study were 2, 5, 10, 15,20 and

25 per arena for Musca and Gammarus, and 2, 5, 10, 30, 50, and 70 per

arena for mosquito larvae. A density of 70 Daphnia per arena was used

in the standardisation procedure described in section II. 3.5.

1. 6. Experimental Procedure

The main experimental work consisted of a continuous observation
study on three species of Notonecta, using six prey densities, three
prey types and two types of environment. During one experimental 'Unit'
a study was made with one predator species in one environment, using
all densities and prey types. Thus the overall study consisted of
six such units. For each unit, nine female predators, reared in the
laboratory as described earlier, were used. The nine predators were
divided into three groups of three, each group being tested on the
different prey types in a different order, and each member of the group
being tested with the range of prey densities in a different order.
Each group of three predators were observed together.

In each experimental unit, 54 separate tests were carried out.
Each 'test' consisted of a 3h observation experiment (10.00-13.00 hours
or 14,00 - 17.00 hours) on three predators, followed by the removal
of the prey and the addition of 70 Daphnia. The Daphnia were then
removed after 2l1hr (making 24 hrs including the 3h experiment), and
the predators were then starved for 24h prior to the next test. A
'set' of six tests were carried out for each group of predators on
each prey type. Prior to each set, predators were introduced to the
new prey type, being offered the new prey type for 3h, no observations
being carried out, then given Daphnia and starved as in a normal test.

For each new prey, five such periods were given. Densities used for

these periods were 10 Gammarus, 10 Musca or 30 mosquito larvae per



Table 2.5

a) Experimental Test Schedule

Oh + 3h , 3h + 24h 24h -+ 48h NEXT TEST
OBSERVATIONS PRESENTATION OF 70 DAPHNIA PREDATORS
WITH PREY or NEW PREY GIVEN TO PREDATORS STARVED
b) Experimental Unit Schedule
5 6 5 6 5 6 8

Introductory Observation Introductory Observation Introductory Observation Preference

Tesgts to Tests Tegts to Tests Tests to Tests Observation

New Prey New Prey New Prey Tests

10 Days 12 Days 10 Days 12 Days 10 Days 12 Days 16 Days

TOTAL DAYS = 82

c¢) Prey Type Order

Musca Gammarus Mosquito
Predator Group A
Tests 10-1 Day 1, 3, etc. 1st 3xd 2nd
Predator Group B
Tests 2-5 Day 1, 3, etc. 2nd 1st 3rd
Predator Group C ’
Tests 10-1 Day 2, 4, etc, 3rd 2nd 1st

d) Prey Density Order within each group of three predators
Predator a 25, 2, 10, 15, 20, 5

b 10, 15, 2, 20, 5, 25 Gammarus and musca
¢ 10, 25, 5, 2, 15, 20

a 70, 2, 10, 30, 50, 5

b 10, 30, 2, 50, 5,70 mosquito larvae

¢ 1o, 70, 5, 2, 30, 50

.gl
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arena. The experimental schedule is shown in Table 2.5.

A new batch of predators were used for each experimental unit.
This system gives data consisting of nine replicates with each prey
type at each density for each environment., During the observation
experiments, various behaviouré are monitored for each of the three
predators in the group using a fifteen channel, digital event recorder
(Savan 1979). The behaviours monitored are described in Chapter 1IV.

At the end of each experimental unit, 3h observation tests were
carried out to examine the prey preferences of the predators in each
environment, when presented with eight different mixtures of the three
prey species together. Each test was carried out as for single prey
experiments, except for the omission of feeding on Daphnia, the predators
being starved from the end of one test, to the beginning of the next,
45h, later. Nine replicates for each of the eight different density
combinations of the three prey species were obtained. Further details
‘are given in Chapter V.

Methods involved in respirometry, calorimetry and field sampling

will be discussed later (Chapters III and VIII).
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Chapter III

Energy Strategies

I11.1, Introduction

As was discussed in Chapter I, in the analysis of foraging strat-
egies, a 'currency' must be chosen, which translates the ultimate curr-
ency of natural selection (changes in gene frequency measured as inclusive
fitness) into a shorter term, measureable objective, which can then be
subjected to cost-benefit analysis (Krebs (1978)). Most authors have
chosen net rate of food intake (in terms of net energy gains) as the
currency which must be maximised during the foraging period (e.g. Emlen
(1966), Estabrook and Dunhan (1976), Macauther and Pianka (1966), Krebs
(1978), Schoener (1971) etc). The derivation of such cost-benefit -func-
tions for different prey types then allows the prediction of optimal
diets and prey selection, if it is assumed that predators can rank prey
in terms of energy gained per unit time. Such assumptions then lead to
relationships like that of Schoemer (1971) (Equation 1, Chapter I). This
approach ignores the question of how the predator allocates its time be-
tween, foraging and other activities, and whether an alternative goal
other than maximising energy gain during foraging, such as minimising
risk of predatory attack, might predominate (Krebs (1978), Sih
(1979)). Also some predators may be restricted by lack of certain nut-
rients rather than energy levels in prey (e.g. Royama (1971)), but this is
not usually considered so important in optimal diet and prey selection
theory.

Two arguments are put forward in favour of using net rate of food
intake as a short term index of maximal fitness. The first is for pre-
dators where food availability affects survival (i.e. food limited), and
the second, for predators not food limited, but where feéding competeé
for time with other activities (such as avoiding enemies, mating, defend-

ing territories etc.,), so maximisation of the rate of food intake min-
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imises time required for feeding (Krebs (1978), Schoener (1971)). 1In
the case of Notonecta, the 'sit and wait' strategy allows monitoring
for mates, natural enemies etc., to be carried out simultaneously with
feeding, so foraging does not necessarily compete with these activities
for time. However, as has been discussed in earlier chapters, food in-
take directly affects growth, development and reproduction, so it appears
that this bug could be food limited, and any strategy increasing repro-
duction, by increasing food intake, must increase fitness in the Daﬁwinian
seﬁse. (see Schoener (1971), Krebs (1978)). This is strong support for
the maximising of food intake as a possible goal for this predator.,

In the simplest terms, the partitioning of energy assimilated from

food can be as follows:-

Energy content of = Energy content of tissues + Energy degraded and
food assimilated produced in growth and lost as heat of
reproduction respiration

Iﬁ the case of Notonecta, consumption includes only digestible food from
the prey item, the undigestable remains are left as the carcass. If one
assumes that all digested food is then assimilated, the energy content

of food assimilated can be approximated to the energy content of food
ingested (Grosé energy gain). (Even in chewing predators, e.g. damsel

fly larvae, assimilation efficiency of ingested food is very high, (Lawton
1970)). Growth and reproduction result from net energy gains to the
predator, and increases in both will result in an increase in fitness
(Schoener (1971)). It is this value that a predator should attempt

to maximise in the selection of an optimal diet based on net energy gains.
Energy lost through respiration includes basic metabolic needs as well

as energy required for activity in prey locationvand capture, which can
be approximated simply by energy loss during foraging. These are the
losses to the predator that an efficient foraging strategy can minimise,

Rearranging Equation 1, we have:-

(1)
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Energy content of tissues = Energy content of - Energy degraded (2)
produced in growth and re- food assimilated and lost as heat
production (NET ENERGY GAIN) (GROSS ENERGY GAIN)  through respiration

(ENERGY LOSS)

or, in the case of Notonecta, as discussed above,

NET ENERGY GAIN = ENERGY CONTENT OF - .ENERGY LOST IN 3

FOOD CONSUMED RESPIRATION
in a given period of foraging time.
In the following sections, methods used in obtaining estimates of

energy gains and losses from the experiments will be discussed, and the
results and estimation of net energy gains from different prey types and

densities, and in different environments will be reported.

III. 2. Energy Gains

—

III, 2.1. Calorimetry

IT1I. 2.1.1. Introduction

An assessment of tﬁe energy available to a predator from prey items
can be made by using a calorimeter to measure the calorific value per unit
weight of food. This will allow comparisons between different prey types
and an assessment of energy gain from a certain weight of food consumed.

The most accurate calorific value is one expressed as calories per
mg. ash free, where allowances are made for incombustible parts of the
prey, contributing to its weight, but not its calorific value. Such
allowances, where appropriate, are important when dealing with the
sucking predators, as only the digestable parts are consumed, For the
prey species used in this study, the incombustable remains from mosquito
larvae and Musca adults are practically negligible. Chapman (1969) reports
that insect cuticles contribute génerally less than 10Z of the dry weight
of the insect, and have similar calorific values to the rest of the body.
Thus for these two prey types, allowances for unused prey parts are un-—

necessary in the calculation of energy value per gm. dry weight of body
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tissue. Gammarus on the other hand, leaves quite a sizeable amount of
incombustable residue after calorimetry. The guticle, obtained by soak-
ing preweighed Gammarus individuals in caustic potash, was found to
contribute 39.03% to the total prey weight, and left 57.53% ash by weight
when burned in a calorimeter, so it was estimated that, of the total weight
of the individual, 22,457 was incombustable ash, and the calorimetry
results for Gammarus were adjusted to take this into account. It was
assumed that the combustable parts of the cuticle had a similar calorific
value to the rest of the animal.
ITI. 2.1.2, Procedure

A microbomb calorimeter (Phillipson (1964)) was used to measure the
energy content of the materials. Standard calorimetry practice was
followed, the calorimeter was calibrated using thermochemical standard
benzoic acid (certificate number BCS 190J), the test materials were dried,
milled, formed into pellets weighing between 15-30 mgs, and burned in
oxygen in the micrébomb. The output values were translated into calorieg
from the calibration graph. These values are then expressed as calorific
value per mg. of sample, ash free.’
IIT. 2.1.3. Results

Several samples of each prey type were used, and the mean calorific
values (+ 95% confidence 1limits) obtained are shown in Table 3,1.In the
calculations of energy gains, the mean values were used.

III. 2.2. Food Extraction

III. 2.2.1. Introduction

The most frequently used method for measuring consumption, is the
gravimetric technique, where food is weighed before and after the animal
has fed, so that, in terms of dry weight,

FOOD OFFERED -~ FOOD LEFT = FOOD CONSUMED (C) 4)
Obviously, where a large number of prey items of slightly different weight

are offered simultaneously to a predator, any one may be eaten, and unless
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TABLE 3.1.

Calorific values of prey species (cals/mg. dry weight ash free)

Prey Species

Aedes agypti larvae Gammarus pulex |Musca domestica adults
mean calorific’
value 4,04 cals/mg 3.884 cals/mg 4,854 cals/mg
SD. - 0.161 0.259 0.249
Confidence limit 10,149 - +0.198 +0.15
(957%)
Samples 7 9 20
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all individuals are weighed and marked before hand, and a relationship
derived between wet and dry weight, it would be difficult to ascertain
the initial weight of the prey item, and a mean value for the sample
would have to be used. A less time-consuming (and perhaps more accurate)
method, would be to obtain a relationship between some physical measure~
ment of the prey item, and dry weight, then the initial weight of the
carcass utilised can be ascertained by measurement of the remains. The
dry weight after feeding can then be subtracted from the éstimated initial
weight, giving the weight of food eaten. The weight extracted can then
be related to the handling time on that prey type by the predator, and
an extraction curve against time can be found.
II1. 2.2.2. Procedure

The part of the animal chosen for measurement mus? not be affected
by the predator's feeding methods (i.e. a part which does not shrink as
food is removed from the carcass), For Gammarus, a convenient measure;
ment was the width of the tergite of the 4th abdominal segment from the
tail, which was linearly correlated with dry weight, The collar width
of mosquito larvae (first thoracic segment behind the head) was found
to be linearly related to dry weight, and was not affected by predator
feeding. This method was found to be unreliable for Musca, and hence
the alternative method of obtaining a relationship between wet weight
and dry weight was used, individuals being marked and weighed before
experiments. The marking was done with small spots of a cellulose based
paint, the flies being immobilised with CO, before being weighed on a
'Cahn' electrobalance (Model Number 8832). The regressions for Gammarus
and Musca were re-examined before each 'set' of experiments but it was
found necessary to standardise mosquito larvae more frequently than this
(after each test), as the weight of these changed slightly from batch to
batch despite being reared at standard density with excess food.

In such procedures, the prey carcasses must be recovered after
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feeding in order to find thg amount of food removed. Such recovery

must be made as quickly as possible in order to avoid leakage of body

contents into the water, and also because of scavenging by Gammarus

and mosquito larvae. Removal of carcasses can, however, disturb the

predator during experiments, especially in the simple environment,

The complications described above can be avoided by deriving a standard

extraction curve for each predator on each prey type, following the

procedure below.

1) Carcasses were removed only during experiments in the complex en-
vironments, where there was minimal disturbance to the predator.

2) The carcasses were then washed quickly in distilled water to remove
contamination from the water in the experimental arena.

- 3) The carcasses were freeze dried, weighed on a 'Cahn' electrobalance,
and the appropriate measurements made under a binocular microscope
using a graticule eyepiece.

4) The weight of food extracted from each item was then computed.

5) These weights were then related to the time spent feeding on that
item (the handling time) in the form of an extraction curve, such
curves obtained for each predator species feeding on each prey type.

6) The weights of food extracted from each item in all tests were then
estimated, using the extraction curve, on the basis of the handling
time for that item (as measured by continuous observation).

Energy gains could then be derived simply by multiplying the estimated
total weight of food extracted during each test by the appropriate calorific
value per mg. for that particular prey type.

III. 2.2.3,. Results

Examples of the prey dry weight correlations are shown in Fig. 17.
The extraction curves were formed by obtaining the mean weight of food

extracted from pooled data during a certain interval of time, e.g. for



LEGEND TO FIG. 17

Eiamplé of correlations between wet weight and

-dry weight of Musca adults -

[3

Y = <0.677 + 0.35x r = 0.944 (sig 0.001)
Example of correlations between collar width and
dry weiéht of mosquito larvae -

Y = -0,175 + O.1x r = 0.864 (sig 0.001)

Example of correlations between width of 4th

abdominal tergite from the tail and dfy weight

of Gammarus pulex -
April 1978

Y = -4.311 + 2.097x  r = 0.967 (sig 0.001)
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LEGEND TO FIGS 18, 19, 20

Graphs showing extraction curves with time for the
three predator species feeding on each of the three
prey types.

95% confidence limits shown. Curves fitted by eye.

Fig.118 Musca domestica prey

Fig. 19 Gammarus pulex prey

Fig. 20 Mosquito larvae (Aedes agypti) prey

88.
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Musca, the mean weight extracted for handling times betweeﬁ 0 - 1000
seconds, 1001 - 2000 seconds etc., were computed (Figs 18, 19 and 20).
In all cases, the curve eventually reaches an asymptote, as the avail-
able food material in the prey items gradually declines and becomes
progressively harder to extract (see Chapter VII for fﬁrther discussion).
It is encouraging to note that the asymp totes are very similar for each
predator species, even though the curves and associated rates of extrac-
tion are very different (Fig. 21).

Attempts were made to find some relationship between leaching of
prey contents and time of exposure to water after being pierced, but
no such relationships were found (J. Lawton (pers. commun,).

Comparison between the shape of the extraction curves of the three
species shows quite marked differences in the ability to remove food
from the prey items. For all three prey types, N. glauca shows the
slowest extraction rates, the asymptote (indicating total exploitation
of the prey) being reached much later than in the other two predator
species; 1300 seconds for mosquito larvae; 6500 seconds for Gammarus;

and well over 10,800 seconds for Musca. N. obliqua and N. ‘maculata

reach the asymptotes at similar times; 1000 seconds for mosquito larvae;
about 5000 seconds for Gammarusj and about 10,000 seconds for Musca
prey. However, the shapes of the curves and rate of reaching the asy-'

mptotes are different. For both of the larger prey (Gammarus and Musca),

' N. maculata shows higher extraction rates, and a rather extended slow
phase of extraction to the asymptote, compared to N. obliqua, which
shows initially slower rates of extractioﬁ, but has a relatively short,
slow phase to the asymptote. For the smallest prey type, N. maculata
initially shows the fastest extraction rate, but after this period'N.
obliqua appears to extract more food, with a slow phase of extraction

before the asymptote., These differences may well be explained to some



LEGEND TO FIG. 21

Comparison between the extractioh curves with time
of fhe three bréaatc;r' species with each of the
’ threé pre‘y types. |
‘Cuives fitted by eye.
m N. maculata (a)
A N, oAbligua (b)

T

® N. glauca (e)
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extent by differences in rostrum size and bore diameter, and crop
capacity.

I1I, 3. ‘ Energy Losses

III, 3.1. Introduction

The respiratory rate is a useful and sensitive measure of the
organism's metabolic expenditure of energy (Grodzinski, Klekowski and
Duncan (1975)). Metabolism as a whole can be affected by various factors
including body size; developmental stage; reproductive state; nutrition-
al state; composition of diet; state of acclimation to temperature; en-
vironmental factors; state of stress (to immediate handling or other
forms of disturbance); and state of activity (Grodzinski et al (1975)).
For consideration of losses occuring in a foraging strategy, the import-
ant factor to examine is the state of activity, providing all other fac-
tors can be standérdised (see Chapter II). Losses can then be considered
as consisting of two main factors, the standard metabolism and activity
during search, attack, pursuit and capture of prey i.e. active metabolism.
Standard metabolism losses will occur through the whole experimental
period and will be added to by any activity occuring during this time
(This assumes that feeding costs are similar to standard metabolism).

If one can derive a relationship between percentage time.actiﬁe and
total respiratory losses, then the lossec during any period of time can
be predicted simply by a value of total time active (assuming that all
activity is at the same level)., Standard metabolism can be derived by
extrapolating back to zero time active.

The usual method of measuring the respiratory rate of an aerobic
animal is through the measurement of the rate of oxygen comsumption,
which in turn gives a measure of the energy expenditure involved in
normal metabolic processes (Duncan and Klekowski (1975)). There are

several different techniques for the measurement of oxygen consumption,
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ranging from manometric, through chemical analyses to the use of oxygen
electrodes. After due consideration, it was decided that the use of
manometric, constant pressure, respirometry techniques offered the most
straightforward and convenient methods for short term measurements of
oxygen consumption, The most suitable sized respirometer described in
the literature, which would allow room for activity of'Nétdnecta, and
at the same time monitor the small changes in pressure due to oxygen
consumption likely in a poikilothermic invertebrate, was the Spencer—
Davis Constant Pressure Respirometer for medium sized animéis (Spencer—
Davis (1966)), which was successfully used for limpets and beetles, and
has been used for'Notonécta (Williams (Unpublished)).

III. 3.2. 'Procedure

The construction of this respirometer is deseribed by Spencer-
Davis (1966), and basically consists of a drilled perspex block con-
taining the manometer, a micrometer head as the measuring device and
the use of wide mouthed respiration chambers (Fig. 22). Modifications
to the original design included enlargement of the chambers to a height of 10em

» with an approximate volume of 300mls, and positioning of the KOH
containers in the centre of the chambers.

The sténdard method for the measurement of oxygen consumption is
given by Spencer-Davis (1966). In the procedure for this study, the KOH
(CO, absorber) is held in small plastic phials (approx. volume 1ml),

cemented onto a removable perspex dise, which sits on the floor
of each chamber. A 20% solution of KOH is added, and a roll of filter
paper, the end of which is cut vertically and then opened out like the
'petals of a flower', is placed into the phials, increasing the surface
area available for CO, absorbtion. Water, at environmental temperature
is then put into the two chambers, up to a level of jcm below the top

of the KOH phials (60mls volume). A female bug, starved for 24 hours,
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is then placed in the respiration chamber, and the two chambers screwed
into the manometric block. The whole unit is then immersed into a
water bath, the level of which covered the two chambers completely. The
unit is then left to equilibrate for 10 minutes and the connecting

bores then closed to the atmosphere by the crossbar. The unit is left
for twenty minutes, then the manometric fluid on the respiration chamber
side was positioned at a level marked on the manometer block by adjustment
with the micrometer. Any leakages became apparent during this time

- period, as they'will show themselves in a large movement of the fluid

in either arm of the manometer. If this occured, the unit was dis-

- mantled, resealed and the above procedure repeated.

The oxygen consumption was measured for one hour, with occasional
stimulation of the bug to activity, and the total time of activity during
the hour being measured on a stop watch during continuous observation.
The initial reading of the micrometer was noted, and the level of the
fluid in the respiration chamber arm of the manometer was repositioned
to the starting pointing every 15 minutes. The difference between the
final micrometer reading and the initial one gave the volume change in
the respiration chamber during the time period.' Williams (unpublished)
also monitored the 0, level in the water in the respiratory chamber using
micro-winkler techniques, but found no change during the hours measure-
ment, This is probably due to the large surface area/volume ratio of water
in the wide-necked chambers in this respirometer, which allows rapid
equilibrium between 0, concentration in the air and water as oxygen
is consumed by the bug from the water. For each measurement made, values
of mls of 0, consumed and percentage time active were obtained, which
could then be analysed by linear regression, Respiratory rates were

measured at 15°C for all three species



LEGEND TO FIG 23

Relationships between mls Oy consumed per hour at 15°C and percentage

time active for the three predator species.

"

- B)

c).

D)

N. obliqua 'y

N. glauca. y = 0,0235 + 0.00538X r = 0,8973..(sig. 0.001)
N. maculata y = 0.04277 + 0.00477X r = 0,842 (sig. 0.001)

0.03195 + 0.009016X r = 0.841 (sig. 0.001)

Comparison between regression lines for all three predator

species,

-a) N, glauca

b) N.‘ﬁaculata

c) N. obliqua
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ITII., 3.3. Results

The graphs in Fig. 23 show the linear relationships between mls
of 0, consumed per hour and percentage time active, for the three
species at 15°C. The volume of 0, consumed during any 3 houf test
can simply be estimated by reading off the percentage activity shown
by the bug from the above graphs, and multiplying the Oz consumption
by three. This value includes the combination of resting standard
metabolism and active metabolism, but is made on the basis of an
assumption that all activity is at the same level, Although this is
an oversimplification, it was deemed justified on three counts;

a) Assessment of oxygen consumption during different levels of
activity would be extremely difficult, requiring many more data points
and complex analysis.

b) The proportion of time spent in activity is, on the whole,
relatively small (see Chapter IV), and even though active metabolism
is much greater than standard metabolism, any differences between levels
of activity are unlikely to have a great effect on the assessment of
net metabolic costs.

c¢) For purposes of this study, a comparison between the predation
strategies on different prey types and between different predators is
required, and so long as all data is treated in fhe same way, such over-
simplifications are unlikely to affect the overall considerations.

One would expect that the respiratory rate of N, obliqua would
generally be the highest, as it is the largest of the three species,
and similarly one would expect N. glauca to have the lowest rate as it
is the smallest, These predictions are generally bourne out by the
results. What should be noted, however, are the actual slopes of the

curves. A steep slope indicates greatly increased energy expenditure
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with activity, whereas a shallow slope indicates a much lower increase,

. N. obliqua shows the steepest slope and N. maculata the shallowest. This
seems to indicate that N. maculata might be the most efficient swimmer
of the three, requiring the least energy for locomation and N. obliqua
might be the least efficient, with N. glauca between the two. (This
fits in with the general conclusions on the morphometric studies in
Chapter VI). However, at rest (or at very low activity levels), N.
maculata shows the highest basal respiratory rate, N. glauca again the
lowest, with N. obliqua inbetween. This appears to indicate the largest
standard metabolic rate is found in N. maculata., Further discussion of
these resuits is on page 261- Chapter VI.

In the conversion of mls of oxygen consumed to energy expenditure,
the value of 5 cals per ml consumed was used. This approximates to the
normal values found iq the literature of between 4.8 and 4,95 (e.g. Prus
(1975)).

III. 4. . - - Net Energy Gains

IIX. 4.1. Introduction

The net energy gains to each predator species can be calculated as
described in Section III. 1. (Equation 4)., Results are shown in the
form of graphs relating energy gain in the presence of each prey type
with prey deﬁsity, in each of the two environments. Due~to varying
sizes of the different prey species, and the use of different densities
with each prey. type, a comparison of the efficiency of feeding by each
predator species, on each prey type can he.made by correlating net energy
gain with prey biomass presented. Biomass is calculated by multiplying
the mean individual dry weight of the prey species by the density - (see
Appendix IBI for’ relevant data).The raw data for emergy gains, energy
losses and net energy gains are given in Appendix IV, The data for net

energy gains are given for each predator species in turnm.
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IT1I. 4.2, Stagistical Analysis

Confidence limits at the 957 level were calculated for each data
point., In addition, each set of data (comprising the net energy gains
at six prey densities of one prey type in one environment for one pre-
dator species) was subjected to an analysis of variance. The mean val-
ues of the data points in each set were then compared using the fixed
range test (LSR) (Parker (1973)). Both the analysis of variance and
fixed range test gave a general idea of the statistical range of the
data, but both were found to have rather low sensitivity in comparing
means whose confidence limits did not, or only partially overlapped.

In these cases, the 'T' test was used.

The data at each density for each prey type was compared between
the two environments using the 'T' test. The results of the statistical
analyses are given in the figure legends for each set of data.

III. 4.3. Resuits

I1I. 4.3.1. Introduction

The experimental design allows an analysis of the net energy gains
to the predators from three points of view:-

a) The effect of prey density of each prey type in both environ-

ments on the net energy gains.

b) The effect of environmental complexity on the net energy gains

at each prey density.

c) The effect of prey type on the net energy gains for each predator

species.

Feeding efficiency can be examiqed not only by comparing the sizes
of the energy gains, but also by examining the ratio of mean net energy
gain and handling time (as in Schoener (1971) see Chapter I) for each
prey density of each prey type in both environments (Table 3.2) (N.B..as

pursuit time is so small relative to handling time, and is so similar



TABLE 3.2
COMPLEX ENVIRONMENT | SIMPLE ENVIRONMENT

25 20 15 10 5 2 25 20 15 10 5 2

N.. glauca 0.0053 | 0.0055 | 0.0053 | 0.0054 | 0.0055 | 0.0055 | 0.0051 | 0.0047 | 0.005 0.0051 | 0.0048 | 0.0044

Musca N. maculata | 0.008 0.0081 | 0.008 0.0079 | 0.008 0.0082 | 0.0079 | 0.0082 | 0.0079 | 0.0074 | 0.0075 | 0.0074
Prey N. obliqua 0.0073 |0.0073 0.0076 | 0.0074 | 0.0074 | 0,0072 || 0.0073 | 0.,0072 | 0.0072 } 0,0075 | 0.0075 | 0.0073
——— —— —— —_ e — ———— — —— :
N. glauca 0.0075 | 0.0077 | 0.0076 | 0.0076 | 0,0072 | 0.0075 | 0.0044 | 0.003 0.0045 | 0,0032 |=0,0031 -

Gammarus  N. maculata | 0,0087 | 0.,0096 | 0.0097 | 0.0096 |0.0108 | 0.0088 | 0.0122 | 0,0114 | 0.0128 | 0.0117 | 0.012 | 0.,0103

Prey N. obliqua | 0.0103 | 0,0103 | 0.0099. | 0.0096 |0.0097 |0.0094 [ 0.0099. |0.0106 |0.0111 |0.01 . | 0.0113 | 0.0097
= e e ——

70 50 30 10 ‘5 2 70 © 50 - 30 10 5 2
N. glauca 0.00195( 0.00197 | 0.00195 | 0,00184 | 0,00186 | 0.0011 | 0,0012 | 0,00115 |0.00145 | 0,001 0.0011 {=0.0004

Mosquito N. maculata | 0.0027 | 0,003l | 0.0029 | 0,0025 |0,0024 |0.002 0.0039 | 0,0038 |[0,0034 |0,0032 | 0.0033 | 0,0027
larvae N, obliqua 0.003 0.0029 | 0.0029 |0.0026 }0.0025 |0,001 0.0033 | 0.,0033 |0,0032 |0.0032 | 0.003 0.0027

Table 3.2, Ratio of mean net energy gains and mean handling time (% Schoener (1971))

for each density of each prey type.

"7o1
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for each prey type, it can be omitted (see Chapter IV for relevant data).)

III. 4.3.2. Net Energy Gains by N. Glauca (Figs 24, 25, 26, 27 and28 ).

a) Effect of prey density

The density of Musca domestica did not affect the net energy gains in

either environment (F = 0.172 simple environment; F = 0.735 complex
environment). Such a result is not totally unexpected, as the size of

the prey and stimulus it produces at the surface is likely to elicit

a response by a hungry predator from any position over-a large area at

the surface. The long handling time on this prey would also reduce any
density effect. In both environments however, there is some indication of
a lower net-energy gain at the lowest density, although this is not sig~
nificant,

A density affect is apparent with Gammarus pulex prey.  In the simple

environment this is confined to a significant difference between the low-
est and highest densities (i.e. 2 and 25 per arena). Thié ié probably

due to the large confidence limits around the daté. With prey densities

2 and 5 per arena, the mean values show a net energy loss, the others a
net energy gain. In the complex environment, the density effect is slight-
ly clearer, the lowest density showing'the lowest net energy gains, and
there is no'significant differences between the other densities,

The data for mosquito prey shows the clearest density effect. In
the simple environment, the lowest density has significantly fhe lowest
‘value (a net energy loss). No significant differences were found between
data at the other densities, although the large confidence limits obscure
. the general trend of increasing mean net energy gain with increasing
prey density up to density 30, with a slight drop in mean values through
densities 50 and 70 pér arena. In the complex environment, the prey
density effect separates out the results into three levels. The lowest

level at density 2, the next level including densities 5 and 10, and data



LEGEND TO FIG. 24

Net energy gains by N. glauca feeding on six densities

of Musca domestica, compared between simple ( O )

and complex ( B ) environments. 95% confidence limits

shown.

Simple environment — analysis of variance for data of

all 6 densities

F = 0.1725 (n.sig)

Complex environment - analysis of variance for data of

all 6 densities

F = 0.735 (n.sig)

Comparison between simple and complex envi;onments.
T test: Density 25 20 15 10

T = 0.972 2.049 1.318 1.538

significance = n.sig 0.1 n.sig n.sig

5 2
1,438 1.15

n.sig n.sig
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LEGEND TO FIG. 25

Net energy gains by N. glauca feeding on 6 densities of

Gammarus pulex, compared between simple and complex

environments. m complex. O simple. 95% confidence

limits shown.

Simple environment - analysis of variance for data of all
6 densities: F = 0,571 n.sig
Comparison by means of T test (sig. 0.05)

Density - 25 20 15 10 5 2

Complex environment - analysis of variance for data of all
6 densities: F = 2,792 sig. 0.05 LSR = 5.29
Comparison by means of T test (sig. 0.05)

Density - 15 5 20 25 10 . 2

Densities underlined not significantly different.

Comparison between simple and complex environments.,

T test.
Density 25 20 15 10 5 2
T = 6.244 A4.86 5.174 3.082 6.0 3.15

Significance 0,001 0,001 0.001 0.01 0,001 0.01



FIG 25

arus pulex

a

_Nglauca feeding on
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LEGEND TO FIG. 26

Net energy gains by N. glauca feeding on 6 densities

of Aedes agypti mosquito larvae, compared between

simple (-0 ) and complex ( ® ) environments. 95%

confidence limits shown.

Simple environment - analysis of variance for data of
all 6 densities

F = 5.956 (LSR 1,475) Sig. 0.05
Comparisons by T test between means

30 S50 70 S5 10 2 (sig. 0.05)

Complex environment - analysis of variance for data of
all 6 densitiles

F = 8.247 (sig. 0.01) (LSR = 1.323)
Comparisons by T test between means

70 30 50 5 10 2 (sig. 0.05)

Densities underlined not significantly different.

Comparison between simple and complex environments

T test
Density 70 50 30 10 5
T = 3.466 3.08 2,155 1l.65 1.862

Significance 0.01 0.01  0.05 N.sig 0.1



FIG 26

N. glouca feeding on mosquite larvae
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from densities 30, 50, and 70 show the largest net energy gains, al-
though there are no significant differences between these latter three
densities.

b) The effect of Environmental Complexity

For all prey types there is aﬁ obvious trend for larger net energy gains
in the complex than in the simple environment. This is most marked with
Gammarus prey, significant differences found at all densities. Similar-
ly, with mosquito larvae, the differences are significant for all densities
except density 10, although the mean value for net energy gain is more
than double in the complex than in the simple environment. At thé low
densities of these two prey types, there are net energy losses in the
simple environment. The data with Musca prey shows no significant diff-

erences except at density 20 (P = 0.1).

It should also be noted that the confidence limits for data from
the simple environment are generally larger with both mosquito and Musca
prey than in the complex environment,

c) The Effect of Prey Type

The efficiency of predator feeding on the different prey types can be
compared by considering the net energy gains in the presence of similar
total biomasses of the prey species (Figs. 27 and 2§), where higher net
energy gains indicate more efficient feeding. In the simple environment,
N. glauca is clearly most efficient in feeding on Musca prey at all levels
of biomass of food presented. At low levels of biomass, this predator
appears more efficient at feeding on mosquito prey than on Gammarus,

but at higher biomass levels, where there are no data on mosquito larvae,
net energy gains on Gammarus increase to the levels found on mosquito
larvae at low density. In the complex environment, a markedly different

picture becomes apparent, with no differences between Musca and Gammarus

prey. N. glauca is least efficient feeding on mosquito larvae at the
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LEGEND TO FIGS 27 and 28

A comparison of the net energy gains by N. glauca feeding
on each prey type plotted against total biomass presented
in both environments.

95% confidence limits shown,

A Musca
A Gammarus

® Mosquito larvae

Fig. 27 Complex environment

Fig. 28 Simple environment



-N.glaucg feeding in the complex enviroment

FIG 27
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FIG 28

Nglaycg feeding in the simple enviroment
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biomasses presented of this prey.

%-values (Schoener (1971)), support the conclusions of section b).

and ¢) (Table -3.2.).

ITI. 4.3.3. Net Energy gains by N. maculata (Figs. 29, 3p, 31, 32 and 33)

a) The Effect of Prey Density

Generally, the effeét of prey density is similar to that for N. glauca.
With Musca prey in the complex environment, no differences are apparent
(F = 0.5664), but in the simple environment, it appears that net energy
gains with density 2 are larger than with densities 25, 20 and 5 per
arena, but not with densities 10 and 15.. There are no significant diff-
erences between data from the other five densities. This points to the
possibility of confusion effects on the predator when presented with
high densities of this prey in the simple environment.

There appears to be little density effects for N. maculata feeding
on Gammarus in the simple énvironment, although the net energy gains at
prey density 2 are the lowest. In the complex environment, this diff-
erence is more marked, with significant values between density 2 and
densities 10 and 20.

As with N. glauca, the density effect is most marked with mosquito
prey. There is a general trend for increased net energy gains with
increased prey density for data from both environments. In the simple
environment, the data with density 2 shows the lowest values, the data
for densities 10 to 70 per arena the highest (there being no significant
differences between these sets of data). In the complex environment,
the differences are even more marked, with largest net energy gains at
densities 30, 50 and 70 per arena, and a significant decrease in net
energy gains with decreasing density through 10, 5 and 2 per arena.

b) The Effect of Environmental Complexity

The reverse effect of environmental complexity is apparent with N.



LEGEND TO FIG. 29

Net energy gains by N. maculata feeding on 6 densities of

Musca domestica prey in simple ( O ) and complex ( W)

envircnments. 95% confidence limits shown.

Simple environment - analysis of variance for data of all
6 densities.

F = 0,982 (n.sig)
Compérison of means by T test

t

2 10 15 25 20 5 (sig 0.1)

Complex environment - analysis of variance for data of all
6 densities.

F = 0.5664 (n.siqg)

Comparison of simple and complex environments for 6 densities

T test
Density 25 20 15 10 5 2
T - | 0,096 0.493 0.365 1.14 0.118 3.416

Significance = n.sig n.sig n.sig n.sig n.sig 0.01



FIG 29

N_maculata feeding on

sca domestica
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LEGEND TO FIG. 30

Net energy gains by N, maculata feeding on 6 densities

of Gammarus pulex in simple ( O ) and complex ( W )

environments. 95% confidence limits shown.

Simple environment - analysis of variance of data for all
6 densities

F = 1.180 n.sig
Comparison of means by T test (sig. 0.05)

15 25 20 10 5 2

Complex environment - analysis of variance of data for all
6 densities

F = 2.433 (sig. 0.05) (LSR = 8.058)
Comparison of means by T test (sié. 0.05)

20 10 15 25 5 2

Densities underlined not significantly different.

Comparison of simple and complex environments at each density

T test
Density 25 20 15 10 5 2
T = 2.34 1.29 2.89 1.23 1,577 2.174

Significance’ 0.05 n.sig 0.02 n.sig n.sig 0.05
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LEGEND TO FIG. 31

Net energy gains by N. maculata feeding on 6 densities of

Aedes agypti larvae in simple ( O ) and complex ( B )

environments.

95% confidence limits shown.

Simple environment - analysis of variance for data of all
6 densities

| F = 5.235 (sig 0.01) (LSR = 2.946)
Comparison of means by T test (sig. 0.05)

70 50 30 10 5 2

Complex environment - analysis of variance for data of all
6 densities

F = 12.489 (sig. 0.001) (LSR = 1.734)
Compariéon of means by T test (sig 0.05)

50 30 70 10 5 2

Densities underlined not significantly different.

Comparison of simple and complex environments

T test
Density 70 50 30 10 5 2
T = . 2.748 2.266 2.24 3.21 3.46 2.988

Significance 0,02 0.05 0,05 0.01 0.01 0.0l



FIG 31
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LEGEND TO FIGS 32 and 33

A comparison of the net energy gains by N. maculata
on each pr'ey type plotted against total prey biomass
presented in the two environments.
95% confidence limits shown.,

A Musca prey

A Gammarus prey

® Mosquito prey

Fig, 32 Simple environment

Fig. 33 Complex environment
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FIG 33
N. maculata feeding in the complex enviroment
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maculata than was found with N. glauca, as there is a general trend for
larger net energy gains in the simple environment than in the complex
one. This is most marked for mosquito prey, where values for net energy
gains at all densities are significantly larger in the simple environment.
With Gammarus prey, significant differences were found at densities 25,

15 and 2 per arena, although the same trend is apparent for the other
densities. The data with Musca prey shows no differences except at den-
sity 2. The data for the other five densities is virtually identical

in the two environments,

c) The Effect of Prey Type

In the complex environment, there is very little difference in the

efficiency of N. maculata feeding on Musca or Gammarus in situations

where large values of prey biomass are presented (i.e. > 15mgs dry
weight). With low biomass values (10mgs), N. maculata tends to be more
efficient feeding on Musca, and there is little difference between
Gammarus and mosquito larvae as food. The %-values tell a slightly
different tale (Table 3,2)being largest at all demsities for Gammarus
prey and smallest for mosquito larvae.

In the simple environment, a slightly moré complex picture is
found when considering net energy gains. The predator is again least
efficient feeding on mosquito prey. At low prey biomass values (7-20
mgs dry weight), there appears to be little differemce in efficiency

between feeding on Musca and Gammarus by N. maculata. At biomass values

above this, there is a general trend for larger net energy gains feeding
on Gammarus prey. The %-values again show Gammarus as the most effic-
ient prey and mosquito larvae the least efficiemt,

III, 4.3.4. Net Energy Gains by N. obliqua (Figs. 34, 35, 36, 37 and 38).

a) The Effect of Prey Demsity

The effects of density of Musca prey are similar to those of N. glauca.



LEGEND TO: FIG.' 34

-
Net -energy gains'by-N.»obliggaffeediﬁgioncsix'densities

gimple’’( O ) environments. ' - - 3o

Simple environment - analysié4ofAvariancg_pgtﬁeen_all"
six’densities - ' - i 0L TR b

wole s o 0 FD 2 0456 (nesig) i

L B N
< [ R V3

'Complex environment — analysis of variance between all
six ‘densities -~ - - o

F = -3.3298 (sigs 0.05) =i

T test comparison between means

15 5 10 - 25 - 20" 2 - (sig. 0.05)
“Densities’ undeéflined not significantly different.
Lo R
Céﬁparisonﬂbétﬁéén simple}andﬂ;omplex,environmeﬁt
T test
 Density . ... .. 25 20 witlsc 0 10-7 Bt 2
y - ‘0.326 0,024 10757 0,218 ©0.174- 1.971

- Significamce - - nisig.  nssig 0.1 . n.sig n.sig. 0.1



NET ENERGY GAINS (JOULES)

FIG 34

N./Sbliqu_a_feeding on _Musca domestica
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LEGEND TO FIG. 35

Net energy gains by N. obligua feeding on six densities

of Gammarus pulex prey, compared between complex ( W )

and simple ( O ) environments.

Simple environments - analysis of variance between all
six densities

F = 6.578 sig 0.01
T test differences between means

15 25 20 10 5 2 (sig 0.0

Complex environments - analysis of variance between all
six densities .

F = 1.14 n.sig.
T test differences between means

15 25 10 20 5 2

Densities underlined not significantly different.

Comparison between simple and complex environment.

T test
Density 25 20 15 10 S
T = 0.05 0.463 0.018 1.89 1.368

Significance n.sig n.sig. ne.sig 0.1 n.sig

5)

1.66

n.sig



FIG 35

N.obliqua feeding on Gammarus pulex
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LEGEND TO FIG. 36

Net energy gains by N. obliqua feeding in six densities
of mosquito larvae compared between complex ( WM ) and

simple ( O ) environments.

Simple environment - analysis of variance between all
six densities.

F = 29.93 (sig 0.01) (LSR = 1.199)
T test comparison between means

70 30 50 10 5 2 - (sig. 0.05)

Complex environment - analysis of variance between all
six densities

F = 15.18 (sig. 0.01) (LSR = 1.821)
T test comparison between means

50 70 30 10 5 2 (sig. 0.01)

Densities underlined not significantly different.

Comparison between simple and complex environments

T test
Density 70 50 30 10 5 2
T = ’ 3.493 2,143 2.671 4,199 3.147 4.28

Significance 0.01 0.05 0,02 0,001 0,01 0.001



FIG 36

N. obliqua feeding on mosquito larvae
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In the simple environment there is no effect at all (F = 0.56), but
in the complex one (F = 3.33), net enefgy gains are significantly the
lowest at demsity 2, with no differences between the other densities.
The results for N. obliqua feeding on Gammarus prey are different from
both of the other pre&ator species, In the complex environment, due
to large confidence limits, there is no significant effect of prey den-
sity, but the mean net energy gains at the lowest two densities have
the lowest values. In the simple environment, this effect is more pro—
nounced, with increases in net energy gains from densities 2 through
to 15, then a slight drop for demnsities 20 and 25 per arena. Results
with density 15 are significantly larger than for demsities 10, 5 and 2,
results for density 25 significantly higher than for densities 5 and 2,
and those for demsity 20 significantly higher than for density 2. There
are no significant differences between densities 10, 5 and 2.

As with the other two predators‘species, the clearest density
effect is found with mosquito prey. In both environments, there is
a progressivé_increase in net energy gains with increased prey density,
up to density 30 in the simple environment, and.density 50 in the com
plex one. In the simple environment there is no effect at higher den-
sities, in the complex one, there is some evidence of a slight drop in
energy gains at the highest density. In both environments, the data
appears to be divided into three levels, denmsity 2, densities 5 and 10,
and densities 30, 50 and 70 per arena.

b) The Effect of Environmental Complexity

The results for N. obliqua appear to fall inbetween the other two
species, where N, glauca achieved larger net energy gains in the complex
environment, and N. maculata in the simple one. For N. obliqua, feeding
on Musca, there is virtually no difference except for prey density 2

where larger net energy gains were made in the simple environment and
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LEGEND TO FIGS 37 and 38

A comparison of the net energy gains by N. obliqua
feeding on all prey types in both environments
plotted against total biomass presented.
95% confidence limits shown,

A Musca

A Gammarus

® mosquito larvae

Fig. 37 Complex environment

Fig. 38 Simple environment



FIG 37

M. oblinva_feeding in complex enviroment
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FIG 38

N. obliqua feeding in simple enviroment
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at density 15, where the reverse was true. For Gammarus prey, there

is no difference at the highest densities (15, 20 and 25 per arena),

but at lower densities, there is a general trend for larger energy gains
in the complex environment (only significantly so at demsity 10). The
opposite is found with moséuifo prey, where significantly larger net
energy gains are made at all densities in the simple environment. The
%-values’(Table 3.2)pre virtually identical for Musca in both environments
and slightly larger for both Gammarus prey and mosquito prey in the simple

environment.

c) The Effect of Prey Type

Different patterns emerge in the two environments. In the complex one,
thére is a general trend for more efficient feeding on Cammarué prey
than on Musca, which is more marked at prey biomasses below 50 mg dry
weight.(This is supported by the %vvalue). In the simple environment,
at prey biomasses below 40 mg, N. obliqua appears to be more efficient
feeding on Musca than on Gammarus, but at higher prey biomasses, this
efficiency tends to switch, with slightly larger gains on Gammarus. E
v#lues are lérgest for Gammarus at all densities. In both environmen:s
mosquito lafvae offer the poorest food returns.

III. 5. | Summéry'

For N. glauca, there is no effect of prey density on net energy
gains with Musca prey in either environment, éignificantly lower net
énergy gains are made in low densities of Gammarus, and increased net
energy gains are made with increased prey densities of mosquito larvae
up to a plateau at ﬁensity 30. E—values are somewhat different, with

T

no effects of density on Musca or Gammarus prey in the complex environ-

ment, but a tendency for lower values with decrease in prey density
for mosquito larvae in the complex environment and all three prey types

in the simple one., There is a general trend for increased feeding
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efficiency in the complex environment both in terms of net energy gains

E .
and T-values, the differences most marked for Gammarus prey and least

so for Musca. N. glauca is most efficient on Musca prey in the simple

environment (in terms of net energy gains and %-values), and at low

prey biomasses, more efficient in terms of.net energy gains and %-values
on mosquito larvae than on Gammarus. As biomass is increased, net energy
gains on Gammarus reach those of mosquito larvae at the low biomasses,
and E-values exceed them. In the complex environment, net energy gains

T

on Musca and Gammarus are similar, but %-values are larger with Gammarus,
For N. maculata, there is again no effect of prey density of Musca

in the complex environment, but in the simple one, larger gains are made

at the lowest density, although'%-values tend to be lower at the lower den-

sities than at the higher omes. With Gammarus prey, again lower energy

gains are made at low densities and increased energy gains occur with

increased mosquito density up to a plateau, which is reached at a lower

density in the simple (density 10) than in the complex (density 30)

environment. _%-values show similar tremnds. In contrast to N. glauca,

N. maculata generally achieves larger energy gains in the simple than

in the complex environment, this being most marked for mosquito prey

and least so for Musca, these conclusions supported by %-values. In

both environments N, maculata is least efficient feeding on mosquito

larvae. In the complex environment, at low prey biomasses larger energy

gains are made feeding on Musca than on Gammarus, with larger prey bio-

‘masses in the complex and low biomasses in the simple environment, there

is little diffeience, and finally in high prey biomasses in the simple

environment, N. maculata makes larger net energy gains on Gammarus. The

%-values show feeding on Gammarus to be the most efficient under all con-

ditions, and on mosquitoc larvae the least efficient,

As mentioned earlier, N. obliqua tends to lie between these two
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sets of results, There is no density effect with Musca in the simple
environment, but low densities of Musca offer the lowest returns in

the complex one. There are basically no differences in %-values,in
both environments, There is a tendancy for increased energy gains

with increased Gammarus density in both environments, this being more
pronounced in the simple environment, %-values tend to support this
conclusion. As with the other two predators, energy gains increase
with mosquito prey density, but with N. obliqua the plateau is reached
at 30 per arena in the simple, and at 50 in the coﬁplex. (The differences
‘between the prey densities at which the three predators reach a plateau
of net energy gains feeding on mosquito larvae can be explained on the
basis of size of reaction areas (see Chapter IV)). The effect of envir-
onmental complexity is also different from the other two predators.

For Musca prey and high densities of Gammarus, there is little effect on
energy gains, But for low densities of Gammarus larger gains appear in -
the complex environment, and for mosquito larvae, larger gains appear

in the simple one. %-values again tend to support these conclusions,
except there is a trend for larger values at low densities of Gammarus
in the simple than in the complex environment. The trend is for larger
energy gains feeding on Gammarus than on Musca in the complex environ-
ment, especially at lower prey biomasses, which is also found, but to

a lesser degree, at high biomasses in the simple environment. At low
biomasses in this environment, N. obliqua appears to make larger gains
feeding on Musca, and in both environments, it\is least efficient feeding
on mosquito larvae. The %-values again show greatest efficiency of
feeding on Gammarus prey under all conditions, and lowest on mosquito
prey.

Comparing the energy gains made by the three predators, the gen-

eral trend is for N. maculata to make the highest gains in the simple
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environment, N. obliqua the highest gains in the complex one, and N.
glauca to show the lowest gains in both environments.

Prey density effects can be explained on the basis of the prey
size/handling time relationship in short term experiments, and the
size of the predator's reaction area. Also the effects of prey refuges,
search image formation and prey availability in the predators preferred
areas of the environment, play a role (especially with mosquito larvae
and Gammarus prey). The effects of environmental complexity will be
due more to the morphology and behaviour of the predator, and the effects
of prey type can be explained on the basis of prey size and the nature
of the predators e#traction curves (All of which are discussed in later

chapters).
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CHAPTER IV

BEHAVIOURAL STRATEGIES

1v. 1. Infroduction

One of the Best ways an animal can exploit a habitat is to utilise
a resource not being used to capacity by other organisms in the habitat.
Notonectids have done this by utilising their abilities to feed at the
water's surface, on organisms coming up to the surface from deeper areas,
or terrestrial orgdnisms falling onto the surface., There are very few
other invertebrates which' can utilise this resource (e.g. raft spider
Dolomedes, the Amphibicorisae etc), and several species of fish, to which
in fact, Notonectids offer a food source (Macan (1965)). Some Noton-
‘ectid species also utilise additional sources of food, by apparently
actively searching for food along the bottom, or intercepting organisms
within the water colomn (Ellis and Bordén (1970)). These authors des-
cribed four general methods by which Notonectids obtain their food.

The first involves the Notomectid catching prey while swimming
in an inverted position (i.e. dorsal side uppermost), along the arena
bottom, often using a jerking, probing motion, which flushes out pot-
ential prey organisms. The prey are disturbed by this behaviour and
swim away, the predator often pursuing them. Lawton, Beddington and
Bonser (1974) also show that N. glauca uses this method to hunt Asellus,
which walk slowly on the substrate. In both studies, no perch sites
were available to the predator. From observations during this present
study, this mode of prey capture appears to be spurious, as the probing
action shown by the Notonectid in the inverted position is associated
with search for a perch site. Similar actions were observed down the
arena sides in arenmas with very few available perch sites, and in most

instances, chance meetings of prey by this method are ignored by the
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predator. It is quite likely that a stationary prey item is treated
as a potential perch site rather than food in such encounters. Active
prey, such as Mayfly nymphs (Lawton et al (1974)) and Gammarus (pers.
obser.) are very rarely caught by this method.

The second method of attack is by a Notonectid from its vantage
point at the surface, or on a perch site within the water body, on a
prey swimming past it., Ellis and Borden describe pursuit and capture
of such prey as semi-stalking behaviour, and it is used in the capture

of Aedes larvae (Ellis and Borden (1970)), Mayfly nymphs (Lawton et al
(1974)) and Cammarus (pers. observ.)

The third method of capture occurs when the predator is at the
surface and actively stalks a prey which has just risen to the surface
for air or rest. The predator will orientate to the direction of dis-
turbance of the water surface, and slowly stalk the prey, Depending
on the distance, the prey is reached in one or several movements (Murphey
and Mendenhall (1973), Wolda (1961)), and is then attacked in a swift
lunge. Ellis and Borden report that the predator rarely misses a prey
during this form of attack,

The fourth method involves exploitation of prey trapped in the
water surface e.g. dipterans emerging from pupae or terrestrial insects
falling onto the surface. The struggles of the prey, or the dark sil-
houette (Gittleman (1973)), attract the Notonectid, which follows a
similar series of movements to those described above. Unless the prey
item is large, this form of attack is usually entirely successful.

It is likely that each species of Noﬁonecta specialises in diff-
erent combinations of feeding behaviour mechanisms, which may alloﬁ
exploitation of slightly different types of habitat or food resources,
The three species of Notonecta under study are remarkably similar

in form, and it is likely.that any such behavioural differences between
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them, will show themselves in rather subtle ways. The easiest way
of assessing such differences is by continuous observations on the
predators in the presence of food. A component analysis approach
was used (Holling (1966)), recording various behavioural components
associated with actual feeding as well as 'background' behaviour
such as rest and other activity not necessarily associated with
feeding. The behavioural strategy can be conveniently divided into
three broad components; a) Use of time; b) Response to prey; and c)
Use of space.

Table 4,1 lists the different behavioural activities monitored,

either on the event recorder (E) or by simply noting activities (N).

Table 4,1
Use of Time Use of Prey Use'of'Spaée
Handling Time (E) Success of pursuits (E) Selection of perch sites (N)
Total Rest Time (E) Success of attacks (E) Time of rest at surface (E)
Activity not associated Success of captures (E) Time of rest at depth (E)
with feeding (E) Types of attack sequence(E) Handling time at surface (E)
Activity during Sizé of reaction area (N) Handling time at depth (E)
Handling (E) Functural response (E) Position from where attack
Time for attack sequence initiated (N)

sequence (E)

Behavioural activities monitored during continuous observation

experiments on the event recorder (E) or noting activities (N).

A more detailed description and discussion of the activities

is presented in the following sections. The data are presented for
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each predator species feeding on each prey type at different densities
in each of the two types of environment. In addition, two other ex-
periments were carried out, one to examine the effect of the lighting
regime on feeding levels, and the other to examine feeding on two

types of Daphnia magna occupying different areas in the water column.

Iv. 2. . The Use of Time.

In order to examine extraction rates for each prey type, handling
time must be measured for every prey item caught., Calculation of
energy losses necessitates the measurement of total time active (as
discussed in Chapter III), which includes not only activity involved
in the pursuit of prey, but also general activity and activity during
feeding. Allocation of time to feeding, activity and rest may well
be different between the three species, and in different environments,
so records of rest periods are also required.

Iv. 2.1, Handling Time,

Iv. 2,1.1. Introduction.

The original definition of handling time included time from
first response to the prey, pursuit, attack, capture and subduing
of the prey, feeding time on the prey and finally, a digestive pause
during which no further feeding responses are elicited (Holling (1966)).
In the present study, the main interest lies in how much food is ex—
tracted from each prey item, and for this, actual time spent feeding
on the prey is the important measure, so in this study, handling time
is defined as the time from capture to release of the prey item
by the predator. It is also assumed that the predator has a similar
rate of extraction during a feed on each item of each of the prey
types.
IV. 2,1.2. Results

A convenient method of comparing handling times on different

prey and between different predators is by plotting histograms of
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the proportion of total captures against handling time, giving a
handling time distribution for each predator species on each prey
type (Figs. 39, 40 and 41). These plots used pooled data for all
densities of prey and all captures, in the complex environment.

The first obvious conclusion is that all three predator species
have the longest handling times on Musca prey and the shortest on

mosquito larvae, handling times on both Musca and Gammarus being in

the order of ten times those of mosquito larvae. This is as expected
on the basis of prey size (Chapter III). The distributions do appear
different between the three predator species, which is shown when

one compares the proportions of captures during each handling time
period (see Appendix V),

The difference is clearest with mosquito larvae. N. glauca
shows smaller proportions of captures with handling times between
100 and 400 seoconds, but larger proportions with handling times of
400 to 700 seconds than the other two species, indicating N. glauca
has the longest handling time on this prey. N. maculata has a larger
proportion of captures between 200 and 300 seconds handling time
than N. obliqua, but the latter predator shows larger proportioms of
captures between 300-400 seconds and 500 to 600 secoﬁds, indicating
a slightly shorter handling time in N, maculata.

With Gammarus prey, the differences are rather small. There is
still a trend for longer handling times to be found in N. glauca,
where this species shows smaller proportioms of captures than N. obliqua
between 1500 to 2000 seconds handling time; and than N. maculata be-
tween 2000 and 2500 seconds handling time, but a larger proportion
than N, obliqua between 3000 to 3500 seconds, and than both of the
other species above handling times of 4000 seconds. There are no

significant differences between the distributions of handling times
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FIG 41
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of N. maculata and N. obliqua, although the mode of the distribution

seems to be at a shorter handling time for N. maculata.

A similar picture is found with Musca prey. N, glauca again
appears to show the longest handling times, N. maculata showing a
greater proportion of captures between 4000-5000 seconds handling
time, N. obliqua a greater proportion between 6000 to 7000 seconds,
and N. glauca showing a larger proportion of captures between 7000 -
8000 seconds than N. maculata, and between 8000 - 9000 seconds than
N, obliqua, There are again, no significant differences in the dis-

tributions of N. maculata and N. obliqua but the mode of the distri-

bution for N, maculata appears to be at a shorter handling time.

It is interesting to note, that when one considers the modes
of the above distributions in connection with the extraction curves
described in Chapter III, similar quantities of food are predicted
to be extracted by each of the predator spécies from each prey type

(Table 4.2.).
Table 4.2.

The modes of the handling time distribution (Th Secs) and weight

of food extracted (wt. ext, mgs. dry wt.) for the three predator spécies.

‘Musca Gammarus Mosquito larvae
Th Wt. ext. " Th Wt. ext. Th Wt. ext.
‘N, glauca 6001-8000 1.6-2,15 2001-3000 1.36-1,8 401-600 ©.055-0.078
‘N. maculata 4001-5000 1.6-2,.2 2001-2500 1.68-1.82 201-300 0.054-0.06 5
N. obliqua 5001-7000 1.8-2.4 2501-3000 1.68-1.86 201-300 0.048-0.069

IV, 2,2, Time allocation,

v, 2.2,1. Introduction

The allocation of time during the observation period has been divided
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amongst the three main behavioural components; Rest; Activity (general
activity, activity associated with prey capture and activity during
handling) and Feeding (total time spent handling prey). In the con-
sideration of the energetics of the feeding strategies, the two im~
poitant components are total handling time and activity time, the
remaining periods being classed as rest. As a general rule, larger
net energy gains are reflected in lérger proportions of time spent
handliﬁg prey, the size of the gains being dependant on the prey items
available, the general level of activity and the number of prey fed
on,
IV. 2.2.2. Results

The results are presented in the form 6f histograms showing the
mean proportion of time spent in each component activity, for each
predator, in each environment in the presence of each prey type and
prey dehsity. An example, the results with mosquito prey, are shown in
Figs 42,43,844 , the rest of the data, with Gammarus and Musca is given
in AppendixVi . Table 4,3 also shows division of activity periods
into mean values of activity not associated with feeding, activity
associated with prey capture, and activity during handling. Compar-
isons between results have been made using T tests on the original

data (Appendiceg VII and VIII, )

As a general observation,. the description of Notonectids as 'sit
and wait' predators is substantiated here by the low proportion of
time spent active by these bugs.

a) N. glauca
Generally a greater proportion of time is spent feeding on Musca
than on either of the other two prey, this being most marked in the

complex environment. A larger proportion of time is spent feeding

on mosquito larvae than on Gammarus in the simple environment, but



Table 4,3 : The mean values of time active in each of the three categories for the predators, with the three prey types,

shown for the two environments

COMPLEX ENVIRONMENT

(Time in seconds)

G-N. glauca M-N, maculata O-N, obliqua

SIMPLE ENVIRONMENT

Activity not . Activity During. Activity not . Activity During
Feeding Attack Time Handling Feeding Attack Time Handling

G M 0 G M 0 G M 0 G M 0 G M 0 G M (0]

Musca - - - - - - - - - - - - - - - - - -
25 19.11|15.2 |12.37} 8.,55! 5.55) 2.33121.86]20.66(31.44(131.55| 29 54,11 9.22| 7.88| 4.59| 27.315{ 33 27 .44
20 14,77112,22t 7 5.66] 5.66} 3.55{25.44{19.8 |37.22}11202.55| 48.4 | 46.22| 5 5.44] 3 17.33 51.77} 14.11
15 12.11114 6.11| 2.33| 5.44| 2.66]18 25.89{30.89}1235.89| 67 71.331 8.55| 5.77| 3.33} 20.125f 35.11} 25.55
10 13.67114.55) 4.77| 4.44| 3.33]| 3.44137.33(31.32134.55]||178.44] 63.89| 60.78] 5.66} 5 4,77 26.75 | 62.89| 15.22
5 9,77|11.22) 2.88| 2.77| 2.66] 3.22}17.77(21.67(32.2 |}{215.22}1 36 68.66| 4.22| 6.33f 4.33| 57.14 | 37.66] 13.11

2 11.88| 7.44| 8.44) 2.66( 4.77| 2 20.78118.55({11.55]|268.55| ‘70 63.44| 5.55| 3.77) 3.44] 98.28 | 26.11] 23

Gammarus

25 50.78(28.22|28.11|10 10.55{ 5.71{61.33|54.66(82.4 |[665.2 |110.44|117.33| 4.66 35.78| 9.33| 39.5 83 57.66

20 40.77122.9 130.44]10.66|11.44] 6.66]43.55|58.3 {78.66/|870.9 |121,33| 81.11{ 2.44}{20.55| 8.33 ~ 135.55| 15
15 32.78126.7 129.11110.11112.44] 8 66.44151,55(91.89)]955.2 |103.33|111.55{ 2.88}19.88| 6.77 - 215.55f 25.66
10 42.78139.3 |19.66| 8.78]12.44] 7.22]130 55.22173.7811819.11/115.66|139.5 2.44)16.55] 8.44 - 108.221 79.22
5 29,66139.66)31.66| 6.77]16.66| 6.33|45.77124,62{54 774.7 1139.221139 2.88124.78] 8.77 - 108.221 63.66

2 32.22128.78{26.77| 4.89] 8.88] 7.33)17.33{33.5 [(47.66](739.2 |118.66}152 0.55111 4,77 - 212,89 44

Mosquito
larva

70 25 18.11|28.9 |23.33{34.33124.89|35,11149.22(70.89|[443.11} 87.88| 68.22|14 66 45,33(230.22 {117.78|133.44
50 21.66(27.89(32.77120.22142.89128,77(23.22(50.11{69.55|502.9 |113 67.8 [12.88]172.89|45.44(156 85.55( 43.22

30 21.77124.22146.22121.22|37.67]27.4 |25.22]57 61.66(1308.44{101.89| 47.11|16.11(71.67|47.55|177.5 135.44] 42

10 31.1132.67142.55{16.22132.44114.5 |16.22133.22(27.33(|392.55| 64.11( 76 11.66|66.33|33.78{186.71 |117.11( 25
5 24.89131.55{36.44(16.55|21 13.2 [14.33120.33(17 350.44} 58.77| 51.55|12.44|55.41{34.331210.44 | 72.44) 66.11
2 42.88152.55|33.55| 7.77|16.89| 6.66| 7.44{19.22111.,11]1402.2 [172.44) 71.55| 5.33|46.33|18.9 | 51.55 [146.77 9.89

oL At
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LEGEND TO FIGS. 42, 43 and 44

Time allocation of the three main behavioural activities
in the presence of six densities of mosquito larvae
(70, 50, 30, 10, 5 and 2) in both simple and complex
environments during 3h experiments,
REST -~ Total rest time
ACT «~ Total time‘active including activity
assoclated with aﬁd without feeding.

HAND - Total handling time on prey.

Fig. 42 N. glauca

Fig. 43 N. maculata

Pig. 44 N. obliqua
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there is no difference in the complex one. The trend is for increased
feeding time in the complex compared to the simple environment, this
being most marked with Gammarus and least so with Musca.

The proportion of time active in the complex environment tends
to be lowest in the presence of Musca. The trend is for higher act-
ivity levels to be shown in the presence of Gammarus, although only
in a few situations is it significantly so. - This increase in activity
with Gammarus is due to an increase in activity not associated with
feeding (see Table 4.3), indicating that there is considerable dis-
turbance of the predators by this very active prey. In the simple
environment, the proportion of time active markedly increases relative
to the complex one. This increase appears least with Musca and greatest
with Gammarus. The general increase is likely to be due to the search
for perch sites within the water body and predator disturbance by
the prey, which is likely to be increased in the simple environment,
This conclusion is supported by the fact that with both mosquito and
Gammarus prey, the predators increase in activity is due to an increase
in activity not associated with attack and feeding and the effect is
smallest in the presence of the least mobile prey i.e.‘Musaa (Table 4.3).
b) N. maculata

In the complex environment, the general trend is for the greatest
proportion of time to be spent feeding on Musca (although this is sig-
nificant only at the lower prey densities), with similar values with
mosquito larvae .and Gammarus. In the simple environment there is no
differences at all except at the lowest density, where again, feeding
time is longest with Musca. The general trend is for increased feed-
ing time in the simple compared to the complex environment, this being
most marked with mosquito larvae, and least so with Musca, which is

in contrast to the findings for N, glauca,
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The lowest level of activity is found with Musca in both envir-
onments, there being little difference in activity levels with the other
two prey typesq. There is again a general increase in activity in the
simple compared to the complex enviromment, this being least marked
with Musca. This increase is probably due to search.for perch sites
and predator disturbance with Gammarus prey and also in part due to
an increased attack rate on mosquito larvae.
c¢) N, obliqua

In the complex environment, the trend is for the largest proportion
of feeding time to be with Musca, and the smallest with mosquito larvae.
In the simple environment, the trend is for the largest proportion
of feeding time to be found with Musca (only significantly sé at the
lowest densities) and for larger (but not significant) proportions
found with mosquito larvae than with Gammarus. There is an increased
proportion of time spent feeding on mosquito larvae in the simple
compared to the complex environment, no difference with Musca, but
a trend for inqreased feeding on Gammarus in the complex compared to
the simple environment (significantly so at the lower prey densities).

Lowest activity is again found in the presence of Musca in the
cémplex environﬁent, there being no difference with the other two prey.
A similar trend is found in the simple environment, although large
variation in the results has lowered the significance of differences.

' The effect of environmental complexity on ﬁhe level of activity of
N. obliqua is very much reduced from that of the other two species.
There is a significant ﬁut small increase in activity in the simple
environment with Musca prey, due to an increase in activity not ass-
ociated with feeding, a similar but not significant effect with
Gammarus prey, and virtually no effect at all with mosquito larvae.

Iv. 2.2.3. Conclusions

It should be noted, that although proportions of time spent
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feeding on different prey types might be similar, the energetic returns
are very different. The data presented here should be considered in
the light of the %—values shown in Table 3.2 (Chapter IIIL.)

With Musca, the smallest proportion of time spent feeding is
shown by N. glauca, this being more marked in the simple than in the
complex enviromment. In both environments there is little difference

in proportions between N. obliqua and N. maculata, although the gen—

eral trend is for larger values with N. obliqua. With Gammarus a
similar picture is found in the complex environment, but in the simple
one, the trend is for larger values to be found for N. maculata than
for N. obliqua (the differences not significant though), and again
smallest values are found for N. glauca. With mosquito larvae, the
results are essentially the same in both environments. N. maculata
shows larger proportions of time feeding than N. glauca at all prey
densities, and than N. obliqua at low prey densities, there being
little difference at high ones. 1In thercomplex environment, N. obliqua
shows similar proportions of time feeding to N. glauca, but in the
simple one, N, glauca clearly shows the lowests values.

With regard to activity levels, in the complex environment, there
are very few signifiéant differences (Appendix VIII(b)) between the pre-
dators. In the simple environment, N. glauca clearly shows the high-
est level of acti&ity, and although there are few significant diff-
erences, the general trend is for N, maculata to show higher activity
levels than N. obliqua. The increase in activity in the simple com-
pared to the complex environment is also greatest with N. glauca, and

least with N, obliqua.
Iv. 3. Responses to Prey

Some differences in predation strategies are likely to occur in
relative success of the three species at capturing different prey

types in different environments. As discussed in Chapter I, an attack
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sequence takes the following form:

orientation to prey q;fzgfifii;;Attack - Capture
the nature of this sequence depending on the relative distances of
predator and prey, i.e. the necessity of pursuit of the prey. The
functional response of thé predator to each prey type also gives an
indication of the predators ability to exploit the prey type in the
environment in question., Differences may also be found in the re-
lative sizes of the reaction area of the predators.

Iv. 3.1. Attack component Success

IV, 3.1.1. Introduction

In the attack sequence, Holling (1966) described the first
category of successful response as the recognition success of the
prey items by the predator. To assess this component, the total number
of possible encounters must be monito?ed, and for predators with such
a relatively large reaction area and high prey densities as those be-
ing studied, this would be an impossible task,

The first component that can be assessed in this study is the
pursuit success, a successful pursuit enabling the predator to get
close enough to initiate an attack (or strike)., This second component
is a rapid lunge over a short distance, and if successful, enables the
predator to get close enough for an attempt at prey capture with the
raptural limbs. A successful capture is made when the prey is grasped,
and only rarely does a prey subsequently escape,

The success of this chain of events is dependent on the weakest
link; for example, if capture and pursuit successes are 1007, but
attack success only 50%, then only half the total of successful en-—
counters will result in a successful capture. The relative successes
of these various components can, then, greatly affect the eventual

outcome of the predator's strategy. As an example, the results for
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N. glauca are presented here, those for N. maculata and N. obliqua
are given in Appendix IX . Statistical analysis of the results is
given in Appendix X .

IV. 3.1.2. Pursuit Success (Fig 45 , Appendix IX ).

For N. glauca in the complex environment, there is little diff-
erence in pursuit success on the three prey types, although the gener-
al trend seems to show lowest success on Gammarus prey, In the sim—
ple environment, the largest success is found with mosquito larvae,
there being little difference with the other two prey types, although
again, the trend is for lowest success with Gammarus, The effect of

environmental complexity on pursuit success is most marked with

Gammarus and Musca where there is reduced success in the simple comr
pared to the complex environments, but there is virtually no effect

with mosquito larvae.

For N, maculata in the complex environment there is again very

little difference in pursuit success with the three prey types, but
in the simple one, the trend is for reduced success with Gammarus
prey. There appears to be no effect of environmental complexity on
pursuit success.
The pursuit success of N. obliqua seems unaffected by both prey
type and environmental complexity.
The pursuit of prey is likely to contribute the largest energy
loss in the attack sequence, so in an efficient strategy, unsuccessful
'pursuits should be limited. One would expect the lowest pérsuit success to
be found with Gammarus, being the most active prey, and this is the

general trend with both N. glauca and N. maculata., Musca are gener-—

ally stationary, so it would be expected that pursuit success would
be very high. However, as Ellis and Borden (1970) point out, predators

tend to stalk such large prey, with a series of short movements towards

the prey. Each stage of this type of pursuit except the final one
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must be termed unsuccessful, and this is likely to affect the general
measure of pursuit success with this prey, Mosquito prey are small,
and not very fast moving, so one would expect a high pursuit success.
In the comparison of the pursuit successes of the three predators,
very few significant differences are found. However, in the complex
environment, the general trend seems quite clear, with the highest
pursuit success being shown by N. obliqua (being most marked with
Gammarus and least so with mosquito larvae) and the lowest pursuit
success appears to be shown by N. maculata (being most marked with
‘Musca). In the simple environment, the trend again appears to show
highest success by N, obliqua, but lowest success by N. glauca with
. large prey, and by N, maculata with small prey.

IV, 3.1.3. Attack Success (Fig 46 , Appendix 1IX)

For N. glauca in both environments, the lowest attack success
appears to be with Gammarus. There is no significant difference
between attack successes with the other two prey types, but in the
complex environment, the general trend is for greater success with
Musca, but in the simple one, the trend is for greater success with
mosquito larvae. There is no effect of environmental complexity
except with mosquito larvae where higher attack success is apparent
in the simple than in the complex environment.

A similar picture is found with N, maculata, In both environments,
lowest attack success is found with Gammarus, and there is no significant
difference betweeﬁ attack successes on the other two prey but the
general trend shows success is greater on Musca than on mosquito larvae.
There is no effect of environmental complexity with'ggggiland mosquito
larvae, but with Gammarus, lower attack success is found in the simple
environment,

N. obliqua shows 1007 attack success with Musca prey in the com-

plex environment, which is significantly higher than with the other
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two prey. The general trend is for lower ;ttack success on Gammarus
than on mosquito larvae, but the differences are not significant.

In the simple environment, the differences are much smaller and less
significant, but the trend is still for greater attack success on
Musca, and little difference between successes with the other two prey,
although success with Gammarus appears lowest. There is no effect

of environmental complexity on attack success with the three prey
species.

On the basis of prey mobility, it is expected that highest attack
success would be found with Musca prey, being the least active, and
lowest success would be found with Gammarus, and the above results
generally bear out this predictibn.

Comparing the attack success of the three predators, in the
complex enviromment, with large prey (i.e. Musca and Gammarus), the
general trend shows highest succesé with N, obliqua and lowest with
N. glauca (although very few of the differences are significant) and
there is no trend with the smallest prey (i.e. mosquito larvae). In
the simple environment, there are again few significant differences,
but the general trend again shows highest attack success by N. obliqua
with large prey, and lowest by N, glauca, but with small prey, the
trend is for greatest success by N. glauca, and lowest by N. maculata.

IV. 3.1.4. Capture Success (Fig 47 , Appendix IX )

In the complex environment, the capture success by N. glauca is
lowest with Garmmarus, there-being no difference in success on the
other two prey. In the simple environment lowest success occurs with
Gammarus, no significant difference between the other two was found,
but the general trend shows greater success with mosquito prey. There
is no significant effect of environmental complexity on the capture

success by N, glauca with the three prey types,
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N. maculata shows lowest capture success in the complex en-
vironment with Gammarus and although there is little difference in
success with the other two prey, the trend is for greater success
with mosquito larvae than with Musca. In the simple environment,
though the différences are much smaller, the success with Gammarus
is still lowest. Again, although there are no significant differences,
the trend is for higher success with mosquitoc larvae than with‘ggggie
There is no significant effect of environment but with both Gammarus
and mosquito larvae, there is a tendancy for increased capture success
in the simple compared to the complex environment.

There are few significant differences in capture success with
prey type by N. obliqua in either environment, the success being over
95% in most cases, but the general trend in both environments is for
slightly lower capture success with Gammarus than with the other two
prey, this difference being significant in the complex one,

On the basis of prey size and activity, it is expected that the
greatest capture success should be with mosquito larvae, and the lowest
with Gammarus., This is generally the case, although N, obliqua has
very high success values for all prey types.

Comparing the capture success of the three predators in the
complex environment, N. obliqua generally shows a significantly greater
success than the other two predators. There is little difference be-

tween capture success of N. glauca and N. maculata, but the trend is

for lowest success by N. glauca with Musca and mosquitoes, and with
‘N, maculata with Gammarus, In the simple environment, there are few
significant differences with all three prey types, but the general
trend seems to show greatest success by N, obliqua, and lowest by

N. glauca.

By comparing the success with each component of the attack sequence
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for the predators, some indication of the limiting component can be
found (i.e. the component with the poorest success value, which limits
the capture rate the most). For N. glauca in the complex environment,
very few significant differences between the components are found, but
the trends seem to show that attack success limits capture rate with
Gammarus and mosquito larvae, whereas with Musca, the limiting component
appears to be pursuit success. In the simple environment N. glauca tends
to be limited in capture rate by pursuit success, this being clearest
with Musca.

For N. maculata in the complex environment, there are again few
significant differences between component successes, but the trend appears
to show capture‘rate with Musca and mosquito larvae is limited by pursuitA
success, and with Gammarus by capture success. In the simple environment,
capture rate with Musca and mosquito larvae tends to be limited by pursuit
success again and caﬁturé rate with Gammarus seems equally limited by
pursuit and attack success.

N. obliqua shows similar limiting components to N. glauca in the
complex environment, capture rate tending to be limited by pursuit success
with Musca and attack success with Gammarus and Mosquito larvae (but only
with Gammarus is the trend generally significant). A similar trend is
found in the simple environment, but few differences are significant.

A summary of the limiting components is given in Table 4,4,

Table 4.4.
Complex environment Simple environment
Mosquito  Musca Gammarus Mosquito " Musca " Gammarus
prey  prey prey ‘prey ' prey prey
N. glauca attack pursuit attack pursuit  pursuit pursuit
) " success success success success success success
N, pursuit pursuit capture pursuit  pursuit pursuit/attack
maculata  success  success success success ~success -~ Success
N. attack pursuit attack attack pursuit attack
obliqua success  success success success  success ‘success

The limiting components with regard to capture rate for the three

predators in simple and complex environments,
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IV, 3.2, Type of attack sequence

IV. 3.2.1. 1Introduction

The type of attack sequence depends on whether the prey is pursued
or not. As Holling (1966) and Charnov (1976) found for the mantid,
it is likely that a sit and wait predator will pursue a prey item
further, or at a greater distance at high hunger levels (as measured
- by food level in the gut). One might expect a higher proportion of
pursuit-attacks at low prey densities, especially where density affects
the predators consumption (as is the case with Notonecta feeding on
mosquito larvae and to some extent Gammarus), or purely in terms of
random encounters, where at high prey densities, it is more likely
that ; prey item will swim near enough to the predator for a direct
attack. Statistical analysis is given in Appendi# XI.

IV. 3.2.2. Results (Figs 48, 49, and 50).‘

The high variance in the results for N. glauca tend to mask the
general trends, as the differences are not significant. These trends
show a general increase in the proportion of pursuit-attacks with
decréasing density of all prey types in the complex environment, and
with Musca in the simple, and also show a tendancy for lowest pro-
portions of pursuit—attacks to be found with mosquito larvae, and
highest with Musca in the complex and Gammarus in the simple environ-
ment. There also appears to be a reduction in pursuit—attacks with
Musca in the simple compared to the complex environment,

For N. maculata in the complex enviromment, there is again very
little difference between prey densities or'prey types in the pro-
portions of pursuit-attacks. The general trend seems to show larger
proportions with Gammarus and increased proportions of pursuit-attacks
with decreasing mosquito larvae density. A similar pattern is observed
in the simple environment, although the trend is for lowest proportions

to be found with mosquito larvae, which again shows a trend for increasing
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values with decreasing density. There is also a trend for higher
proportions of pursuit-attacks with Gammarus, mosquito larvae and
to a lesser extent with Musca in the simple compared to the complex
environment.,

With N. obliqua, once again, there are few significant diff-
_ erences, but like N. glauca, there is a trend for increased proportions
of pursuit-attacks with decreasing prey density, and for the lowest
values to be found with mosquito larvae. In the simple environmeﬁt,
there is still the trend for increased proportions of pursuit—-attacks ywith
decreasing prey density with Musca and mosquito larvae, which is very
marked in the latter case, and also for results with mosquito larvae
to show the lowest values (significantly so compared to Gammarus).
The proportion of pursuit-attacks with Gammarus also increase in the
simple environment compared to the complex one.

Some aspects of these results ﬁay be explained by comsideration
of the prey behaviour. Musca prey are coﬁfined to the surface, and
are practically immobile when trapped in the surface film. Unless
a predator surfaced directly next to a prey, a pursuit would be nec-
essary to bring the predator to within striking distance of the prey.
This may explain the generally high level of pursuit—attacks made
by the predators on this prey. The relatively high prey densities and
high activity level of mosquito larvae increases the likelihood of
these prey coming close enough to the predator to allow a direct strike
when compared to the other prey types, so may explain the general
trend for lowest proportions of pursuit-attacks to be found with this
prey. The general increase in proportions of pursuit-attacks with
Gammarus in the simple compared to the complex environment may be
explained on the basis of relative predator and prey positions in

the simple environment, where the predators tend to be more confined
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to the surface, whereas the prey prefer the arena bottom. In the
complex environment, the increased availability of perch sites
allows greater overlap in predator/prey positions.
A comparison of the proportions of pursuit-attacks between
the three predators reveals very little difference, due mainlf to
the large variation in the data. However, broad trends seem to
show the largest proportions found by N, glauca and the smallest
by N. obliqua in the complex environment, and the largest proportions

with Musca by N. maculata and with Gammarus by N. obliqua in the simple

one, In this environment, with Musca and mosquito larvae, N. glauca
tends to show the lowest proportion of pursuit-attacks, but with

Gammarus, N, maculata tends to do so.

IV, 3.3. Functional Responses

IV. 3.3.1. Introduction

The functional response describes a relationship between the
predators rate of capture and the density of the prey (Murdoch (1973)).
Holling (1959) described four major types of response, but only Types
II and III are thought to be common for invertebrates (Hassell, Lawton
and Beddington (1976)). ‘ In a Type II response, the rate of
capture (described in terms of numbers of prey eaten or killed), in-
creases at a decreasing rate to a plateau, and in a Type III response,
the capture rate initially increases at an increasing rate, but at
a certain density level changes to a decreasing one. This type of
response is often thought to be the result of predator learning, prey
refuge effects or changing rates of attack during the experimental period.
Holling (1959) and Mori and Chant (1966) describe another type of
response, which is dome shaped. Initially, the rate of capture in-

creases with prey density at a decreasing rate, but after some density

level, the rate of captyre starts to decrease, This is usually att-
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ributed to confusion effects on the predator at high prey densities.
Reviews of the functional response and associated mathematical models
are given in Hassell et al (1976a) and b) ) and Savan (1979). The
mathematical approacﬁ to these responses has not been considered
here, as the two basic components, handling time and attack rate,
have been found to ;ary through successivé captures, and so violate
the assumptions made in these models (see also Savan 1979).

Because the shape and general level of the response curves will
depend on the length of the handling time on the prey as well as the
attack rate, there will be marked differences in the functional re-
sponses on the three prey types. The functional response does in-
dicate the general attack rate, and so comparisons of the curves on-
each prey type between the predators will show differences in the
predators overall feeding behaviour.

IV. 3.3.2. Results (Figs 51, 52 and 53)

The functional response of N, glauca with mosquito prey is of
a Type II; the plateau being reached with about 10 prey killed in the
complex environment, and 8 in the simple one at density 30. The
general shape of the response with Gammarus appears to be domed in
both environments, indicating some possible confusion effects at
high density. There is no response with Musca prey.

The functional response with Gammarus for N. maculata is of a

Type 11, although the differences between successive densities are
not quite significant. With mosquito larvae, there is a Type II
response in the simple environment with a plateau being reached at a
density of about 30 per arena with 35 prey‘killed, but in the complex
environment it appears to be of a domed nature, the peak at a density
of 50 prey per arena with about 20 prey killed., There is again

essentially no response with Musca prey,



LEGEND TO FIG. 51

The functional response of N. glauca feeding on six
densities of each of three prey types in simple ( O )
and complex ( B ) environments.

A -~ Musca domestica prey

B -~ Gammarus pulex prey

C - mosquito larvae (Aedes agypti) prey

95% confidence limits shown.

Comparison of densities by T tests (sig 0,05) and analysis
of variance of data from all densities. (Densities under-

lined not significantiy different).

Musca Complex 15 25 10 20 S 2 (F = 0.845)
Simple No significant differences (F = 0.177)

Gammarus Complex 15 20 25 10 S5 2 (F = 3.786
sig. 0.01)
Simple 15 25 10 20 5 2 (F = 1.009)

Mosquito Complex 70 30 50 10 5 2 (F = 7.66
sig. 0.01)

Simple 30 70 50 10 5 2 (F=1.3)
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functional response

FIG 51

lauca

N.

e ~Q — 0= Q ' Ho——g— =0 ———— ——

15
|
!
!
a
I
!
I
|
1
15
-
[
.
|
|
I
|
al
!
1
I
|
|
|
I
1

Fpo=gm=r- -

10

== - === 2

e==g==r1  }n —a— 0w b ——— gD —— 7!

30
PREY DENSITY PER ARENA

10

FopSe=p e e |

30

2.0+

3 > 4 T T S S A

—

YE NE Q3TN S¥3awnN



LEGEND TO FIG. 52

The functional responses of N. maculata feeding on six

densities of each of the three prey species in simple ( O )

and complex ( B ) environments.

95% confidence limits shown.

Comparison of densities by T tests (sig
of variance of data from all densities.

lined not significantly different).

Musca

Gammarus

mosquito

A - Musca domestica prey
B -  Gammarus pulex prey
C - mosquito larvae (Aedes

Complex
Simple
Complex

Simple
Complex

Simple

agypti) prey

0.05) and analysis

(Densities under-

20 25 15 10 5

No significant differences
25 20 10 5 15 2
15 25 20 10 5 2

50 30 70 10 5 2

50 70 30 10 5 2

(F = 0.56)
(F = 0.787)
(F = 2,558
sig. 0.05)
(F = 8.346
sig. 0.01)
(F = 4.37

sig. 0.01)
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N. maculata  functional response
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LEGEND TO FIG. 53

The functional responses of N. obliqua feeding on six
densities of each of the three‘prey species in the
simple ( D ) and complex ( B ) environments.

A -~ Musca domestica prey

B - Gammarus pulex prey

C -~ rmosquito larvae (Aedes agypti) prey

95% confidence limits shown.

Comparison of densities by T tests (sig. 0,05) and- analysis
of variance of data from all densities. (Densities under-
lined not significantly different).

Musca Complex 20 15 10 25 § 2 (F = 0.8)

Simple No significant differences
Gammarus Complex No significant differences

Simple 15 25 20 10 5 2 (F = 3.8
sig. 0.01)

mosquito Complex 50 30 70 10 5 2 (F = 8.6
S : sig. 0.01)

Simple 70 50 30 10 5 2 (F = 9.2
. sig. 0.01)
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Responses by N. obliqua with Gammarus, Musca in the complex
environment and mosquito larvae in the simple onme are also of a
Type II, but the response with mosquito larvae in the complex en-
vironment appears to be slightly domed with a peak at 50 prey per
arena with ébout 18 prey killed. There is no respomse with Musca
in the simple environment.

With Musca prey, there is little difference in capture rate
between the three predators, although the general trend is for
slightly higher rates with N. obliqua, and lower rates with N, glauca,

With Gammarus prey, the trend again shows lowest capture rate
by N.lglaucé, and highest by N. obliqua in the complex, but by N.
‘maculata in the simple environment.

With mosquito larvae, the trend is for highest capture rates by
N. maculata in both environments, and generally lowest rates by N.

glauca.

IV. 3.4, Reaction Areas

IV. 3.4.1. Introduction

The reaction area is the volume of water around the predator in

which the predator ﬁill respond to a prey item. The size of the area
depends on several factors including the.prey size, speed of movement,
contrast to the rest of the environment, and the predators sensory
acuity, hunger levels and behavioural state (Holling (1966)).

In this study, the direction and distance of the predator from
the prey item which elicited a response was recorded (a response
being defined as at least an orientation movement). As the environmental
arena does not lend itself to the use of grids for measuring distances,
distances and direction of prey from the predator when a response
occurred were judged by eye. Although the ideal method of represen-

ting a reaction area is in the form of a three dimensional picture,



this was found too difficult an exercise given the availéble data.
Instead, the reaction area has been considered for three general
situations. Firstly, responses to prey at the water surface (in
two dimensions) were divided into four main divisions; Forward;
Rear; Left; and Right. Secondly, responses from the water sﬁrface
down into the water body were originally described in terms of
distance aléngvthe surface and down from the surface, it was found
however, that very few responses to prey below the surface were
made in any direction other than in the forward direction from the
*surface,.so the reaction area from the surface down into the water
body was considered in terms of only two dimensions again, forward
and down. Thirdly, a similar record was kept for responses from a
perch site within the water body. Responses could be made in all
four directions, as well as up and down from the perch, but again
few responses were found in any direction other than the forward

direction, so the reaction area can again be considered in two di-

mensions forward and up or down from the perch site.

168,

As the reaction areas with each prey are likely to be different,

they are considered separately for each predator. In each situgtion,

the data is transformed to proportions of total responses in that

situation. Data is pooled for all prey densities and all replicates,

The results have been presented in several ways, depending on the

relative positions of predator and prey. For responses at the surface,

the main method of presentation is through a contour map, the lines

of which join distances at which equal proportions of total responses

are made in each of the four directions, the bug being the central
point. The full data is presented in the form of histograms where

the proportion of total responses is plotted against distance from

the bug in each direction, and in the form of a graph showing cumu-
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lative proportion of total responses in each direction plotted
against distance from the bug.

As Musca prey are confined to the surface, estimation of
reaction areas to prey within the water body is confined to mosquito
larvae and Gammarus. For responses from the surface and from perch
sites, proportions of total respomnses at different distances from
the predator are represented by the height of bars at the app-
ropriate position on simple graphs.

In the description of the reaction areas, the most accurate
methods are to determine the 1imigs of responses (in terms of dis-
tances from the predator) by the predator, using artificial stimuli
(e.g. Wiese (1971), Wolda (1961))., In these situations, only one
stimulus is given at a time, and the predator scored as to whether
a response was made or not. In this study, the predator is being
subjected to several stimuli from different directiomns in many cases,
produced by actual prey items, and is being scored on the basis of
the proportion of responses being made to stimuli distances and
directions from it. Although the results from such an analysis
may not define the extreme limits of prey detectiom, they will in-
dicate the likelihood of the predator responding to prey at certain
distances from it, and will allow a comparison to be made between the
three predators.

IV, 3.4.2. ‘Results

Data is presented for each situation described above, as pro-
portion of total respomnses from that situation rather than as pro-
portions of total responses made. Data in section IV.4.4. shows how
the total responses are divided amongst the general situations des-
cribed here. As an example of the results, the data for N. glauca

is included here, and those for N, maculata and 'N. obliqua are shown
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in Appendices XII, XIII and XIV.

a) Responses at the surface (Figs 54, 55 and 56; Appendix XII).

The most obvious result demonstrated by all three predators
feeding on all three prey types is that the greatest proportion of
respbnses is made in the forward direction, and generally the lowest
are made to stimuli from the rear. Stimuli from the forward direction
are not only received through the tactile sense organs, but also
reipforced through the visual organs. The separation of the eyes of
Notonectids shows that it is likely that they have binocular vision
(as described for Robber flies, Oldroyd (1964)), which would increase
accuracy of prey location in the forward direction. The assessment
of prey distances would also be fhe most accurate in the forward dir-
ection (Wiese (1971), (1972)) due to the base length of the range
finder system. Stimuli from the rear are only picked up by the tactile
sense organs (the abdominal one being the most prominent), and those
from the left or right, by the tactile organs and one eye. There
appears to be little difference in proportions of responses elicited
towards stimuli to either side of the predator., It appears that
responses to prey are made most frequently when stimuli are received
by the two sensory systemé in combination.

Another general observation is that the largest reaction area
is shown in the presence of Gammarus prey. The reaction area with
'Musca tends to be larger than that for mosquito larvae, except in the
forward direction. These trends can be explained.in terms of prey
movement and strength of stimulus given out. Gammarus is the most
active of the prey spécies and also causes large disturbances of
the water body and surface while moving. Mosquito larvae, although
being the smallest prey, and so produce the smallest disturbances of

the water surface, are more active than Musca. It is expected, there-



LEGEND TO-FIG 54

3

Reaction area of N, glauca at the surface with Musca domestica

prey.
F = Forward, R = Rear, Rt = Right, L = Left

A) Proportion contours — figures represent proportion of total
responses and contours join distamces from predator at which
equal proportion of responses are made.

B) Proportion of total responses made at different distances
from the predator in each direction.

C) Cumulative proportion of responses with distance from
predator in each of fhe four directions

Forward, Rear, Right Left.



FIG 54

N.glouca with Musca_ at the surface
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LEGEND TO FIG 55

Reaction area of N. glauca at the surface with Gammarus pulex

prey.
F = Forward, R = Rear, Rt = Right, L = Left

A) Proportion contours — figures represent proportion of total
responses and contours join distances from predator at which
equal proportion of responses are made.

B) Proportion of total responses made at different distances
from the predator in each direction.

C) Cumulative proportion of responses with distance for predator
in each of the four directions

Forward, Rear, Right Left,
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FIG 55 N.glauca with Gammarus at the surface
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LEGEND TO FIG 56

Reaction area of N.Aglauca at the surface with mosquito larvae.
F = Forward, R = Rear, Rt = Right L = Left

A) Proportion contours - Figures represent proportion of total
responses and contours join distances from the predator at
which equal proportion of responses are made.

B) Proportion of total responses made at different :distances
from the predatof in each direction.

C) Cumulative proportion of responses with distance from the
predator in each of the four directions

Forward, Rear, Right Left,



FIG56 _N.glauca with mosquito larvae at the surfuce
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fore, that more responses will be made to Musca at a greater distance
from the predator when the predator's tactile senses are most imr-
portant i.e. rear, left or right, but where the visual senses are
important, the greater movement of mosquito larvae should allow
recognition at distances where the tactile organs might be unres-
ponsive.

Comparing reaction areas of the three predators at the éurface,

with both Gammarus and Musca, N. maculata shows the largest area i.e.

N. maculata responds to prey at greater distances than either of the
other two predators. 'N. glauca also appears to have a larger reaction
area than N, obliqua, with Gammarus and Musca. Similar reaction
areas are found for all three pfedators with mosquito larvae.

With Musca, the patterns of responses are similar for all three
predators, whereas, with mosquifos, similar proportions of responses

are made by N, gladca and N, maculata in each direction, but N. obliqua

shows a greater proportion of responses in the forward direction than the
other two, With Gammarus, the responses of the predators afe different.
N. maculata shows the lowest proportion in the forward direction

compared to the other predators, N. obliqua and N, glauca showing

similar proportions. Both N. maculata and N, glauca show similar

proportions of responses in the other directions, but N. obligua
shows a very low proportion of responses to stimuli from the rear
and right,

b) Responses from the surface (Fig 57 Appendix:XIII )

Responses in this situation are more or less confined to the
forward plane., Attacks on prey in the water body requires accurate
assessment of distance, which is best estimated through binocular
vision and differential stimulation of the tactile receptors on the

first two pairs of limbs, which will only occur from stimulation in ~

the forward direction,
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With mosquito larvae, practically all responses are made within
S5cms of the predator. For all three species of predator, the majority
of the responses are made at the surface. Of the three predators,.
N. maculata fesponds to mosquito prey at the greatest distance,
N. glauca at the shortest. As expected, the propoftion of total
responses decreases with distance from the predator both forwards and
downwards.

. With Gammarus, all three predators respond to séimuli at a

greater distance than with mosquito larvae. There is generally a
decrease in proportion of responses with distance from the predator,

although both N. maculata and N, obliqua show quite substantial re-

sponses to prey almost directly below i.e. forward lcm, down 20cm.

N. maculata shows a slightly larger reaction area than N. obliqua
but 'N. obligua shows a larger proportion of responses to prey below
the surface than N.'maculata,

c) Responses from perch sites in the waterbody (Fig 58 Appendix XIV )

As with responses from the surface, most responses from perch
sites are confined to the forward plane. All three predators respond
over shorter distances from a perch éite than from the surface.

Of the three pre&afors, N. maculata again shows the largest
reaction area in this situation. N. glauca shows the greatest pro-
portion of responses within 2,5cms in the forward direction (horizon-
tally out) and lcm in the downward direction for both mosquito larvae

and Gammarus. N. obliqua shows the greatest proportion of responses

either within 2.5cms in the forward direction, or 2.5cms downwards.
For both N. maculata and N. glauca, the reaction area with Gammarus
is larger than that with mosquito larvae, with N. obliqua, there is

little difference.
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IV, 4. Use of Space

IV. 4.,1. Introduction

In the studies examining the distribution of Notonecta species,
emphasis has been placed on describing the type of habitat selected
in terms of the physical factors such as pH, depth, presence and
type of vegetation etc., (e.g. Streams and Newfield (1972), Taylor
(1968), Waltéh (1939), (1943) etc). Very little work has been
carried out to see how the various species utilise the space within
the habitats, in terms of preferred resting positions in the water
body, and selection of perch sites in these areas. The little work
that has been done, was confined to considerations of the distribu-
tions of various instars within the habitat, pointing out that nymphs
normally progressively move away from the shallow edge regions to-

. watds the pond middle as they develop through the instars (e.g. Fox
(1975(a)), Macan (1965)).

In the present study, the use of the habitat by adult females
ié examined in a number of ways; namely proportion of rest and handling
times at the surface or at depth; selection of perch sites within the
water body and on the plants themselves; and finally the positiops
from-which attack sequences are mounted.

1V, 4.2. Proportion of time at surface and depth

IV, 4.2.1. Introduction

These values were obtained during the continuous observation
experiments, where the total rest time or handling time was propor-
tioned into time spent at the surface and time spent at perch sites
within the water body. Data with mosquito prey is presented here

for all three predators, and results with Gammarus and Musca is given

in Appendix XV . Proportions and percentages follow a binomial

distribution, and when comparing such data, statistical tests usually
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require a large sample, so that a normal approximation can be used
(Bailey (1959) Parker (1973)). This unfortunately precludes any
analysis on the prey density data separately, and necessitates analy-
sis based on the pooled data over the six prey densities in each
situation. Analysis of the preferences for surface or depth perch
sites is given in Appendix XVI,and comparisons of proportions of
time spent in the two areas between the three predators are given
in Appendix XVI(b), (Fig. 59, 60, 61: Appendix XV).
IV. 4,2,2, Results

A£ rest in the complex environﬁent, N. glauca shows strong pre-—
ference for perch sites at depth, the greatest proportion of time

spent there with Gammarus and Musca, and the least with mosquito lar-

vae. In the simple environment, N, glauca again shows preference
for perch sites at depth, equally so with all prey types, but spends
a significantly shorter time here than in the comﬁlex environment.
During handling time,in the complex environment, N. glauca again
shows preference for perch sites at depth with Gammarus and mosquito
larvae, significantly more time spent here with Gammarus, but no
preference is exhibited while feeding on Musca. Significantly more
time is spent at depth during rest than during handling, except with
mosquito larvae, the most found with Musca. In the simple environment
during handling, there is a switch to strong preference for the
surface sites with all three prey types, with a marked reduction in
time spent at depth from that during rest. Of the three prey

more time is spent at depth during handling with mOSquitovlarvae.

FN. maculata shows a different allocation of time to surface and
depth than N. glauca. In the complex enviromnment, during rest, N.
maculata shows weak preference for perch sites at depth with Musca
prey (P = 0.1), and no preference for either position with mosquito

larvae and Gammarus, there being no significant differences in the
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LEGENDS TO FIGS 59, 60 and 61

Histograms showing the proportion of Rest time (A) and
Handling time (B) 'spent at different positions in the
waterbody, by the three predators feeding on six densities
of mosquito larvae (70, 50, 30, 10, 5 and 2) in both

simple and complex environments.

D - positions at depth

S - positions at surface

Fig. 59 N. glauca

Fig. 60 N. maculata

Fig. 61  N. obliqua
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FIG 61

N.obliqua feeding on mosquito larvae
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time spent at depth with all three prey. In the simple environment
during rest, there is a switch to preference for surface sites with
all three prey, the lowest preference found with Musca, but signi-
jficéntly shorter proportions of time spent at depth compared to those
in the complex environment with all three prey. Dufiﬁg handling
time in the complex environment, there is no change from rest with
Gammarus and mbsquito larvae, where no preference is shown for either
site but with gﬂiﬁi’ there is a preference for surface sites, a switch
from the selection of deeper sites during rest. Proportion of time
at depth is also the shortest during handling in the complex envir-
onment with Musca. In the simple environment, the preference for
surface sites shown during rest is strengthened during handling on
all prey types except mosquito larvae, where there is no change.
Again, much smaller proportions of time are spent at depth in the simple
compared to the complex environment during handling.

N. obliqua shows similar behaviour to N. glauca in the complex
environment and N. maculata in the simplé one., During rest in
the complex environment there is strong preference for perch sites
at depth, there being little differences with the three prey types.
In the simple environment during rest, tﬁere is equally strong
preference for surface sites with Gammarus and mosquito prey, and
a smaller preference for surface sites with Musca, showing a strong
switch from preference in the complex environment. During handling
time in the complex environment, there is a reduction in the propor-
tion of time spent at depth from that during rest, such that there
is only weak preference for perch sites at depth with Gammarus and
mosquito larvae, and no preference with Musca, there being no sig-
nificant difference in the proportion of time at depth of the three

sets of results though. In the simple environment, there is an increase
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in preference for surface sites during handling with Musca compared
to that during rest, but with mosquito larvae and Gammarus there is
no change.

The general difference in results between complex and simple en-
vironments, where there is a reduction of time spent at depth during
both rest and handling in the simple one, can be simply explained on
the basis of lack of available perch sites here, the predator being
restricted to irregularities on the bucket sides, which are fairly
difficult to locate.

Another general observation is that during handling in the complex
environment, less time is spent at dépth with Musca than with Gammarus
and mosquito larvae, and the trend is for most time to be spent there

‘with Gammarus. There are two possible explanations for this. This
first may involve some form of learning, where, during feeding, the
predator stays in positions near those where the prey was captured or
occurs, either to assess prey availability for the control of hand-
ling time (see Chapter VII), or for increasing the liklihood of sub-
sequent captures. The second, and more probable explanation, simply
involves predator morphology and how prey items are grasped. 1In fhe
initial stages of subduing prey, both fore and middle pairs of raptural
limbs are used, thus the predator is unable to hold onto a perch.

In these first stages after capture, the predator invariably floats

up to the surface (see Chapter I). When the prey has been subdued,
the second pair of limbs are usually released from grasping the prey,
and the predator woul& then be able to cling onto a perch., If the
prey item is large however, as is the case with Musca; both pairs of
1limbs may be required for continual handling, and also too much effort
may be required in taking such a large and bouyant prey item down

to a perch site, so more time is likely to be spent at the surface.
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This second explanation would also explain the results in the simple
environment, where practically all handling‘time is spent at the surface.
The problems of locating a perch site on the arena sides would be
accentuated when handling prey, as only one pair of limbs are free for
holding on. The fact that with the three prey types, the largest

» proportion of time spent at depth during handling is found with the
smallest prey (i.e. mosquito larvae) also substantiates this conclusion.
IV. 4.2.3. Conclusions

" N. glauca and N, obliqua show equally strong preferenceé for perch

sites at depth in the complex environment during rest with all prey
types, but N. maculata spends much shorter periods there, showing only
a weak preference for depth with Musca, and no preference with the
other two prey. In the simple environment during rest, N. glauca
shows a reduced preference for depth than in the complex dne, but
.both N. maculata and N. obliqua show strong preferences for surface
sites, N. obliqua generally the greatest, perhéps prohibited from
“searching for perch sites at depth due to the high energetic costs this
would entail.
During handling in the complex environment, both N. glauca and N.

obliqua - show reduced preference for depth from that during rest with
Gammarus and mosquito larvae, N. glauca showing the strongest of the

two, and both show no preference with Musca. N, maculata shows the

lowest proportions of time at depth showing no preference with Gammarus
and mosquito larvae, and preference for surface sites with Musca. In
the simple environment during handling, all three predators spend most
time at the surface.

IV. 4.3. Selection of perch sites at depth.

IV. 4.3.1, Introduction

In the previous section, the behaviour of the predators was considered
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FIG 62
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in terms of time allocation to the surface or at depth., In this section,
the interest lies in hqw the predators utilise the available perch sites,
and only data from the complex environment is considered., Perch utili-
sation has been examined in two ways. Firstly, in respect of the depth
of perch site selected on the plants, where the plant is arbitarily
divided into three sections;the top third designated near surface;

the middle third designated near middle; and the bottom third designated
near bottom. Secondly, in respect of how the predator actually uses

the plant as a perching site, vhere consideration is given to what parts
of the plant the predator uses (i.e. middle or edge of the plant), and
Whether there is preference for a particular plant or perch site.

. The plant can be considéred-to be divided into nine sections, as
shown in Fig 62. Records were kept during experiments of the perch
sites visited (results being combined over all prey densities), and
the analysis of the results are described in each sub-section.

IV. 4.3.2., Perch selection with respect to depth.

The results represent proportions of total visits with each prey
type to each of the three main areas, and are presented in the form
of histograms (Figs 63-65). Perch selection is considered during
rest (not feeding) and during handling time (feeding). The total
number of visits to each area of the plants are compared by X2 and
the significances of the differences are shown on the figures.

N. glauca in general prefers near middle perch sites, except during
rest with Gammarus, where there is no preference between near middle
and near bottom sites. Preference for these near middle sites appears
to increase during feeding. Near surface sites are the least preferred,
except during feeding on Musca, where this is no difference from selection
of near bottom sites. This may be partly explained by the greater

difficulty in swimming underwater carrying large prey.



LEGEND TO FIGS. 63, 64 and 65

Histograms showing perch selection during periods of
feeding and not feeding by the three predators in the
prey

presence of each of the three types in the complex

environment (results pooled for all prey densities)

Near surf, - perch sites on the top third of
the plants
Near midd. - perch sites on the middle third

of the plants
Near bott. - perch sites on the bottom third

of the plants

Significance of the differences between values shown

( %2 test)
Fig. 63 N. glauca
Fig. 64 N. maculata

Fig. 65 N. obliqua
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Selection of sites by N. maculata is slightly different. With
mosquito prey, there is a preference for middle sites during both’
rest and handling. With Musca, there is equal selection for near

middle and near bottom sites during rest, but a marked preference

for middle sites during handling. With Gammarus, N, maculata shows
preference for bottom sites, which apparently increases during feeding.
The general trend is for the largest proportion of visits to near
surface sites to be found with Musca, to near middle sites to be found
with mosquito larvae, and to near bottom sites with Gammarus. It
appears that selection of perch sites by'N. maculata is strongly aff-
ected by prey distribution (see Chapter II), this effect being accen-
tuated during feeding, indicating the possibility of some learning
process, as suggested in the previous section.

N. obliqua shows preference for near bottom sites, significantly so
in all situations except with Musca at rest. The largest proportion
of visits to these areas appears with Gammarus prey, and the lowest
with Musca, indicating that the basic prefgrence for near bottom sites
may be slightly affected by prey distribution. This preference seems
to be increased during handling.

In conclusion, N, glauca shows a-general preference for near middle
perch sites, N, obliqua for near bottom sites, and both seem to be affected
to some extent by the pref distribution, which slightly modifies the pre-
ference. N. maculata appears to be most affected by prey type in its
selection of perch sites. During feeding, the general preferences of

N. glauca and N, obliqua seem to be increased, and the effect of prey type

has an increased effect on selection by N. maculata. It should be pointed
out, that these results are based on numbers of visits, not time spent at
each perch site, so for a more complete picture of perch selection, these

results should be considered with those of the previous section.
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IV.4,3,3, Use of perch sites

In this section, the problems of interest are a) What part of the
plant does the predator prefer?, b) Whether specific plants, and c)
specific perch sites are favoured?

a) Each visit to a perch site was scored as either being at the edge
or in the middle of the plant (Fig. 62.). The total visits to each part
were then compared using X?, for periods of rest and handling, and

the data is presented as proportions of total visits in the form of
histograms (Figs. 66, 67 and 68).

Both N. glauca and N, obliqua show preferences for perch sites

“at the plant edge, during both rest and handling periods, the preference
by N. obliqua teﬁding to be stronger., Prey type does not seem to
affect this preference. For N, maculata, there is little preference

for either part of the plant, but the trend seems to be for selection

of middle areas with mosquito larvae and Musca to a lesser extent,

and for the plant edge with Gammarué.

One would imagine that perch sites at the plant edge would offer
better vantage points for monitoring the surrounding areas and from
which to launch an attack after prey swimming past in the water body,
and on this basis, it is considered that'N; maculafa is showing the
least efficient use of the perch sites.

b) For further examination of the use of perch sites, one can in-
vestigate whether predators preferentially return to the same plant
they have just left, after a swim. Records were kept of the number

of times the predators returned to the same and to different plants
during rest and handling, and these were compared using X% to a null
hypothesis of random selection, where it is expected that there will be
a proportion of 1 in 3 returns to the same plant. Table 4,5presents
the numbers of retﬁrns to the same and to different plants, the X2

value for differences from the expected results, and the significance
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Table 4.5 Tabie showing the total number of returns to the same and to different plants during rest (not feed)

and handling (feed) periods for the three predators with the three prey types.

Ho = 1:3 random choice, 1 in 3 probability of returning to the same plant.
Returns to Returns to x2 Significance Probability of -
same plant different to reject returning to same Conclusions
plant Ho plant
N. glauca
Mosquito not feed 146 110 64,64 0.001 0.57 Strong pref. for same plant
feed 138 84 83.03 0.001 0.6216 " " " " "
Musca not feed 74 52 36,57 0.001 0.587 " " " " "
feed ' 65 48 29,75 0.001 0.575 " " " " "
Gammarus not feed 181 166 52,07 0.001 . 0,525 " " " " n
“""‘"" feed 144 75 69.53  0.001 0.657 "o nooor "
N. maculata
Mosquito not feed 121 193 3.825 0.1<P>0,05 0.385 Weak pref. for same plant
feed 278 147 196.8 0.001 0.654 Strong " " " "
Musca not feed 56 81 3.51 0.1<P>0.05 0.408 Weak " " " "
feed 113 109 30.83 0,001 0.509 Weak " " " "
Gammarus not feed 259 219 93,52 0.001 0.542 v Strong " " " "
feed . 194 115 120.59 0.001 - 0,628 : Strong " " " "
N, obliqua .
Mosquito not feed 172 128 77.72 0.001 0.573 Strong pref. for same plant
feed 267 125 213.4 0,001 0.681 . n " " " "
Musca not feed 26 32 3,446 0,1<P>0.05 0.448 n " " " "
feed 151 117 63,83 0.001 0.563 n " " " "
Gammarus not feed 188 150 . : 75.55 0.001 0.556 _ " " ‘ " " 1]
feed 277 192 139,7 0,001 0.596 "o n " "

‘861
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with which Ho can be rej,ected.

All three predators appear to show some preference for returning
to the same plant, which appears to increase during feeding. N. glauca
geﬁerally shows a marked preference for the same plant with all prey
.types, N, obliqua shows a similarly marked preference except during
rest periods with Musca, and N, maculata Anly weak selection during
rest with Musca and mosquito larvae.

c) When considering the preference for returns to the same perch
site after a swim, a slightly more complex null hypothesis is required.
Each plant can be considered as comprising of nine sections (Fig. 62),
but there is generally little selection of near surface perch sites,
50 a null hypéthesis of random selection of perch sites after a swim
is considered to be represented by a 1 in 18 ratio of returns to the
same perch site (3 plants each with effectively 6 sub-sections). Table -
4 6presents the numbers of returns to the same and to differeﬁt pérches,
the X2 value for differences from the expected ratio and the significance
with which to reject Ho. Data is again given for rest and handling
periods, |

"~ N._glauca shows a significantly greater than random selection_of the
same perch site, indicating quite strong preferences for such sites,
which appears to increase during handling. N. maculata shows only
weak preferences for the same perch site with mosquito andlggggiiprey

but a strong preference during feeding on Gammarus. N. obliqua shows

strong preference for returning to the same perch with Gammarus, weak
preference with mosquito larvae, but with Musca, only during feeding
is any preference shown. |

Most of the movements from a perch site during rest are likely to

be in pursuit of or attack on prey, and in such cases, it would be a

sensible strategy for the predator to return to the perch site from



Table 4.6

Table showing the total number of returns to the same and to different perch sites

during rest (not feed) and handling (feed) periods for the three predators with the three prey types.

Ho = 1:18 chance of returning to same perch site.

Returné to

Probability of

Returns to 7(2 Significance to Conclusion
same perch different perch  reject . Ho returning to
same perch.
N. glauca : . ~
Mosquito not feed 46 220 69.88 0.001 0.173 Strong pref. same perch
feed 50 172 121.8 0.001 0.225 " mooon "
Musca not feed 18 108 18.3 0.001 0.143 " " " "
o feed 27 86 72.5 0.001 0.24 " "o "
Gammarus not feed - 73 273 159.73 0.001 0.211 " "o "
- feed 67 152 261,78 0.001 0.306 " " "
N. maculata -
Mosquito not feed 30 . 284 9.57 0.001 0.0955 Weak pref, same perch
feed 49 375 29 0.001 0.1155 " " "
Musca not feed 14 - 123 5.68 0.05 0.102 " " " "

T feed 22 200 8.01 0.01 0,099 " " N "
Gammarus not feed 57 419 37.38 0.001 0.1197 " " "
S - feed 72 237 222,88 0,001 © 0,233 Strong pref. same perch
N. obliqua . ‘

Mosquito not feed 44 300 34,48 0.001 0.146 Pref. for same perch
feed 76 392 101,81 0.001 0.1938 Strong pref. same perch
" Musca not feed 4 58 0.093 n.sig. 0.0689 No preference.
feed 34 268 18,74 0.001 0.127 Pref., for same perch,
Gammarus not feed 60 338 68.75 0.001 0.1775 Strong pref. same perch.
feed 75 464 70.25 0.001 0.1599 " " " "

*00Z



201,

which the attack was made, as there is likely to be a greater chance
of encountering another prey item. In many studies considering optimal
foraging, the ﬁredators were found to stay within’a patch provided the
rate of encounter was high (e.g. Krebs (1974), (1978), Waage (1978) ).
This use of perch sites has also been reported for Robber flies (Oldroyd
(1964), which are, like Notonectids, generally 'sit and wait' predators.
Several species have regular beats, and if no prey appear after several
minutes, the flies move off to another perch site. If prey did pass by,
but the attack was unsuccessful, the fly returned to the same perch site.
It appears that this form of activity may occur in Notonectids,
with preference for returns to the same plant and the same perch site.
However, there does seem to be a weak preference for the same plént,
and a weaker-one for the same perch, regardless of the presence of prey,
as shown by the preferences with the surface prey Musca. This may be
explained on the basis that certain perch sites are more prominent or
more easily accessible, hence the increase in preference with this prey
for the same plant and same perch during feeding. The general increase
in preference for the same plant or perch site during feeding on mosquito
larvae and Gammarus may be explained on the basis of the use of more
prominent perch sites and the advantage of returning to the same site
from which the prey capture was made or to where the prey occur, in
order to increase the likelihood of subsequent captures, as discussed
earlier, On the basis of this assumption, it again appears that N.
‘maculata shows least efficient use of the perch sites and N. glauca

and N. obliqua appear to be the most efficient.

IV, 4.4, Positions from where Responses to prey are made.

IV. 4.4.1, Introduction

The net effect of the use of space by the predators will be shown

in the positions from which responses to prey are made. Records were
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kept of the predator position when making a response to a prey item,
positions being separated into three categories in the simple environ-
ment; at the surface; down from the surface; or from a perch site at
the arena sides, and into two categories in the complex; from the surface
and from perch sites. Unfortunately, the data for perch sites were not
broken down into depth categories for N. glauca, so comparisons at this
level cannot be made between all species. Only responses with mosquito
larvae and Gammarus have Been considered, as responses to Musca all took
place at the surface, It was also possible to segregate the data for
total attempted captures and successful captures.
Iv, 4.4.2. Results

Tables 4.7,4.8and 4.9 show the proportion of responses made from
each area for all predators feeding on different densities of both
mosquito larvae and Gammarus in the two environments, the differences
tested by X2 using the original data. Figs. 69 and 70 show plots of
proportion of responses from surface against proportion of responses
from perch sites at depth.

In the simple environment, the three predators seem to capture:
prey from similar positions, whereas in the complex one, quite marked
differences occur between the predators. In this environment, N.

maculata tends to capture more prey from the surface than from perch

sites at depth. Both N. glauca and N. obliqua capture more prey from
pérch sites at depth, and the positioﬁs tend to overlap to quite an
extent. At depth though, most captures by N. obliqua were made from

the near bottom areas. No data is available to separate out the data

for N. glauca into depth categories, but generally captures by N. maculata
and N. obliqua seem to be made from favoured perch sites (see Sections IV.
4.2, and IV. 4.3.), so it is likely that most captures by N. glauca will

be made from near middle perch sites. For all three predators, captures



Table 4,7 Proportion of responses to prey made by N. glauca from various positions with Gammarus and mosquito larvae
in both environments, Significance of differences by T, test, * = 0.05 sig, ** = 0,01 sig. k%% = 0,001 sig

n.sig. = not significant, Middle + Bottom = from perch sites at depth.

Complex ' ' o Mosquito larvae
| Density

Position from

which response ‘ 70 50 30 10 5 2
Response made . : o -

From surface 0.35 0.47 0.55 0.7 0.72 0.28
Captures *k ]n.sig. n,sig. ]** ]*** ‘ ] *

Middle + Bottom 0,657 0.53 0,45 1 0.3 0.28 0.72
. From surface 0,37 . : 0,43 ) ' 0.6 0.72 0,66 . 0.3
Total _ SETY ‘ ]n.sig. Co ] * ] %k %k dekk %k
Responses | Middle + Bottom 0,63 0.57 0.4 0.28 0.34 0.7

Complex . L o ) Gammarus

Position from : Density . )

-Which response 25 20 15 10 5 , 2
Response made

From surface 0.09 0.08 ] 0.19 0 0 0
Captures *k *k ] * *okk *kk *k

Middle + Bottom 0,91 0,92 - 0.81 1.0 1,0 ' 1,0

From surface 0,191 . 0,19 ; 0.13 0.09 0,02 0.12
Total *kk *kk ] ek , ] Rk ]*** *%
Responses | Middle + Bottom 0,81 . 0,81 - ' 0,87 0,91 0.98 0.88

Conteseoceo
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Table 4.7 (Continued)

20¢

Simple ' Mosquito larvae
Density
Position from
which response 70 50 : 30 10 5 2
Response made
At surface 0.813] 0.785] 0.72] | 0.66 | 0.822] 0.75
Kk *kk C ek *kk Kk ]**
Captures  Down from surface 0.12 ; 0.12 | 0.22 0.207] 0.089 0.2
: n.sig. n.sig. J*** .sig. n.sig. n.sig.
Middle + Bottom 0,067 "~ 0,042 0.05 0,132 0,089 0.05
At surface 0.8191 0.75 1 0.765] 0.66 . 0.8021 0.773)
Jrexk Jrexx f** Kk *kk Kok ok
Total Down from surface 0,133 - 0,143 0.234 0.22] 0.144° 0.22 )
* n.sig. }** n.sig. * *
Responses Middle + Bottom 0.047 ' 0.107" C 0 0.117 ' 0,053 © 0,044
Simple o , A L ‘Gammarus . . .
Density
Pogition from
which response 25 20 15 10 5 2
Response made
At surface
Captures Down from surface Insufficient data.
Middle + Bottom .
At surface 0.6 ] o.737] . 0.66] o.se] 0.857]*** Insufficient °
* : n.sig. n.sig. -
Total Down from surface 0'266]n.sig. 0.263] % 0;3%]** 0.29 n.sig. 0 ]n.sig. data.
Responsen Middle + Bottom 0.133 0 0 0.11 0.143




) Table 4. 8

Proportion of responses to prey made by N, maculata from various positions with Gammarus and mosquito

larvae in both environments,

Middle - From mid water sites. D.S.~Down from surface, Bottom - From Bottom sites. M + B = From perch

sites at depth, Significance of differences by T test., * = 0,05 sig. ** 0.01 sig. *** 0,001 sig.

N. sig. - not significant,

Complex Mosquito larvae
Density
Position from ‘
Response which response 70 50 30 ‘ _ - 10 5 , 2
made .
From surface 0,73 ] 0.735 ] 0.67] 0.84 ] 0.84 1 0,745
Rk Rk *okk Rkk Kk ok
Captures Middle 0.2 - 0.133 0.2 0.10 : 0.12 1 0.2 .
L *kk n.sig, ] * n.sig. K k%
Bottom 0,07 - 0,133 - 0.13 0.06 - 0.04 - 0,055 -
From surface 0,76 ] 0.77 0.73 0.85 1 0.84 1 0.81 1
‘ Kkk *okk ] Kkk Rk Rk Rk
Total Middle 0.175. 0.115° 0.16 0.09 % 0.09° 0.16 _
Kok ]n.sig. ] n.sig. n.sig. n.sig. *k
Responses Bottom 0,065 0.115 0.11 0.06 0,07 0.03 |
Conteeess

074



Table 4. 8 (Continued)
ComEIeX' Gammarus
) Density
Position from
Response which response 25 20 15 10 5 2
‘made
From surface 0.66) 0.33 0.27 0.41] 0.4 0.5 7
1* n.sig. n.sig.
Captures Middle 0,28, 0.46{n,.sig. 0.59 0.31n.sig. 0.4 n.sig. 0.19| n.sig.
‘ n.sig. ]0.05
.Bottom 0.06" ’ 0.21° 0.14 0.28" 0.2 0.31-
From surface 0.46] 0.447 0.38 0.49] 0.477 0.29]
|n.sig. |n.sig. n.sig. - * n.sig. *
Total Middle 0. 34, 0.37 0.5 0,317 0.43] 0.563
* * ]*** o n.sig. ) Kk
Responses Bottom 0,2 - 0.09 0.12 - 0,2 : 0.1 - 0,15+
Simple Mosquito larvae
. Density
Position from
Response which response 70 - 50 30 10 5 2
made
At surface ' 0.703] 0.708] 0.643] 0.624] 0.674] 0. 659]
Kk % dkk fekk Kk & Jekde | ek
Captures D.S. 0.258] 0.27] 0.335) 0.364) 0.316: 0.319,
o , Ak J*** - Kk Kk Kk
M & B 0.0384 0,02 0.0221 0.012 0.009" 0.02 -
At surface o.722% 0.6991 0.645] 0.647] 0,717 0.703]
. ek * % *ik hkk *%kk | xRk
Total D.S. 0.243 0.281J 0.338J 0.3451 0.283; 0.275 S
%** Lax l** fekk %ok k *kk &
Responses M & B 0,035 0,081l 0.016/ 0.008- 0.000! 0.021



Table 4.8 (Continued)
Simple Gammarus
' Density
Position from
Response which response 25 20 15 10 5 2
made b
At surface . 0,46 . 0.428] 0.323 ] 0.348 0.2 | 0.09 ]
n.sig. .- n.sig. n,sig., n.sig. n,sig. **
Captures D.S. 0.405 | 0,321 0.294 0.26 0.48 0.545]
n.sig.
M&B 0.135 0,25 10.382 ] 10,39 0.32 0.363]
At surface 0.494 0.449) 0,519 0.489] 0.273 0.175
n,sig. n,sig. *k 1** *k *k
Total D.S. 0,422 0.415; : 0.235 0.265] 0.547 0,508
kkk : *kk ln.sig. n,sig, ]** 1n.sig.
Responses M&B 0.084}) . 0.315/ 0.245 0.244 0.179 0.315

“L0T



Table 4.9

Proportion of responses to prey by N. obliqua from various positions with Gammarus and mosquito larvae

in both environments.

D,S.~-Down from surface. M + B - From perch sites at depth,

’

* = 0,05 sig.

** = 0,01 sig.

*%%=0,001 sig.

M 4+ S - Perch sites near middle and near surface.

B - Perch sites near bottom.

Significance of differences by T. test.

n.sig. = not significant.

Complex ‘Mosquito larvae
Density
Position from
Response which response 70 50 30 10 5 2
made :
From surface 0.313 r0.397] 0.467) 0.315] "10.526 0.304]
]n.sig. * |* n.sig. ]* n.sig.
Captures M+S n.sig. {0.275 n.sig.{0.,262; 0.289; 0.298 0.193 0.261
] * n.sig. Jn.sig. ]n.sig.
B ~0,412 -0.34 | 0.243 ' 0.386- -0.28 | 0.435
From surface <0.292 0.416] 0.472] 0.269] -0.469 0.325]
]n.sig. k% * n.sig. n.sig.
Total M+ S * 10,256 n.sig{0,225; 0.303; 0,359 0.247 n.sig.|0.162;
] * L * n.sig, ]n.sig. k%
Responses B ~0,452 0.358: 0.225. 0.372- 10,283 0.511]

*80¢



Table 4.9 (Continued)
Complex . Gammarus
Density
Pogition from
Response which response 25 20 15 10 5 2
made
From surface 0.192] 0.0 0.047] 0 0.048 0 1
n.sig. ]** n,sig, *% ]* *
Captures M+ S 0.2695 0.28 ** | 0,318 | 0.33.I 0.43 0.354
1 - n.sig. * n,sig, n,sig. ]n.sig. n.sig.
B 0,538 0,72 0.636 ) 0. 66! 0,524 0. 65
From surface 0,256 0.024 0.063 0.068 0.079 0
*k _ * * *k *kk
Total M+ S 0.307 |n.sig. 0.293 0.229 0.273 0.368 0.295
, o ]** ]*** ]** ]n.sig. *k
Responses B 0,436 0.683 0,708 .1 - 0.659 0.553 0.705
Simple Mosquito larvae
_ Density
Position from
Response - which response 70 50 30 10 5 2
made
At surface 0,73 ] 0,675 0.705] 0.7421 0,.645] 0.62]
Kkk Kkk Kk % Jekk ’ Kk *kk
Captures D.S. 00,2197 0.31 3 0.273; 0,232 0. 3074 0.33
_ o *kk Kk _ kA xRk Kk ]***
M+ B '0.05 - 0.02 3- 0,022 0.026- 0.047 0.05
At surface 0.7371 0.6787 0.71 ] 0,758 0.692] 0.637]
Kk *ekk dekk Kk Kok k *kk
Total D.S. 0.2 - 0.2941 0,264 0,224 0.263] 0.33/ 8
' Takk Fk % dokk Kdek kkk kkk °©
Responses M+ B 0.056) 0.028 0.026 0.017d 0.0444 10.032]




Table 4, 9 (Continued)

Simple Gammarus
Density
Position from _
Response which response 25 20 15 10 5 2
made ‘ A
At surface 0.364 [0.055] 0.364) 0.2 | 0.286 0.273 1
n.sig. *% |*
Captures D.S. 0.454 |n.sig. l0.78 ; 0.41 n,sig.n.sig0. 65) 0.429 |n.sig. 0.454 |n,sig.
. *% *
M + B . ’ 0.182‘ 0. 167' 0023 1 0. 15- 0. 286 . 0v273 J
At surface 0.4537 0.302) 0.472 [0.22] 0.361 0.286 I
n.sig.n.si£ n.sig. n.sig. * n.sig. n.sig.
Total D.S. 0.4341 l0.535: 0.305) n.sig. lO.SA* 0.444 n.sigl0.571 |
* % *k _ * ]* 1%
Responses M+B 0.113. 0.163l 0.22 | L0, 24 - 0,194 0.143_

*01¢
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of mosquito larvae tend to be made more from the surface than do captures

of Gammarus, which can be explained on the basis of prey distribution.
Overlap in the positions from which captures are made by predators,

is likely to cause competition in natural environments, and unless

surplus prey are available, coexistence would not be possiblé for

extended periods., This situation might occur in simple environments.

Where positions from which captures are made are different, it is possible

that available resources could be partitioned, allowing coexistence.

This situation may occur in complex environments between N. maculata

and the other two predator species. N. obliqua and N. glauca positions

tend to overlap here, but differential perch selection may compensate for
this, and possibly allow resource partitioning.

IV. 4.5. Effect of Predator Position on Prey Selection.

IV. 4.5.1. Introduction

These simple experiments were designed to test whether the position
of the predator in the water body could affect prey selection. N. glauca
and N. maculata were tested, as they represent the two types of selection
of resting sites amongst the species used in this study, the former
spending most time within the water body, the latter at the surface.

Two strains of Daphnia magna were kindly supplied by Dr. S. Young and

Dr. E. Watts; the normal eye strain, which possesses black eye pigments;
and the clear eye strain, without these pigments, the other characteristics
being similar. ‘(Dué to the small size of the eye spot, this difference is
unlikely to have any effect on the ability of the predators to detect
them.,). However, there is a difference in behaviour between the two
strains, the normal eye variety being fairly evenly distributed, with a
tendency to préfer the top half of the water columm, and the clear eye
variety showing a marked preference for the bottom half of the water

column (Dr, Watts .pers, commun,)., On this basis, it is expected that
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differential selection of prey by the two predators should occur when
both types are presented in combinatibq.
IV. 4.5.2. Method

Simple 3h tests were conducted, using different prey densities
(5, 15, 30 and 50 per arena) of each prey type, and then different
combinations of the two (20:20, 10:30, 30:10). Experiments were carried
out in the simple environment for both predators, and also with added
complexity in some tests, with N. glauca. Predators were starved for
24hrs prior to each test, and given excess mosquito larvae for a further
21h. after. They were.thgn starved again prior to the next test. Prey
were replaced in the density experiments as numbers decreased by 107,
but not in the combination.tésts. The numbers of prey killed were
recorded. The results with prey combinations were analysed by comparing
observed numbers killed with predicted numbers killed, on the basis of
no selection, by X2, where Ho for equal proportions of prey is a ratio
of i:l clear eye to normal eye, and Ho for a 30/10 comwbination is 3:1,
based on random encounters and no preference.

IV, 4.5.3. Results

The functional response curves for both predators and each prey type
are shown in Fig. 71. For N, maculata, the general trend is for more
normal eyes té be killed at all densities (signs test P<0.05), whereas
for N. glauca,tﬂe trend was for larger numbers of clear eyes to be
killed at each density (signs test P<0.65).

In all combination tests, N. maculata shows strong preference for
normal eye Daphnia, as can be seen from Table 4, 10, The preference_for
normal eyes seems to 5e greater in combinations with larger numbers -
of prey (preference in 30:30 combination mdre significant than in
20:20 combinations). This is likely to be caused by exploitation of

the preferred normal eye prey before termination of the experiment in



LEGEND TO FIG. 71

Functional responses of N. glauca and N. maculata

feeding on two strains of Daphnia magna;

( A) clear eye strain
( A) normal eye strain
95% confidence limits shown.
Analysis of variance:
N. glauca Clear eye F = 110.,6 sig. 0.001
T test 50 30 15 5 sig. 0,05
Normal eye F = 2,699 n.sig

T test 50 30 15 5 sig. 0.1

Difference between clear and normal data

Signs test n=4 x=0 P 0.05

N. maculata Clear eye F = 11,597 sig. 0.001

T test 50 30 15 5 sig. 0.001

Normal eye F = 3,007 sig. 0.05

T test S0 30 15 5 sig. ©.02

Difference between clear and normal data

Signs test n=4 x=0 P 0.05
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Clear eye

Numbers killed,Proportion

XNormal eye

Numbers killed.Proportion X2 Sig. to reject Ho

Conclusion

Combination

Clear Normal
Ho 1:1 20+ 20
Ho 3:1 30: 10
Ho 1:3 10 : 30
Ho 1:1 30: 30

Table 4,10

207
235
19
33

0.45
0.543
0.0766
0.148

266 0.561
185 0,456
182 0.923
151 0.851

7.36 0.01 Pref, for normal eye
81.27 0.001 Strong pref. normal eye
25.91 0.001 " " " it
75,67 0.001 " " " "

Number of Daphnia killed by N, maculata females (staved for 24h) in 3h. with various combinations

of two prey types,

Clear eye Normal eye
Combination Numbers killed.Proportion Numbers killed.Proportion X? Sig. to reject Ho Conclusion
Clear Normal ,
no plant 20 : 20 243 0.547 203 0.453 3.587 01<P>0.05 Weak pref. clear eye.
+ plant 20 : 20 279 0.645 175 0.355 23,82 0.001 Strong pref, clear eye.
30: 10 539 0.772 158 0.228 2.02 n.sig. No preference.
10 : 30 160 0.325 368 0.675 7.919 0.001 Pref. for clear eye.

Table 4,11

Number of Daphnia killed by N. glauca females (starved for 24h) in 3h with various combinations

of two prey types.

‘91¢
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the lower density combination, resulting in feeding solely on clear
eyes, thus biasing the results slightly,

In combination tests with N. glauca, there is generally a weak
preference for clear eye Daphnia, as seen in Table 4.1l.This preference
for clear eyes appears to be accgntuated in the presence of 'plants',
which offer additional perch sites enabling N. glauca to rest more in
its preferred positions, where more contact with clear—eye Daphnia
is expected., The lack of significant preference for clear—eye Daphnia
in the 30:10 combination ‘normal:clear ratio) is likely to be due to
exploitation of the clear-eye prey before termination of the experiment,
as described above. |

The preferences shown in these experiments are those expected on the
basis of preferred predator resting positions described in previous
sections, and do strengthen this apparent difference in perch site
selection between these two predators, as well as démonstrating that
predator position can affect prey selection.

Iv. 5. Light and Dark Experiments

IV. 5.1, Introduction

These simple experiments were designed to investigate differences in
the relative importance of the visual and tactile senses within and be-
tween predator species. The most straightforward method of assessing
the differences in feeding in light and dark conditions, is by a com
parison of the numbers of prey killed in the two environments, At the
same time as assessing numbers killed, the total weight of food extracted
. during each test can be compared in the two environments, giving a clearer
indication of feeding efficiency (data not available for N. maculata)

IV. 5.2. Method
The experiments were carried out using four densities of mosquito

larvae, 5, 20, 60 and 100 per arena. The simple environment was used,
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and eight replicates were obtained for each density. The predators
were divided into four groups of two, and each group was subjected

to the prey densities in a different order. A typical experiment
consisted of a 48hr. feriod of starvation, then the introduction of
prey at specifié densities to all eight predators, with replacement of
dead prey every haif hour. Data was obtained for all three predator
species for 3h, tests. At the end of this period, predator hunger
levels were standardised by adding prey to or removing from each
arena such that the sum of prey eaten and prey available equaled the
largest number of prey consumed by a predator during the test., At

the end of 24h, all predators were presented with a further 30 prey
for a further 24h, then starved for 48h, prior to the next test. Light-
ing conditions were alternated from one test to the nexf.

Numbers killed were recorded at the.end of each hour, and dead prey
removed, washed in distilled water, and freeze-dried along with a
sample of live prey. A correlation between collar width and dry weight
was obtained, and weight of food removed from each prey item was assessed,
as described in Chapter III.

Finally, numbers killed and weight of food extracted were compared
between light and dark conditions at each density. It has been assumed
that lighting regime does not affect predator or prey distributions.

IV. 5.3. Results

Data presented in Table 4,12, indicates mean valuas of numbers killed
and weight extracted from both conditions at each prey density, and
the significance of the differences between the two environments.,

N. glauca shows a general trend for increased feeding, in terms of
both numbers killed and weight of food-extracted, in the dark environ-
ment. A similar picture is apparent for N. obliqua, where the differences

are even more pronounced., The results for N. maculata on the other hand



Table 4.12 Number of mosquito larvae killed and weight extracted by the three predator species (starved for

48 hours) in 3 hours in light and dark conditions in the simple environment.

Number killed Weight extracted
Predator Prey
species density
Light Dark Significance Light Dark Significance
N. glauca 5 1.33+1,73 5.50+2,38 sig. 0.05 0.095+0,002 | ~ 0.61+0.47 sig. 0.05
20 5.67%6.2 7.60%4,67 n. sig. 0.456+0.39 0.95%0,84 sig. 0.1
60 4.4 ¥5,15 6.0 ¥5.24 n. sig. 0.36 0,42 0.53#0.33 n.sig.
100 6.16%5.77 10.87549.15 | n. sig. 0.44 ¥0.518 | 1,067+0.73 sig. 0.1
N. obliqua 5 8.33+6.82 8.0 +2.26 n, sig. 0.689 +0,59 0.743+0,26 n, sig.
20 5.2 :ﬁ.B 13.25 :7.9 sig. 0,05 0.19 :9.14 0.712:9.7 sig 0.1
60 7.28%6.9 17.83 ¥6.25 | sig. 0.05 0.65 +0.563 | 1.664%0,46 sig. 0.01
100 10.66 18,0 ¥7.39 sig. 0.1 0.557 ¥0.75 1,307%0. 51 sig. 0.1
N. maculata 5 16.444+8.13 11.333 +3,22 n. sig.
20 23.66%6.66 18,0 ¥5.252 | n. sig.
60 20.8318.79 20,083 :§.49 n. sig.
100 25.912110.78 22,727 i§.7 n. sig.

‘612
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do not suggest any significant effect of lighting, although at all

prey densities, more prey are killed in light compared to dark cond-

itions (signs test P<0,05), the opposite trend to the other two species.
These results generally support the conclusions of Chapter III, in-

dicating N. glauca and N. obliqua are generally better foragers in a complex

environment (i.e. dark) and N, maculata is better in a simple one (i.e.

light), They also indicate with N, glauca and N. obliqua, the possibil-

ity of confusion effects with prey in the light conditions, which are
reduced when visual cues are removed. In N. maculata, it appears that
on removal of visual cues, a slight reduction in feeding efficiency
ensues, indicating that perhaps in this species, the visual stimuli

are the most important, and perhaps the visual sense is more acute that
the tactile one. In the other two predators, the tactile sense is good
on its own, (as no loss of feeding efficiency occurs in the dark), but
in combination with the wvisual stimuli, the predators efficiency may

be reduced in simple environments by confusion effects.

Iv. 6. ~ General Summary

In this section, the differences in behaviour between the three
predator species will be summarised for all the components of predation
analysed in this study.

a) Handling Time

Generally N. glauca shows the longest handling times, and although there

is little difference in handling times between N. maculata and N. obliqua,

thé general trend is for shorter times with N, ‘maculata. Due to the
differential extraction rates and the handling time differences, it was
estimatéd that approximately equal amounts of food are being extracted
from each prey type.

b) Time allocation

All predators show low proportions of time spent active, substantiating
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their description as 'sit and wait' predators.

Time spent handling -~ similar times are shown by N. maculata and
N, obliqua, but the general trend is for longer times spent by N. obliqua
on larger prey, and by N. maculata on small prey. N. glauca generally
spends the shortest time feeding. |

Activity - little difference in the complex environment, but in
the simple one N. glauca is the most active, and N. obliqua tends to
be the least active.

c¢) Response to prey

Pursuit Success - general trends show greatest success by N. obliqua

in both simple and complex environment and lowest success by N. maculata

in the coﬁplex andvby N. glauca in the simple environments.

Attack success - general trends show greatest success by N, obliqua
and lowest By N. giauca with large prey, but little difference with
small prey.

Capture success — general trends again show greatest success by
'N. obliqua and lowest success by N.glauca,

Limiting componénts - for'N;'g}auca, success of capture is limited
by pursuit success in the simple environment, and with ‘_hig_é_g_z_i_ in the
complex,‘but by attack success with Gammarus and mosquito larvae in
the complex environment. Success of capture by N. maculata is limited
by pursuit success in all conditions except with Gammarus in the complex
environment, where the limit is impoged by capture success. N. obliqua
is limited by pursuit success with Musca, and by attack success with
Gammarus and mosquifo larvae in both énvironments.

Type of attack sequence — in complex environment largest proﬁortion
of pursuit attacks tends to be found by N. glauca, and smallest by N.
obligué. In the simple one, N. maculata shows largest proportion with

Musca and mosquito larvae, but by N. obliqua with Gammarus, and N. glauca
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tending to show the lowest values.

Functional responses — N. glauca shows lowest capture rates with
all prey in both environménts, N. obliqua generally shows largest rates
with large prey, and N. maculata with small prey.

Reaction areas - general trends show N, maculata has the largest
reaction areas, N. obliqua the smallest at the surface, and N. glauca
the smallest from the surface and from perch sites at depth.

d) Use of space

Time allocation to surface and depth - N, glauca and N. obliqua
show equally strong preferences for perch sites at depth in the complex
environment during rest, and N. maculata shows a weaker preference.

This preference is reduced during handling with N, glauca and N, obligua .

In the simple environment, N. glauca still shows preference for perch

sites at depth, but N, maculata and N, obliqua show strong preference

for surface sites, as do all three predators during handling in the
simple environment.
Selection of perch sites = N. glauca shows preference for near middle

perch sites, N. obliqua for near bottom perch sites, both affected to

some extent by prey distribution. 'N. maculata's perch selection qodified
to great extent by prey distribution. During feeding, perch preferences
are all enhanced.

Use of perch site — N. glauca and N. obliqua both show efficient use of
perches showing preference for plant edges; N. maculata shows much lower
efficiency. All three predators show preference for returning to the
same plant and the same perch site, but again N, macdléta shows least
efficient use of perches in this manner, and N. glauca perhaps fhe most
efficient use.

Positions from which responses to prey are made - preferences for prey

were affected by predator position, as seen in the experiments with the
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two strains of Daphnia. In the simple environment, there is general
overlap in positions from which prey captures are made, but in the
complex one, there is some separation based on the differences in
preferred perch sites shown by the three bredator species,

e) Effect of Lighting on feeding levels

The results of light and dark experiments indicate that in N. maculata
vision may be the more important of the two senses, but in the other two
predators it may cause confusion with the tactile senses, These effects
indicate N, maculata is more efficient in simple enviromments, N. glauca

and N, obliqua more efficient in more complex environments.
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CHAPTER V

PREY PREFERENCES

V. 1. Introduction

Notonectids are reported to feed on a wide variefy of foods,
which makes the task of assessing general prey preference in nat-
ural situations a rather difficult one., Mcpherson (1965) reports
that N, hoffmani (a North Americanlspecies) normally feeds on insects
which fali on the surface of water e.g. Hymenoptera, Diptera and other
Hemiptera, especially Mirids. N. undulata (another American species)
'is reported to feed on a variety of terrestrial and aquatic invert-
ebrates, and even some vertebrates (Ellis and Borden (1970)), but

may have a preference for larvae and pupae of Aedes agypti (Toth and

Chew (1972)). Southwood and Leston (1959) suggest that N. glauca
will feed on any swimming animal up to the size of a'large tadpole
or fully grown Dytiscid larva, and small fish are readily caught.

Prey preference by Notonectids may well depend on séveral factors,
either singly, or in combination
a) Prey size may be important through the effect of such factors as
ease of capture, (Gittleman (1978), ﬁolling (1964)); the predator's
reaction area, where prey size affects disténce to which they can be
detected (Holling (1966), and see Chapter IV); and calorific content,
where larger prey generally possess a greater useable calorific value
{(Schoener (1971), Tullock (1971)).
b) Prey mobility, which includes spatial movements involved in search,
feeding etc. by the prey, and prey motility in avoidance of capture by
predators (Ellis and Borden (1970)). Very active and rapidly moving
prey may be difficult to capture, very slow moving inactive prey may

be difficult to detect. (Low motility but high detectability make
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prey trapped in the surface film a good choice as food. However,

the irregular nature of such food availability, may preclude Noton-
ectids from‘complete dependence on this prey source (Ellis and Borden
(1970)).

c) Ellis and Bordén (1970) and Gittleman (1975) suggest that the
level of overlap between predator's and prey's preferred microhabitat,
both spatially and temporally, may be an important factor in prey
selection.

d) Prey posture in the water may affect prey selection by predators,
probably by affecting prey detection, This has been demonstrated by
differential selection of Culicines, which hang down from the water
surface in preference to Anophelens, which lie parallel to the water

surface by Enithares bergnthi, a South Pacific Notomectid (Ellis and

Borden (1970)).

e) The abundance of prey may also affect selection by the'predator.
Where there is no preference, prey should be taken in the ratio of
their abundances, unless a sﬁecialised strategy is required to detect
and capture prey. In these cases, and where there is a weak prefer-
ence, only when the abundance of fhat prey is high is it a sensible
strategy to specialise. This is known as switching (Murdoch et al
(1975), Lawton et al (1974)). Where strong preferences for a certain
prey type exists, relative abundance of this type is predicted to
affect how many other types of prey will be included in the diet (Esta-
brook and Dunham (1976), Krebs.(1§78), Pyke et al (1977)).

f) Food palatability probably has the least effect on prey preferences
(El1lis and Borden (1970)).

g) Many of the above factors combine to give the net emergy return

of the prey to the predator, which many‘authors (e.g. Emlen (1966),

Schoener (1971) etc.,) believe to be the main factor controlling prey
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preferences, where prey are ranked according to this value, and
taken in the ranking order (see Chapter I).

One of the most common methods for analysing food preferences
by polyphagous predators involves a comparison of the feeding behav-
iour on each food type separately with the feeding behaviour on various
combinations of the prey (Cock (1978), Lawton et al (1974), Murdoch (1973)).
The method has been reviewed by Hassell and Southwood (1978). Firstly,
searching efficiency and handling times for each prey type are est-
imated from functional respoﬁse experiments. Preference resulting
from differences in the functional response parameters can be expressed
as ratios of prey types eaten plotted against the ratio of their avail-
abilities, and any innate preference can be detectgd by a deviation
from a slope of unity passing through the origin. Secondly, various
ratios of the two (or more) prey types are presented together, ideally
for the range of total prey densities used in the functipnal response
experiments. Any differences between the predicted preference arising
from the rates of search and consumption in the first experiments, and
that observed from the mixtures will be due to either-an active re-
jection of one of the food types or some change in the parameters of the
functional response when the forager is experiencing two or more food
types together,

Again, there is the problem that different prey may exist in some-
what différent habitats, so that preferences may be the result of
differential patch or habitat selection by the predator (i.e. switching).
Hassell and Southwood (1978) finally point out that preference and
switching studies conducted in the laboratory often bear little relation
to the natural situation. |

| An alternative method of presenting preferences is through the use

of electivity indices, a review of which is given by Cock (1978), and
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is not considered here.

In this study, prey preferences were examined in the light of
current literature to determine, if possible, the major factors gov-—
erning prey choice in these insects,

V. 2, ‘Method

Assessment of the predatory efficiency on each prey type sep-
arately were obtained during the continuous observation experiments
described in Chapters III and IV, At the end of these experimental
units, tests were carried out to examine prey preference with various
combinations of the three prey types. The experimental procedure and
design are basically similar to the main experiments, the differences
being discussed in Chapter II (section II.6.). Combinations of high
and low densities of each prey type were used, providing eight treat-
ments. Densities of 5 and 20 per arena were selected for Musca and
Gammarus, and of 10 and 50 for mosquito larvae. The treatments tgsted
were; 5, 5, 10; 5, 20, lo0; 5, 20, 50; 5, 5, 50; 20, 5, 10; 20, 5, 50;

20, 20, 10; and 20, 20, 50, for Musca, Gammarus and mosquito larvae

respectively, and each of the nine predators was presented with the
above treatments in a different order.

During each test, records were kept of the prey captured and the
order they were captured in, handling times spent on each item so that
energy gains could be ascertained (see Chapter III), activity time so
that energy losses could be calculated (see Chapter III), and of the
use of space (see Chapter IV). Thus for each predator species, data
was available for prey preferences, net energy gains and use of space
when presented with all eight of the prey combinations in both simple

and complex environments.

V. 3. Net Energy Gains.

Table 5,1shows the mean net energy gain in each of the treatments



Table 5.1

Net energy gains in preference experiments (Joules)

Difference between enviromments tested by signs test due to large variance in data.

Combination,
Predator and
environment 5510 52010 52050 5550 - 20510 20550 202010 202050
Stmpl 29,084 22,199 18.584 26,9 30,376 24,25 39,071 31,00
MPLE 1 413,88 +18,06 49,04 +15,2 +14,37 +12,35 +13.8 414,79
N. glauca 735,26 735.59 32.365 26.97 T41,39 735.59 738,04 733,04
Complex | 430.4 +16,15 +17,26 +12,05  +16.67 +23,06 +12,65 +29.65
Sign test n=8 x=1 P =0.035 ,
Simple 65.99 69.5 70.59 75.265 77.3 77.965 77.957 75.83
P +29,3 422,39 +15,55 +15.96 +9,36 +8.126  +12.55 49,643
N. maculata , . | 60,07 56,177 54,66 43,898 61.027 63,44 61.69 50. 69
. COTPie% | 420,808  +18.24 +16.6 #21.12 #11.47 +34,81 +16.42 423,07
Sign test n=8 x=0 P = 0,004
Simple 39,26 56,59 48.03 48.4 41,704 42,04 47.608 42,69
P 422,74 417,51 +14.196 +13,2 417,47 +17,48 +13,602 +10.03
N. obliqua 35.4 34,11 31,09 30.43 39,84 35.16 41,9 39.65
Complex | ,10.5 +23,14 +17.36 #17.15 413,28 +18.37 +13.78 +21.675
Sign test ' n=8 x=0 P =0,004

*8¢¢



Table 5.2. Differences in net energy gains between prey combination treatments within each

environment., Treatments joined by lines do not show differences at 0.1 level (T test)

Simple Complex
20 20 20 5 5 20 5 5 20 20 20 5 5 20 5 5
20 20 5 5 5 5 20 20 5 20 5 20 5 20 20 5
N. glauca 10 50 10 10 50 50 10 50 10 10 50 10 10 50 50 50
20 20 20 20 5 5 5 5 20 20 20 5 5 5 20 5
‘ 5 20 5 20 5 20 20.-.5 5 20 5 5 20 20 - .20 5
N, maculata 50 10 10 50 50 50 10 10 50 10 10 10 10 50 50 50
5 5 5 20 20 20 20 5 20 20 20 5 20 5 5 5
: 20 5 20 20 20 5 5 5 20 5 20 5 5 20 20 5
N, obligua , 10 50 50 10 50 50 10 10 10 10 50 10 50 10 50 50

*6CC
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for all three predator species, and shows the significance of the
differences between values in the two environments. Table 5.2 shows
the difference in net energy gains between treatments in both en—
vironments, and the proportion of time spent handling is shown in
Table 5.3 |

N. maculata shows significantly the greatest net energy gains
of ‘the predator species in all treatments (Appendix XVII). In the simple
environment, the trend is for larger gains by N. obliqua than by N. |
glauca (signs test P = 0.004), but in the complex one, there is no
difference (signs test P = 0.687). (See Appendix XVII).

N. plauca, as predicted from the net energy gains on each prey
type separately, generally shows greater gains in the complex than in
the simple environment (P = 0.035 signs test). The proportion of time
spent handling, however, is similar in both environments (Appendix XVIII).
indicating that N. glauca makes larger net energy gains in the complex
environment than in the simple one in the same feeding time. These
proportions are comparable with the largest values from the single
prey experimente in the complex environment, but in the simple one,
the proportion of time spent feeding in prey combination experiments
is generally larger than in single prey experiments. In both environ-
ments, the general trend shows the largest net energy gains are made
in the presence of high Musca densities, and the lowest ones with low
Musca density combinations, or high mosquito larvae density combinations
(few differences are significant though).

‘N. maculata, again as predicted from Chapter III, shows largest
net energy gains in the simple environment (P = 0.004 signs test), which
is reflected in larger proportions of time spent feeding here than in
the complex environment (Appendix XVi)), As with N, glauca, a larger

proportion of time is spent feeding with prey combinations in the
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simple environment than during single prey experiments. The largest
gains tend to be made in the presence of high Musca densities and the
lowest gains generally with low Musca densities, or in the simple, also
with high mosquito/high Gammarus combinatioms.

The results for N, obliqua are not quite as expected on the basis
of those reported in Chapter III, In these latter results, there was
no effect of environmental complexity with Musca prey, slightly larger
gains in the complex environment with Gammarus, and significantly larger
gains in the simple environment with mosquito larvae. The data from
Table 5.1., shows a general. trend for larger gaiﬁs in the simplé environ—
ment (P = 0,004 signs test). This is reflected in larger proportions of
time spent feeding in the simple than in the complex enviromnment in these
combination experiments'(Appendix XVIII). These values are also lower than
the higher values during single prey experiments in both enviromments. Im
the simple environment, the trend is for largest gains to be made with low
Musca/high Gammarus combinations, and the lowest gains with low G#mmarus/
high Musca combinations. In the complex enviromment, the opposite trends
are observed,

It might be expected that greater net energy gains will be made
when a variety of prey occupying a variety of positions in the environ-
ment are évailable, than when just one prey type is presented. This
has not been found to be the case with the prey densities used here,
Both N. glauca and N. maculata show similar energy gains with prey
combinations to .those madg with the largest prey types in both environ-
ments in the single prey experiments (i.e., with Musca and Gammarus, gains
on the small mosquito larvae are substantially lower). This may indicate
that these predators have achieved a maximum energy gain in the period

of the experiments, the level controlled either through satiation or
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some internal physiological balance being achieved. This value is

analagous to Schoeners M value (1971), where an optimal strategy

for a given predator is one which minimises the time spent feeding

to gather this given energy requirement; i.e. a time minimising strategy.
N. obliqua, however, does not achieve the net energy gains made

in the single prey experiments during the prey combination tests.

Either this predator is less efficient when presented with a variety

of prey, or there is some physiological difference in the state of

this predator during'these experiments compared to the single prey

ones, which has come about as the predators have aged.

V. 4. ' Use of space.

During the preference experiments, records were kept of the
allocation of time between surface and depth during rest and handling
in both environments, and of perch selection in the complex one, in
the same way as described in Chapter IV.

V. 4.1. Allocation of time between surface and depth (Table 5.3 Appendix XIX).

In the complex environment, N. glauca shows a marked preference
for depth during rest, dropping during feediﬁg, which was the pattern
found during singlé prey experiments. In the>simp1e environment,
there is generally a weak preference for the surface during rest, which
is in contrast to the weak preference for depth during single prey ex-
periments, but during handling practically all time is spent at the
surface in both combination and single prey experiments.

N. maculiata shows a very weak preference for depth during rest
in the pomplex environment, but switches to a preference for the surface
during handling here. These preferences are almost identical to those
with Musca in the single prey experiments (see Appendix Xv/a) In the
simple environment, there is no significant preference for either

position during rest, although the trend is for weak preference for



Table 5.3

Time allocation between surface and depth during preference experiments, and proportion of

time spent handling. (D = Depth. S = Surface)

5 5 5 5 20 20 20 20
-5 .20 20 5 5 5 20 20
10 _10° 50 _50 _1o 50 10 50
DS D S D S D S D S S D S D S
Rest 0.83 0,17 0.953 0.065 0.93 0.07 0.89 0.11 0.84 0.16 0.88 O. 0.98 0,02 0.88 0,12
Feeding 0.69 0.31 o0.89 o0.11 0,67 0.33 0.820.18 0.69.0.31 0.65 O. 0.78 0.22 0.755 2.245
N. glauca : o
Complex Prop. time handling 0.58 0.51 0.55 0,555 0.67 0.625 ‘0,495 0.6
Rest 0.41 0.59 0.4 0.6 0.35 0.65 0.5 0.5 0.49 0,51 0.39 0.61 0.21 0.79 0.32 0.68
Feeding 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N, glauca o o - : :
Simple Prop.‘gime handl ing

Rest 0.7 0.3

0.3 0.61 0.39

0.65 0.35

0.7 0.53 0.47 0.68 0. 32 0. 36 0.64
Feeding 0.3 0.7 0.32 0.68 0.27 0,73 .47 0,53 0,29 0.71 o0.14 0.8 0.29 0.71 0.47 0,53
N, maculata
Complex Prop. time handling . 0.73 0.7 0.64 0.6 0.73 0,77 0.71 0.65
Rest 0.5 0.5 0,27 0.73 0.44 0,56 0,49 0,51 0,36 0,64 0,48 0.52 0.5 0,5 0,2 0.8
Feeding . 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
N. maculata
Simple Prop. time handling - 0.68 0.82 0.8 0.865 ‘0,865 0.897 __0.86 0.858
Rest 0.83 0,17 0.79 0.21 o0.880.12 0,86 0.14 0,95 0.05 0,935 0,065 0.774 0.226 0.84 0.16
Feeding 0.19 0.81 o0.28 0.72 0,51 0.49 0.23 0.77 0.63 0.37 0,55 0,45 0,39 0,61 0,125 0.875
N, obliqua - . : , . _
Complex Prop. time handling 0,435 0,373 0.283 0.356 0,463 0,446 0.419 0.469
Rest 0.01 0,99 0,01 0,99 0.0 1.0 0.08 0.92 0.01 0.99 0.037 0.963 0,01 0.99 0.0 1.0
Feeding 1.0 1.0 1.0 1.0 1.0 1.0 1.0 - 1,0
N. obliqua : _
Simple Prop. time handling 0.507 0,659 0.653 0.643 0.577 0.526 0.614° 0.608

£ee
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the surface, but during handling, all time is spent at the surface.
Again, this preference is very similar to that with Musca in single
prey experiments.

N, obliqua shows a marked preference for depth during rest in ”
the complex environment, as it did during single prey experiments,
but during feeding, the preference switches to the surface in prey
combination tests, but was still for depth during single prey ex-
periments. During both rest and feeding in the simple environment,
N. obliqua spends practically all its time at the surface, as was
generally found during single prey experiments.

In conclusion, the allocation of time between surface and depth
is, on the whole, similar to that in single prey experiments for N.

glauca and N. obliqua, and speéifically similar to that with Musca

in single prey experiments for N. maculata,

V. 4,2, Perch selection.

The results for perch selection in the complex environment for
each prey combination during feeding and rest are shown in Figs. 72,
73 and 74, for combined edge and middle sites.
a) N. glauca |
During rest, although the general trend for N, E}aﬁca appears to
be selection of near middle perch sites, in only one prey combination
(5, 20, 10) is this difference significant from the selection of near
bottom sites. In this respect, perch selection seems to be most similar
to that with Gammarus in single prey experiments (Chapter IV section 4.4.3.).
Also with high Musca/low Gammarus combinations, there is no difference
between selection of near surface and near bqttom sites, indicating
that the most abundant large prey may also affect perch choice.
During feeding, there is still a preference trend for near middle

perch sites, which is generally greater than during rest (greater than



LEGEND TO FIGS. 72, 73 and 74

Histograms showing perch selection at Rest (not feeding)

and while feeding by the three predators in the presence

of eight combinations of the three prey types.

Significance of differences shown ( X°)

Te R

Ne Sig

S - Percﬁ
M - Perch

B - Perch

Fig. 72 N. glauca

Fig. 73 N, maculata

Fig. 74 N. obliqua

2

0.001

not significant

sites near surface
sites near middle

sites near bottom
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PROPORTION OF TOTAL VISITS

FIG72 N glouca perch selection
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FIG73 N maculata perch selection
237.
NOT FEEDING
1-0+
5 5 ! 5
H 3 B 5
0-8
2 . nsig *_
0-6-
044  wx £73 2 et
0-2-
0
1-0m
20 20 20 20
o 2 18 2
08
06 nsig *k  qsig nsig nsig
ot o
0-4- — 2
024
0
S M B S M B M M
FEEDING
e 2 3
08 0 10 50 50
_Robt .
0-6- nsig .
o4 £ usig A
2
0 2=
ITo X 3
0]
1-0+ 0 20 20
5 5 B 3
08+ 10, ey .
by nsig
0-6- # . nsig
ot
0-44
) ra
024 ™
0 n_sig
S M B S M B M M

- PERCH POSITION




PROFORTION OF TOTAL VISITS

FIG 74

N obliqua perch sélection
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selection of bottom sites in 4 out of the 8 combinations), the trend
found in single prey experiments. Notably, of the four combinations
showing no significant difference in selection between near middle and
near bottom sites, three include high Gammarus density.

It appears that perch selecfion‘by N. glauca is most affected by
Gammarus, the most active of the prey types, but this selection can
be altered when there is low Gammarus and high Musca combinations.

b) 'N. mgculata .

‘N. maculata on the other hand, shows a general trend for near bottom
perch sites during rest, but the difference from near middle sites is
significant in only three combinations. Dufing feeding, this preference
appears to increase (significant in five combinations). Such perch sel-
ection is very similar to that with Gammarus in the single prey exper—

"iments. During reést four of the five combinations which showed no sig—l
nificant difference between selection of near middle and near bottom
perch sites, contained high Musca densities, indicating that although
perch preference is most affected by’Gammarué,'high densities of an al-
tergafe large prey can also affect perch selection.

c) N. obliqua.

Perch selection by N. obliqua seems most chénged in the presence
of prey combinations from selection with single prey. The general trend
during rest is for selection of near middle perch sites with high Musca
combinations (only significantly greater than near bottom sites in two
of the féur combinations though), and for selection of near bottom perch
sites (ﬁith the exception of low Gammarus/high mosquito comb?nations)
with low Musca combinations (although no significant differences from
near middle selection). These results are not close to any of the single

prey results,

During feeding, due to the small number of visits made, there are
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very few significant differences. The trend is for selection of near
middle sites (six combinations). In the single prey experiments, the
trend was for selection of near bottom sites during rest, which was
increased during feeding. This difference in perch selection in the
prey combination experiments may be one of the reasons for lowered
predatory efficiency compared to single prey conditions, and can prob-
ab1§ be most easily explained by a change in the predator's physiological
state.

V. 5. Prey preferenée

V. 5.1. Introdiction

The prey captured and the order they were captured in were recorded
fof all prey combinations in both environmenfs for nine replicates. The-
results were grouped into six broad groups of prey combinations to give
sufficiently large numbers for analysis. Data from combinations with
high and low densities of each prey type were pooled so that prey selec-
tion results were available for combinations with densities of 5 and 20
‘Musca, 5 and 20 Gammarus, and 10 and 50 mosquito larvae. For example,

‘the data from the following prey combinations (order Musca, Gammarus,

Mosquito); 5, 5, 10; 5, 20, 10; 5, 5, 50; and 5, 20,50 were pooled to
give prey selection with low Musca density. (There is some justification
in this, for there is very little difference in predatory efficiency on

the two densities of Musca and Gammarus in the single prey experiments.).

Differences in the numbers of each prey type captured at each stage
in the catch sequence were tested usingX?, and where numbers caught
at one stage in the catch sequence fall below 12, the results are pooled
over theée and subsequent captures.

The observed prey selection was then compared to predicted selection
based on models constructed for the various hypotheses concerning prey

selection (see section V. 1.). These models can be roughly assigned
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to five groups, prey selection on the basis of; a)‘energy gains; b)
ease of capture; c) relative predator and prey positions and micro-
habitat overlap; d) prey abundances and relative proportions; and
finally e), combinations of the above four types. There are different
values of the.above factors with each prey type in the eight different
prey combinations, and when pooling the data into broader categories
(i.e. combinations with 5 Musca etc), the average value of the four
combinations making up this category is used. The models predicted
proportions of each prey type to be captured at each stage in the
catch sequence, and these can be compared to the observed values.

The predictions of the following models were examined:-~
1)- Selection based on predator rest posftion, assuming no prey pre-
ference. In the complex environment, proportion of time spent between
_surface and depth, and perch preferences are taken into account, assum-
ing Musca captured at surface, mosquito larvae at near surface and near
middle perch sites and Gammarus at near bottom sites, in the simple
environment -assuming Musca and mosquito larvae taken from surface,
Gammarus from depth,
2) Selection based on net energy gain on basis of single prey ex—
periments, where either the prey type offering greatest net energy
gain at the density in the prey combination, or the prey-offering largest
.'% values shouid be selected.
3) Selection based on prey offering largest energy gain per individual
prey item.
4) Selection of first capture based on predator rest position as in
model 1, second and subsequent captures based on predator position during
handling (worke§ out as iﬁ 1).

5) Selection based on relative prey abundance, assuming random encounters

for all types and no preference.
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6) Selection of first capture as in model 1, after this capture,
predator rises to surface so that all prey types have been encountered,
second and subsequent captures are then based on energy gains.
7) Selection based on probability of successful capture ﬁn random
encounters, worked out by multiplying proportions of successful pursuit,
attack and captures for each prey density used.
8)_ Selection based on predaﬁor position as in Model 1 modified by
success of capture as in Model 7.
9) Selection based on combination of predator position (Model 1) and
relative prey abundance (Model 5), assuming no preference.
10) Selection based on combination of success of capﬁure (Model 7) and
relative prey abundance (Model 5).
11) Selection based on a combination of Models 8 and 5.
12) Selection based on a combinaﬁion of Models 4 and 5.
13) Selection based on a combinatioﬁ of Models 10 and 4.

The predicted proportions of each prey captured given by these
Models, are presented in Appendix XX.
V. 5.2, Results

The proportions of each prey type captured at each capture of the
catch sequence'are shown in Tables 5.4,5.5and 5.6. The differences be-
tween numbers of each prey type captured have been tested by X2, and
the significance is shown in the Tables., It should be noted that with
N. obliqua and later captures in the catch sequence of the other two
. predators, lack of significant differences between proportions of prey

types selected, is due to the low numbers of captures made.

a) N. glauca (Table 5,4.)
In the complex environment, selection of prey by N. glauca does not

show any stromng constant preference for one prey type, but the preference

seems to change with relative prey densities. This indicates, in these



Table 5.4 Proportion of each prey type captured by N. glauca with different prey combinations in both environments.

Differences tested by 2 on raw data, and significance shown. M = Musca, G = Gammarus, Q = mosquito larvae

Complex CAPTURE
Combination, 1 » 2 3 4 5-9
5 Musca Q 0.636 0.739 0.722] 0.667] ©0.53 ]
G n=33 o.273]g'$5 n=23 0.13 %g'gig n=18 0.166]:'2?g n=15 0.2 ]2°2§g n=17 0.294 | n. sig.
M 0.091}°* 0.13 |™ 0.11 [PeSi8. 0.133]™-518- 0.176 |
20 Musca M 0.148]0 1 0.428 0.5 0.16 1 sig 0.25 | = ig
8 n=27 8'237}n.51g. n=21 8.228 MeS18e  p=10 8‘5 ] sig. n=60 8'83 n=8 8‘75
¢ N ¢ 0.5 -
5 Gammarus  Q 0.643] ) 1 0.562] s 0.647]. o 0.454] . 0.69 1 .
T Mn=28 0.107;°-7 n=24 0.375{0°%18 0,01 |0,2941*%8: n=11 0.454|™ S8+ 0,05 |0.31 [P S8
G 0.25 |n-sis. 0.083]%:%° 17 locoss . 0.09 | n=13 l0.0 !
20 Gammarus  Q 0.468] . 0.55 ]*v 0.58 0.6 ] 0.50
— G n=32 0.406]8';;8' 0.05 [0.3 S8+ pa=12 0.167]0’1 n=10 0.2 |n. sig. n=12 0.25 [n. sig.
M 0.125]°" n=20 0,15 0.166) 518" 0.2 | 0.25 |
10 Mosquito  Q __,, [0.375 | 0.45 0.643]_ . 0.33 7
Mo 3§g[8.156%8'8g n=20 0.3 |n.sig. n=l4 0.35 %8'8;3' n=12 0.44 |sig.
¢ ™ .468|°° 0.25 | ... 0.0 | 0.22 |
50 Mogquito  Q 0.75 0.625] 0.643 0.66 . 0.73
M n=28 0.07 ]0‘091 n=24 0.2549°03 ;.14 0.143]°°2? 0.05 [0.25 ]2'218' n=22 0.18 ]g'oiig
G © 0.178)"-818- 0.125]0-sig- 0.214)P*518+ =12 lo,083|P-S18- 0.09 |™ si&

‘EYT



Table 5.4 (Continued)

Simple CAPTURE |
Combination. 1 2 3-4
5 Musca M 0.848 0.682 0.5
Q n=33 0.152%8'8‘5’1 =22 o.zn%g'gg a=8 0.5 ]n.sig.
G 0 . 0.045]"° 0 ,
20 Musca M 0.906 0.88 1.0 ]
Q n=32 0-09"}2’2‘22 n=25 0.12 %g";‘i’; a=9 o JO0-01
G 0.0 |Pe5i8e 0 *+S18. 0
5 Gammarus M 0.848 0.826 0.625
- Q n=33 o.152{8-gc5>1 n=23 o.13o%g-gg; 0.05 [0.375]n.sig.
Ne! o0 : _ 0.043j"*°t8* n=g Lo
20 Gammarus M 0.906 0.75 0.89']
EEEE Qe ool a0 }g-gg L e
G 0 . L] O L] o * [ ]
10 Mosquito M 0.935 0.815 -o.75]
~ Qun=31 o.oss}ﬁ'g‘i’; n=27 0.148]2'218 0.05 L0.25]:‘1'22'
.G . .. 0.0 *Sree 0.037] """ 7 0 $SEEe
50 Mosquito M 0.844 0.75 0.05 70.77 .
Q n=32 o.156]8°8‘5’1 n=20 0.25 ]g'gg =9 0.23]2'5%3'
p 0.0 ] . 0 ]0- P ] .sig.

AT
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experiments at least, that prey selection is not being based on net
energy gains, calorific value of prey or-% values, so the models in-
corporéting these factors need not be examined.

On the whole, a larger proportion of mosquito larvae are captured
than of the othgr two prey, which is most apparent with high mosquito
combinations, and least with low mosquito combinations. The proportion of the
other two prey captured seems to increase in combinations of high densities
of these prey. The most likely explanation of such selection is on the
basis of relative abundance of the three prey, and there is a significant
fit with the observed data and the predicted proportions of Model 5 over
the first few captures (Appendix XXI). The fact that Gammarus is generally
taken in greater proportions than.Musca at the first capture and vice
versa for subsequent captures suggests selection may be based on predator
and prey overlap in microhabitats, and Model 12 provides as good a fit

as Model 5 to the observed data. This model also predicts the switch

in preference between Gammarus and Musca from the first to subsequent

captures, which Model 5 does not. Prey selection may also be influenced
by success of captﬁre, as Model 10 (combination of prey abundance and
success of capture) provides quite a good prediction of prey selection
for the second and subsequent captures though not for the first., No
other models provide a good fit to the data.

In the simple environment, prey selection is very straightforward,
‘with strong selection of Musca, a small proportion of mosquito larvae
taken, and practically no Gammarus captured. This selection can be
most+easily explained on the basis of selection for greatest net energy
~gain, 1argesf'%.va1ues or greatest calorific gain from an individual
item, i.e. Models 2 and 3. As no such selection was shown in the complex

environment, alternative explanations should be considered for the

results in the simple environment. On the basis of optimal diets,
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prey should either be totally'included or totally excluded from the
diet (Pyke et al (1977)), but the results indicate there is partial
inclusion of mosquito larvae, All of the models other than 2, 3 and
6 are constructed on the basis of no preference for any prey type,
and prey are attacked as‘enéountered. If there is a weak preference
for Musca over mosquitos, then any model including predator position (e.g.
Models 1 and 4) could predict the observed results when proportions
of Musca captured are increased at the expense of mosquito proportions.
The proportions of Gammarus taken in the first captures are most closely
predicted by a combination of predator position at rest and success
of capturé (Model 8), and for subsequent captures by any model in-
corporating predator position during handling (i.e. Models 4, 12 and
13). It thus appears that a combination of predator/prey overlap in
microhabitats and weak preference for larger prey control prey selection
in the simple environment.
b) N. maculafa (Table 5.5).

In the complex environment, there is again no clear preference for
any one prey type, indicating energetic gains etc., are not very im—
portant in controlling prey selection, as on this basis, in no com~
binations should mosquito larvae be selected, The lowest level of
prey captures in all prey combinations is of ééﬁﬁérus, and the levels
betweeﬂ'ﬁgiéi and mOSquito larvae vary depending on relative prey'
abundances, although there are no significant differences between the
. proportions of captures. These results as a whole can only be predicted
on the basis of combinations between predator position, success of
capture and relative prey abundances. (Models 1, 7, 8, 10 and 11 for
first captures}. Of these Models 7 and 10 provide the best fit (based
on success of capture and prey abundance), but Modéls 8 and 11 also fit

the observed proportions (Appendix XXI). The model based solely on



Table 5.5 Proportion of each prey type captured by N. maculata with different prey combinations in both environments.

Differences tested by x? on raw data, and significance shown, M = Musca. G = Gammarus. Q = Mosquito larvae,

Comglex

‘ Capture ‘ _
Combination 1 2 . 3 : : 4 5+
Q 0.41 0.533] . 0.6477 . 0.7 _. 0.777
5 Musca M n=39 0.384|n.sig. n=30 0.4 .]“'518' n=19 o.294]“'s?g' n=10. o.2]“'5%g' n=18 0.166] 0.01
— G 0.205 0.066)©0+01 0.05 l0.059)m 518 0.05 lo.1ln-sig. 0.055 | "-sie.
=7
M 0.562 . 0.55 1. . 0.545 . 0.4
20 Musca Q n=32 0.375]8'g;g' . n=20 0.25-%2'213‘ n=11 0.2721“°31g° =15 0'6}8'8;8.
— G 0.062]° 0.05 Lo,2 ™S8 . 0.182 - o I°
Q 0.514] . 0.407] _ . 0.6 . 0.58 0.736
5 Gammarus M n=35 0.428}3'813' n=27 . 0.48 %g.ggg, n=15 [0.33 %2'212' n=12 [0'33]T683§' n=19 0.21 %2'2ig
—— ¢ 0.057/"" 0.111°°%° - o0.05 lo.oesl™" 518" 0.05 L0.083)"" 0.05 |M°S18-
» : . =7
M 0.5 : 0.435] . 0.46 . .25
20 Gammarus Q  n=36 0.27812':;2' n=23 0.435%3'g;g' n=13 0.384}“°$*g' n=12 o.75}8'8§
— ¢ 0.05 0,222]7518- 0.13]°° '0.154 o |
76
M 0.564 0.05 0.48 . 0.05 0.58 . T0.56 .
10 Mosquito Q  n=39 0.33 ]g'gg n=25 0.32 ]g'z;g' n=12 .[0.33 ]2'212' n=9 0.33]“'Slg°
G 0.102]°" 0.2 )nesig. 0.083 |+ 518" 0.11]
Q 0.468]_ . 0.52 - 0.05 [0.625] _. 0.9 1, 0.768]4 o5
50 Mosquito M  n=32 [0.344]“'8%3' n=25 0.44 ]g'g;g' n=16 [o.zs ]2,:;g. n=10 0.1 %n'ggg n=14 o.2oa%n'sig'
G 0.05 Lo.187)"-sig- 0.04 10 0.125 )7 sig- 0 *S18. 0.683/™"

‘LYz



Table 5.5 (Continued)

Simgle
Capture
Combination 1 2 3
M o.su.] . 0.893 ] 0.875]
- n.sig. - 0.001 - 0.125 0.0!:3
5 Musca g n=35 g'ﬂ}.l 0.05 n=28 g.g;z ] n-sie. n=18 0125 11 s1g.
M 0.5 . 0.91 0.944 1,
20 Musca Q n-36 [0.33 ] n.sie. n=34 0.059 ] 3'2‘.1’;_ n=22 0.055 %n:‘;}g.
- G 0.05 0.166] PS8+ 0.0629 ] M 0
M  0.486 ) 0.903 | 0.944
.sl . N 0.001 0.01
5 Gammarus Q n=35 8.;»14} 3.058 n=31 8.096 ] n.sig. n=21 8.052 %n.sig.
- G .
M 0.527 . 0,903 ] 0.001 0.875 ]0 o1
- 1 - L] s L ]
20 Gammarus Q n=36 [0.305]] E.Eii. n=31 0.032 ] n.sis. n=19 0.125 Jn.sig.
—_ G 0.05 0.166 0.064 0
M 0.628 0.903 ] 1.0
0.01 0.001 0.001
10 Mosquito Q n=35 g.;gg% n.sig. n=31 8.096 ] n.sig. n=12 g ]
G 0.
M 0.389] . 0.903 ] 0.001 0.864] 0.0l
i D528 = . . n=28 0.1361 7.
50 Mosquito Q n=36 . 0.555 n=31 0.032 {p, O . . .
q c 0.055] 0.01 0.064 ] n.sig 0 ] n,sig

"8%¢
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predator position at rest does not fit the data (i.e. Model 1). Sim—
ilarly for subsequent captures, the best fit to the observed data is
predicted by Model 10 and when predator position at rest or during
handling is considered, poorer fits are apparent. It thus appears
that the main factors affecting prey selection by N, maculata in the
complex environment are success of capture and prey abundance, with
a smaller effect of predator position.

In the simple environment for the first capture, generally more
‘Musca are taken than mosquito larvae, except in high mosquito demnsity
combinations, where tﬁe'reverse is true. Very feW'é;m@;rﬁs are cap-
tured. Models based on predator position, success of capture and
relative abundance all predict similar proportions of prey captufed
to the observed data (i.e. Models 7, 8, 10 and 11) but of these, Models
7 (based on success of capture) and 8 (based on success of capture and
predator position) offer the best fits, models based solely on predator
position do not fit well with the data. The increase in proportions of
mosquito larvae captured in high mosquito combinations does indicate
some effect of prey abundance. In second captures, there is very
marked selection of Musca and very few mosquito larvae or Gammérus
are captured, and in subsequent captures, there is still strong selection
of Musca, but no Gammarus are taken. This appears to be selection on
the basis of calorific value per individual (Model 3), but as with N.
glauca these results can also be explained on the basis of predator
position during handling and a preference for Musca over mosquito larvae.
Thus, it appears that selection is based mainly on a combination of
~ predator position and success of capture, with a preference for larger
prey.

c) N. obligua (Table5,7)

Due to the small number of results, little can be deduced of prey



Table 5.6.

Proportion of each prey type captured by N. obliqua with

different prey combinations in both environments. Differences

tested by X? on raw data, and significance shown.

M = Musca,

G = Gammarus,

Q = mosquito larvae

Complex Capture
Combination 1 2 3
G 0.44 ‘ 0.29 0.285]
5 Musca M n=27 0.22|n.sig. n=17 0.529| n.sig. n=7 0.285| n.sig.
Q 0.33] 0.17 0.4281
. M 0.366] 0. 409 0.375]
20 Musca G n=30 0,366 |n.sig. n=22 0,.363|{n.sig. n=8 0.125| n.sig.
— Q 0.266] 0.227] 0.5 |
M 0.419] 0.476) 0.5 | n.sig
5 Gammarus Q n=31 0.322|n.sig. n=21 0.285|n.sig. n=8 0.5 0°05 )
- e 0.258] 0.238 0 ] .
G 0.577]O 05 0.44 1 . 0.4 |
20 Gammarus M n=26 0.153 n. . n=18 0,44 _0.05g. n=5 0.2 n.sig.
' Q 0.269 7" 518" 0.1 % 0.4
G 0.516] . 0.375]n o1 0.25 |
10 Mosquito M n=31 0,387 8';;%' n=16 0.5 0'053' n=4 0.5 n.sig.
Q 0.096]°" 0.125]° 0.25 |
Q 0.538]0 05 0.26 0.55 |
50 Mosquito M n=26 0.192] *"; n=23 0.435|n.sig. n=11 0.272] n.sig.
G 0.269]"" 518+ 0. 304 0.18 |
Simple Capture
Combination 1 2 3
M 0.517 . 0.682 . 0.615 .
8 Musca Q 2;23[0.31 ]3':;g° n=22 0.318]3'3;3' n=13 o.385] g'g;g'
G 0.17 Jn-sis- o - 0 |
M 0.724 0.857 0.66 T
20 Musca . Q 1=29 o.zoslg'gi n=21 o.143]°'21 n=4 0.33 | n.sig.
G 0.069]7-sie- o Jp-sis o
M 0.629 0.631 '0.625 | n.sig.
5 Gammarus Q n=27 0.33 %g‘gg n=19 0.368]3'8;8' 0.05/0.3757 | oo
G 0.0274"° 0 ] . n=8 10 1"
, M 0.613 0.875] 10,714 .
.0 .sig.
20 Gammarus  Q n=31 o.zzsjg'gi n=24 0.125 g si n=7 0.286] n z;g
G 0.161]7-518- 0 ] -sig. g 05l0 | P-sis-
M 0.655 0.869] 0.5
) . . 0.05 .
10 Mosquito Q n=29 0.206]0 O? n=23 0,131 - n=4 045 J N,Sig,
G 0.137]n.51g. 0 ]n.51g. 0
M 0.586 0.65 0.539 [ _ _.
50 Mosquito  Q n=29 0.31 ]g'gg n=20 0.35]3’;;g° n=13 0.461 ) o' 518"
G 0.103]° 0 ] : 0o - ] .

250,
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selection by N. obliqua in the complex envirpnment, however, the

general trends can be observed. As described for N, glauca and N,
maculata, selectiqn is not being based on energetic gains etc., as
described in the optimal diet theory. There does appear to be an

effect of relative prey abundance for the first captures, where at low
density combinations, the particular prey is caught in the smallest
_proportions, but at high density combinations, it is caught in the
greatest proportions. Although the predictions of Model 5 fit the data,
the fit is not particularly godd (Appendix XXI). None of the other models
appear to give an accurate description of the general trends shown by

N. obliqua. The relationship between Musca and Gammarus proportions in
the different combinations is however demonstrated by Model 11 (based

on predator position at rest, success of capture and relative pfey abun-
dance), but this model, based on no preference for any prey, predicts
high proportions of captures of mosquito larvae, which does not occur

in the results, It may be possible’that there is weak preference for
large prey 1i.e. for'éammarus at depth and for'ggggg at the surface at
the expense of the small mosquito larvae.

The increase in proportions of'gﬁggg captured for the second captures
also reflects the predator position during handling, with increased timé
spent at the surface. Very few captures were made in subsequent stages
of the catch sequence, so no conclusions have been drawn.

Of the first prey captured by ﬁ.-obligua in the simple environﬁent,
the largest.proportion are Musca, the lowest Gaﬁmarué, with evidence of
increased proportions of abundant prey taken. In subsequent captures,
Gammarus are effectively dropped from the &iet,'gﬁggi still being taken
in the greatest proportions. This selection can be most easily explained
by a combination of predator position, where most of the rest time and

all of the handling time is spent at the surface (Model 4), and a weak
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preference for Musca over mosquito larvae, as described in the previous
paragraph, which may be affected by the relative abundance of the two
prey.
V. 5.3. Conclusion

In the complex environment, the most important factors affecting
prey selection by N, El#uca appear to be overlap in predator and prey
positions and relative prey abundance. For N, oﬂligua the additional
factor of success of capture appears to affect prey selection as well, but
for N, maculata, success of captﬁre and rela;ive prey abundance appear
to be the most important factors, pred#tor position of secondary im-
portance. In the simple environment, overlap in pfedator and prey

positions and success of capture seem to be the most important factors

affecting prey selection by'N;:giAUCQ and'N.‘maculéta, with a weak pre-
ference for larger prey being superimposed on these factors. 'N.‘ébiiqua
seems most affected by predator position and prey abundance in its
selec;ion in the simple environment, and appears to show a preference
for large prey in both environments.

The apparent preference for larger prey by the three predators in
the simple environment, and by N. obliqua in the complex one as well,
could be due to a number of factors e.g. larger prey creating a greater
disturbance; giving a greater contrast to the environment, or providing
a greater calorific gain to the predator per individual, than smaller
prey. These preferences may also occur in the complex énvironment with

N. glauca and N. maculata, but are being obscured by the accuracy of

other factors in predicting prey selection.

The fact that the predators do not seem to select prey by the
optimal diet rules for maximising energy gains in time, tends to suggest
that these predators do not appear to optimise their diet on this basis.

Similar findings are reported by Gittleman (1978), where Notonectids
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did not select for prey size as would be expected for an optimal diet.
Instead, he suggested that Notonecta species select prey of the most
familiar size. This is similar to Charnov's risk hypothesis for mantid
prey selection (Charnmov (1976)). Charnov suggested that rather than
oﬁtimising energy/time, the marntids were minimising risks associated
with stalking prey, such as detection by predators, displacement from
hunting perch, and attack of unsuitable prey. It may. be that Notonectids
are subject to the same risks, and select prey on this basis, but also,
within these constraints, some preference based on energy reward may
be shown when several types of prey are available within the predators
micréhabitat at the same time,

Prey selection shown here basically sdpports the conclusions of
Ellis and Borden (1970) for N. undulata and Gittleman (1975) for Bueno

antigone and Martarega hondurensis (family Notonectidae). In both studies,

the authors concluded that prey selection was based on maximum overlap
of predator and prey microhabitat, and also on the ease of prey capture
in the former case, and greatest coﬁtrast in the latter case, Gittleman
(1975) also predicted that the differential prey selection based on
differences in predator position could allow coexistence between the
two genera of Notonectidae used in his study. In the present study,
different prey selection between the three'predatofs is apparent in
the complex environment, where there is differential use of space, but
not in the simple ﬁne, where there is similar use of space. Other
studies also suggest, as does the present one, that relative prey abun-
dance (Murdoch (1975)), and success of prey capture (Gittleman (1978))
are also important.

One can conclude that differences in predator behaviour (including
use of space, success of capture and résponse to prey density, which

seem to control prey selection) between the three predators, appear to
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be large enough in complex environments to allow differential prey
selection and on this basis, coexistence, while in simple environ-—
ments, competition might be expected, where the most efficient pre-

dator is likely to dominate.
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Chapter VI

Morphometric constraints on the Predation Strategy

Vi.1. Introduction

As was mentioned in Chapter I (Section 1,1.3), for many measure-
ments of animals, the optimum with respect to survival is usually near
the measured mean value (Holling (1964)). It is thus likely that diff-
erences in habitat and prey selection between similar species may be
expressed in different sizes and forms of body parts utilised. As we
are interested, in this study, in foraging behaviour, the study of mor-
phometrics in this case will naturally be confined to organs and limbs
used in this behaviour. This will include a comparison of measurements
made of body parts associated with locomotion, prey capture, and to some
extent prey recognition.

VI.2. | Locomotion

VI.2.l.Introduction

When a body moves through a fluid, a force known as drag, acts
backwards on it, resisting its motion. Drag on a body is given by the
following equation:—

D=1} puZACD

Where D is the drag, p is the fluid density, U is the velocity of the
fluid relative to the body (or in other words, the velocity of the body

in a stationary fluid), A is the frontal area of the body in the direction -
of flow and CD is the drag coefficient, which depends on the body shape

and the Reynolds number (Alexander (1971)). The Lkarger this value of D,
the lower the swimming efficiency. The value p for water equals 1.00.

As all Notonectids are of a streamlined form (more or less rounded at

the front, and tapering gradually to a point at the back) the drag co-

efficients are low. The Reynolds number itself, is derived from the relation-
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ship:-

pua , vwhere p and n are the density and viscosity of
the fluid, u the :ean.velocity of the body, and a, the body length in
the direction of the flow. Fér water, p = 1.00, n = 0.01 (at 20°c
Alexander (1971)). Unfortunately, no data is available on the mean vel-
ocities of the different species of Néiééééié. However, if one assumes
similar velocities are possible, then a comparison of the general mag-
nitude of the drag forces and efficiency of locomotion can be derived
by considering the values of A and a, i.e. the frontal area and the body
length, As A increases, so D increases, and likewise as a gets larger,

so CD will increase, and this, in turn, increases the size of D. However,

as Alexander (1971) points out, for the water beetles Aciluis and Dytiscus

(a similar size to Notonectids, and a similar rowing form of locomotion),
the>Reynolds numbers at which both beetles swim are in the range where
drag coefficient is more or 1e§s independant of the Reynolds number for
streamlined bodies. Thus the largest effect on drag will be caused by
the size of A, the frontal area.

Another method of examining the efficiency of locomotion has been
discussed by Gittleman (1974). He considered the metathoracic swimming
leg of several genera of Notonectids as a simple lever system, with the
fulcrum at the articulation between the Erocﬁanter and the coxa (Fig 75B).
Muscle insertions on the proximal end of the trochanter supply the force
for swimming. The resultant force applied to the water (Fr), can be
derival from the following equation:— |

Fr = B.l. Fm
Ry

s where Fm is the muscle force, R; is the length of the lever arm (the
distance from the fulcrum to where the force is applied) and R; is the
total distance from the fulcrum to the area where the resultant force is

applied. The ratio El.is termed the mechanical advantage. In the Not-
. %
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onectid leg, R; is the distance from the trochanter-coxa articulation
to the broximal end of the trochanter,band Ry is the total length of
the hind leg from the trochanter-coxa articulation to the distal tip
of the tarsi (not including the tarsal claw).

A low mechanical advantage is considered as an adaptation for
increasing mobility, with sustained rapid but weak leg movements, where-
as an increased mechanical advantage allows stronger action in the form
of short bursts of rapid acceleration, which is unlikely to be sustained
(Alexander (1971), Gittleman (1974)).

An examination of tﬁe ratio of leg length and body length can also
give a hint as to the locomotary efficiency; where a large value (greater
than unity) would be expected with weak but sustained movement, and a
lower/value (less than unity) would allow strong actions from the leg
- (Gittleman (1974)).

VI, 2,2 ReSulté

Table 6.1 shows the results of the analysis of the above parameters
for the three species of ﬁéébﬂé;fé used in this study.

‘From the results, it is clear that N;véﬁiiqué is likely to experience
the greatest drag force wﬁen swimming; as botﬁ frontal area and body
length are significantly greater than the other two species. There is
but N. glauca has a significantly longer body, thus may experience slight-
ly greater drag than‘N.qﬁ;;;iéfé.

In his measurements of tﬁe mechanical advantage of several different
genera of Notonectidae, Gittleman (1974) reported values ranging from
0.026 to 0.051, The two species of the genus Martafega studied, showed
values of 0,028 and 0.026, These species are found in flowing water,
feeding on insects trapped in the surface film, and the low mechanical

advantage is described as being an adaptation for maintaining position

in the water with small, rapid locomotory movements. At the other extreme,



Table 6,1

Table comparing relative measurements of body parts associated with locomotary efficiency

between the three Notonecta species.

*%% = 0,001, ** = 0.01,

(Significance of differences tested by T test,

* =0.05 species underlined show no significant differences.)

MEASURE N. glauca - N, obliqua N, maculata Significance
n=-31 : n-27 n-18 dekk
FRONTAL AREA 0.2027+0,009 sq.cms, | 0.264+0,0071 sq. cms. | 0,2058+0.006 sq. cms, eb-mac. gl.
‘ n=31 n-27 n-21 kkk Fkk
BODY LENGTH 1.543 +0.031 cms. 1.729+40.028 cms. 1.469 +0,028 cms. ob-gl-mac.
n=-25 n-27 n-21 *%
BODY WIDTH 0.499 +0.028 cms. 0.52740.011 cms. 0.5038+0.0119 cms. ob-mac. gl
n-26 n-27 n-21 kkk %
BODY DEPTH 0.410 +0.007 cms. 0.447+0,006 cms, 0.425 +0.01 cms. ob-mac-gl.
n-39 n-=30 n-23 *kk Kk
Rz (leg length) | 1.559 +0,018 cms. 1.7116+0.0177 cms. 1.5756+0,016 cms. ob - mac - gl
n=39 n-29 n-23 *k %k
R; (lever arm) 0.0665+0,001 cms., 0.0754:9.0014 cms. . 0.0663+0.001 cms. 6b - g1 mac
Leg Length n-31 n-27 n-21 hhk  kkk
Body Length 1.0161+0,0165 0.993 +0,0162 1.076 +0.0179 ‘ mac - gl - ob
Ry n-39 n-29 n-23 *kk
Rz 0.0427+0.0005 0.0441+0,0005 0.0421+0.0004 ob - gl pac

*6S¢C
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the four species of the genus Bueno studied, showed values ranging

from 0.036 to 0.051. These species live in static water, and feed
preferentially on free swimming prey, utilising a 'sit and wait' strategy,
thus the higher mechanical advantage is described as an adaptation for
rapid acceleration in pursuit of these prey items. The four species of
the genus Notonecta studied, showed values intermediate between the

other two genmera, ranging from 0.031 to 0,036, This genus is described
as spending more time at the surface than Egégé, and taking more terr-
estrial prey trapped at the surface, and so is described as represent-
ing an ecological compromise between tﬁe otﬁer two genera.

The values shown in Table é;ifor the.three British species of
Notonecta all fall in the range of values for‘Eﬁéﬁé in Gittleman's
study. Thus, on the basis of Gittleman's conclusions, these three species
of Notonecta are more adapted to rapid acceleration with strong leg
movements than to a more active but weaker locomotary form. Of the three
British species, N. obliqua has significantly the largest mechanical
advantage, tﬁere being no differenée in values between the other two
species.

The reverse is true when considering the leg length/body length
ratio, where N. maculata has significantly the largest value, and N,
obliqua the smallest. In Gittleman's study, the largest value was found
in Martarega (1.2 and 1.33), there being little diffe:ence’between

Notonecta and Bueno, althbugh there is a tendancy for the value to fall

as mechanical advantage increases,

In summary, N. obliqua is likely to experience the most drag, possesses
the largest mechanical advantage, and the smallest leg length/body length
ratio, These three factors all suggest that N. obliqua is likely to be
the least active, with the lowest locomotory efficiency but the strongest
action over short periods of rapid acceleration. In contrast, N. maculata

probably experiences the smallest drag, the lowest mechanical advantage
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(although not significantly different to that of N. glauca) and the
highest leg length/body 1éﬂgth ratio. These three factors again re-
inforce each other and suggest that N. maculata is likely to be tﬁe most
active of the three species, with the greatest efficiency ofvlocomotion?
but perhaps the weakest activify over short periods of rapid acceleration.
N. glauca seems to fall inbetween the above two strategies, and although
it has the smallest frontal area (although not significantly different
from N. maculata), it has the second largest body length, the second
largest mechanical advantage (again not significantly different from N,
maculata), and the second largest leg length/body length ratio. These
findings fit in well with the respiration data, where the highest res-
piratory values are found in N. obliqua after é percentage of time for
activity of 37, and this species also shows the steepest respiration
rate/activity curve indicating the largest increase in rate with activity
of the three species i.e., lowest locomotory efficiency. N. maculata,
although having a higher rate of oxygen consumption up to 20% time activ; than
N, glauca,it has a shallowew slope to the curVe,.énd a lowef overall respiratory
rate over longer periods of activity, indicating the lowest effect of
activity on the respiratory rate i.e. highest locomotory efficiency.

These morphological and physiological differences may explain the
differences in success of the various components of the attack sequence
between the three predators (Chapter IV, Section IV.3.,1.). The fact that
lN. obliqua appears to be the gtrongest swimmer over short distances, has
greatest costs from prolonged activity, and generally has a relatively
small reaction area, may explain the high pursuit success (Section IV. 3.1.
3.), where N. ébliqua has éossibly adapted a strategy where short, rapid
and successful pursuits are made, reducing energy loss. On the other hand,
N. maculata has the largest reaction area, most efficient, but weakest
locomotory potential, and lowest active metabolism, so can afford longer

pursuits and stalks, and suffer the lower pursuit success found, without
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incurring too large an energy loss. N, glauca apéears to fall in-
between,

Likewise, a successful attack requires a rapid strike, and on the
basis of the morphology of the locomotory systems of the three species,
one would expect N. obliqua to show the greatest success, and N, maculata
the lowest. The resulés in Section IV.3.1.3. indicate that the first
prediction is generally correct, but N. maculata generally has a greater
attack success than N. glauca, except with small prey. .

VI. 3. Morphometrics of the prey capturing limbs,

VI. 3.1. Introduction

As was discussed in Chapter I, Notonectids capture prey with the
first two pairs of legs. A comparison of the relative sizes of these
legs amongst the three Notonectid species in this study may give further
evidence for morphological adaptations to reduce competition, in the
actual size of prey each species can handle, (as suggested by Streams
(1974)).

In a classic study, Holling (1964) considered the grasping foreleg

of the mantid Hierodula crassa. It is a simple grasping mechanism, a

fundamental feature of which is the locking device formed by the femur,
the tibia and the tibial hook. Holling predicted the optimum size of
prey from the geometry of this locking device, compared this to actual
prey sizes selgcted, and showed an extremely close fit between predicted
and observed size selection. In Notonecta, the grasping mechanism is
more complex. The prey is locked between the ventral side of the body,
the femur, .the tibia, the tarsus and the tarsal claw (Fig. 75A). The
two pairs of legs also act together to form a four cornered grasping
mechanism,

Gittleman (1977) considered the raptoral legs of Notonectids and
Pleids as simple levers, where the main force will be applied from the femur

to the tibia and tarsus, and acts at the tarsal claw. He suggests that long
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raptoral appendages (R, large — see Section VI.2.), lacking a pro-
portionate increase in the lever arm (R;) length, have lower mechan-

ical advantages and so, are capable of weaker, but faster movements than
appendages with higher mechanical advantages. It is suggested this is

an adaptation to the capture of small, mobile prey as in the Bueno genus.
Conwersly, it is suggested that short raptoral appendages with a large
mechanical advantage are more suited to handling relatively large prey,
capable of some defensive struggle, as in the gen;s Martarega, feeding
on terrestrial insects falling on the water surface. In the former case,
the femur length is less than half the length of tibia and tarsus com~
bined, each of fhese two segments as long or longer than the femur. With
high mechanical advantages, the femur tends to be'larger than each of

the tibia and tarsus, as in Pleids which can handle larger prey than
similar sized Bueno individuals. In both cases, the femur of the second
pair of legs is proportionally longer than that of the first, indiqating
a larger mechanical advantage, but slower speed of movement, However,
given equal mechanical advantages, the longer the raptural limbs, the
larger the prey item that can be handled.

VI. 3.2. Results

Table 6.2shows the measurements of the first two pairs of legs
for all three species of Notonecta used in this study.

The values of the ratio of femur length/total leg length indicate
for all three species a relatively large mechanical advantage, as the
femur clearly contributes the largest proportion to the total leg length
and is longer than either tibia or tarsus (c.f. Pleids ). This seems
to indicate that all three species in the adult stage are adapted to
handling relatively large prey which are perhaps capable of some de-
fensive struggle.

There is no significant difference in the ratio of femur length/

total length between the three species, indicating the likelihood of



Table 6,2

Table showing relative lengths of prey catching appendages. (Significance of differences tested

by T test, *** = (0,001,

** = 0,01, * = 0,05,

species underlined are not significantly different)

SPECIES N, glauca N. obliqua N, maculata Significance
n—-27 n-28 n-19 kkk  hkk
TOTAL LENGTH 1st pair 0.8822+0,0132 cms. 1.0143+0,0114 cms., 0.8336+0.0118 cms. ob - gl - mac
OF LEGS n-26 n-28 n=-20 . kkk  kkk
2nd pair 1.0646+0,0149 cms., . 1,2096+0,018 cms. 1.014 +0,0086 cms. ob - gl - mac
n-30 n-27 n-19 kkk  kkk
lst pair 0.3566+0.0054 cms. 0.4053+0,0042 cms. 0.3347+0.0047 cms. ob - gl - mac
LENGTH OF FEMUR ' n-30 n-27 n-21 *kk  kkk
2nd pair . 0.449 +0.0071 cms. 0.5114+0,0073 cms, . 0.429 +0.0069 cms, ob - gl - mac
: n-30 n-29 n-19 *kk
- LENGTH OF lst pair 0.0533+0,0023 cms, 0.0541+0,00179 cms, "0,0428+0,0023 cms., ob - gl = mac
" TARSAL CLAW n-29 n-29 - n=21 *kk
2nd pair 0.055 +0,0028 cms. 0.0525+0,00276 cms, 0.0455+0,00258 cms. gl - ob - mac
RATIO FEMUR 1lst pair 0.404 0.3996 0.4015 n,sig.
TOTAL LENGTH .
~ 2nd pair 10,4217 0,4228 0.423 n.sig.
: 0.3004 0.3122 0.2422 *k  kkk
ROSTRUM ‘LENGTH 40,008 +0,008 +0,0054 ob - gl - mac

‘%92
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similar mechanical advantages. Also the ratio is larger for the second
pair of legs than the first, indicating as suggested by Gittleman (1977),
a stronger, but slower grasping movement in the second pair. This fits
with observations on the actual capture of a prey item, where an initial
rapid grasp is made with the fore limbs, and the prey item is then hLeld
secure with the aid of the second pair of legs (strength rather than
speed of movement being more important).

As the mechanical advantages of the three species appear to be
similar, it .can be assumed the 1onger raptural limbs can optimally handle
larger prey items. On this premise, further reduction in competition .
may occur in choice of prey size, as N. obliqua has significantly the
'largest legs and would be expected to capture larger prey than both the
other two species, and'N.:maculata has the shortest legs and would be
expected to capture relatively smaller prey. N;Aglaﬁca again falls
between these two. The length of the rostrum also supports this idea,
with N. obliqua having the longest, N. maculata the shortest and N, glauca
falling between the two again (Fig. 75C).

Gittleman (1978) also found, as expected, that an'increase in prey

size decreased success of capture by Neoplea and Notonecta. One would

expect, on this basis, that the larger the prey catching appendages, the
greater the success of capture would be on a certain sized prey. This
prediction is verified to some extent by the results of Section IV, 3.1.4,
"where N, obliqua, with the largest prey catching appendages, generally
shows the greatest caﬁture success of the three predators., On this basis,
one would expect N. glauca to have a greater success than'N. méculata _

but this is not generally so. The difference in size of the prey catching
appendages of these two predators may not be large enough to affect capture
 success, or other factors may operate.

The relative size of these appendages, and the physiological differences,

may well explain the differences in proportion of time spent at depth
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during handling in the complex environment by the three predators

(Section IV. 4.2,2.). N. maculata shows the smallest froportion of

time at deﬁth during handling, which could be due to the small raptoral
appendages not allowing grasping of perch sites as easily as in the

other prédators during feeding. Although N. obliqua has larger appendages
than N, glauca, it also has a high active metabolic rate, which may
handicap it in carrying large prey down to perch sites. This may explain
why the proportibn of handling time at depth in the complex environment

is generally shorter than that for N. glauca, and why this species shows such
a low proportion of time at depth during rest in the simple environment.

Gittleman (1974) points out that smaller fore and mid legs probably

present less resistance to water, as they can be tucked more easily out

of the way, thus streamlining the body to a greater degree, which increases
the efficiency of swimming. This adaptation was found in'ﬁartarega, which
also had the lowest mechanical advantage. A similar fin&ing is apparenf

in this study; where N. maculata, apparently the more active and efficient
. swimmer, also possesses the smallest foré and mid legs.

VI. 4. Prey Recognition

In Chapter I, two types of organs involved in prey detection were
described, namely tactile organs for detection of water disturbances, and
eyes for visual recognition of prey. No differences in the external
morphology of the tactile organs were found, and one can only assume
that if differences do exist between species, they will be found in the
sensitivity of these organs, The size of the eye, however; is often a
good indipator of the visual ability of the animal and its importance.
Large eyes are usually attributed to better visual powers, and indicate
that these organs.are likely to be the main sense organs (Chapman (1969)).

The size of the eyes of the three species of Noténecéé studied, in
terms of surface area (length x height, Fig., 7C) were examined, and

the results shown in Table 6.3.
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SPECIES | N. glauca N. obliqua N. maculata Significance (T-test)
AREA OF n-27 n—-27 n—-18
Kk *%
EYES 0.0355cm2 0.042_3cm2 0.0385cm” ob,  mac, gl
© 40,002 +0,0011 40,0011

Ratio of

AREA OF 0.175 0.16 0.187

EYES

FRONTAL

AREA

TABLE 6.3 Table comparing the relative sizes of eyes amongst

the three Notonectid species (Significance *** 0,001,

** 0,01)
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N. obliqua has significantly the largest eyes, and N. glauca
the smallest. However, when size of the eyes is taken in relation to
‘the frontal area of the body, the order of size changes, with N, maculata
having the largest value, and N, obliqua the smallest. This relative
value is likely to be more pertinent to the problem than simply the
size of the eyes. Thiéjsupported to some extent by the results of light
and dark experiments in Chapter IV, where N. maculata feed more efficiently

in the light than in the dark, whereas the other two species showed the

;

reverse.,

It thus appears possible that a certain amount of reduction in com—
petition can occur on the basis of morphological differences, which when
added to other differences in the predation strategies, can help explain

habitat selection and coexistence in this genus,



269,

CHAPTER VII

THE CONTROL OF HANDLING TIME AND ITS EFFECT ON THE FORAGING STRATEGY

OF NOTONECTA

VII, 1. ‘Introduction

There has been much fecent discussion of the factors controlling
how long a foraging predator should spend in a patch of a certain
profitability. Two types of model have received a lot of attention.
One type suggests that the predator can monitor the relatiQe-resource
qualities of patches in the environment : the selection of and time
spent on patches is based on this knowledge (e.g. Charnov (1976(a) )
Krebs et al (1974), Krebs (1978)). Other models predict that the time
spent in patches is dependent on some innate responses the predator
makes to each patch on its own, and do not require the predator to
have a knowledge of the overall environmental profitability (e.g.
Hassell and May (1974), Waage (1978) ).

The construction of these models and description of the controlling
mechanisms have generally been based oﬁ'predators or parasitoids
utilising patches of resource consisting of different densities of
prey in discrete units, However, the way in which predators such
-as heteropterans utilise single prey items can be considered in a
similar way. Each prey item can be thought of as a patch in its own
right, from which the insect removes food over fairly long periods
of time. As food is removed, so the quality of the patch of resource
being utilised decreases, because the amount of food left in the
prey carcass, and its ease of extraction, decreases. After some period
of time, the predator will leave the patch (by dropping the carcass)
and go in search of another prey item.

One of the models in the literature which attempts to describe how
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the handling time (time spent feeding on an item) of Notonecta is
controlled, does so on the basis of optimal feeding ideas (Cook and
Cockrell (1978)). One way in which a predator‘can be said to feed
optimally, is by the maximisation of its rate of food intake (Krebs
(1978), Pyke et al (1977), Schoener (1971)). .In the case of a pre-
dator which engulfs the whole prey, this strategy would imply maximising
feeding

' the number of prey eaten per unit, time, given prey of equal size, In
the case of a predator which removes only part of each prey item caught
- (such as the sucking predators), optimal feeding behaviour would
maximise the rate of food extraction from each prey item and so max-
imise the total food extracted per feeding time.

The total amount of food extracted from a single prey item can
be shown to increase in a decelerating manner with time for Notomnecta
(see Chapter III Fig. 20 and Cook and Cockrell (1978)). This form
of patch depletion is similar to the generalised curve of diminishing
returns reported by Charnov (1976(b)), Krebs (1978), Parker and Stuart
(1976) and Schoener (1971). In other words, the rate of food extraction
from an individual prey item gradually decreases as the resources are
consumed (Fig., 76 ).\

After some time, the rate of food extraction from the prey falls
to near zero, and so the prey‘item should be discarded. In this situa-
tion, it is a sensible and an optimal strategy to release the prey
item before complete utilisation, and capture another. As the proba~
bility of finding the next prey increases, so the feeding time on
each item should become shorter, resulting in an increase in the
overall rate of food intake, i.e. a larger total weight of food is
extracted in a given time period than if each iteﬁ was fully exploited.

However, the same effect might be noted at high prey demsity simply

through the disturbance of the feeding predator by active prey in-
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dividuals. Thus, decreased handling time per. se might not be con~
clusive proof of optimisation.

The mechanism suggested by Cook and Cockrell (1978) which would
allow optimisation through the assessmenéf;his probability involves
the measurement of the mean intercatch interval (mean time from drop-
ping'a prey item to catching the next), the handling time for each
_prey item being determined by this value, such that each prey item
should be abandoned when the ingestion rate reaches that of the average
rate of energy harvest (i.e. similar to the marginal value theory
(Charnov 1976(a)).). The longer this ihterval, the lower the prob-
abilify of prey capture and the lower the average rate of energy
harvest, so the predator should use a rélatively 1ong handling time.
Overall, the weight of food extracted per unit time should be at, or
near, a maximum possible value, given the prey density and the time
available fqr feeding.

The other model, also proposed by Cook and Cockrell, involves
a process of gut-filling. Such a system would necessitate at least
a two compartment gut, where the first compartment fills at a faster
rate than it empties into the second compartment. (Similar models
have been proposed by Johnson et al (1975) Fig. 1(d) Chapter I ,
and Gelperin (1971) for damsel fly larvae and horse flies respectively).
It is assumed that each meal from each prey item fills the first comr
partment of the.gut, and the prey item is discarded when this compart-
ment is filled. During the intercatch interval, food leaves the first
compartment and enters the second., The length of the intercatch in—
terval determines how empty the first compartment will be at the start
of the next feed. This will control how much food can be taken in
and hence the handling time.

It is expected that mean intercatch interval should fall as prey
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density increases. It is therefore predicted from both models, that
mean handling time should decrease with increased prey demsity. The
two models, however, will predict different relationships between
individual intercatch intervals and the ensuing individual handling time.
No correlation between these two parameters is expected in the optimal
feeding model, as the handling time for all prey items caught at each
density is set at a value determined by the average intercatch inter--
val. The gut-filling model, however, predicts a positive correlation,
as handling time on each item is related to the time since the last
meal.

This chapter examines the prédictions of these two models in the
light of data from the present study, and introduces evidence for

additional mechanisms operating in the control of handling time in

Notonecta.,
VII. 2. Methods

For the consideration of the controlling factors of handling time
in Notonectids, the single prey experiments on mosquito larvae in
the complex environment offered the most suitable data, as sufficient
numbers of prey were captured (which was not true of experiments with
the larger prey). The experimental detéils have been discussed i#
Chapter II. The parameters of interest here were; the handling time
on each item (time from capture to release of préy item); weight of
food extracted féom each item (described in Chapter III); and the time
between release of one item after feeding and capture of the next,
measured duriné the continuous observation experiments., Data from all
six prey density tests were used, with nine replicates at each density.

Only the results from experiments with N. glauca (with the lowest

attack rate) and N. maculata (with the highest attack rate) have been
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considered in the main, but data showing several aspects of the feed-
ing behaviour of N. obliqua has been cited to show that conclusions

reached with the other two predators can also be applied to N. obliqua.

VII. 3. " 'Results and Discussion

Fig. 77 shows the predicted relationships between mean handling
time, mean intercatch interval and prey density, for both species of
Notonecta, where mean intercatch interval and mean handling time in-
crease as prey density decreases, which supports the similar findings
of Cook and Cockrell (1978). Their data, however, showed no relation-
ship between individual intercatch interval and individual handling
time (using Kendal rank correlation coefficient), which supported
the prediction of their optimal feeding model, but the data presented
here show a positive correlation, which supports the gut-filling

" model (Table 71.)

Table 71

CORRELATION BETWEEN INDIVIDUAL INTERCATCH INTERVAL

AND INDIVIDUAL HANDLING TIME.

Prey
N. glauca N. maculata
.Density. .. .. . .
70 , 0.0013 ]
- 50 0.003
30 0.00003
0.00003
10 0.0007
5 ~ 0.0071
2 : 0.2

Kendal rank correlation analysis between individual intercatch interval and

individual handling time. The table shows the significance of positive

correlation,
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By examining the mean handling times of each capture in the catch
sequence for each density (i.e. mean handling time of the first cap-
tures, second captures, etc.), a positive decay in the handling time
through the catch sequence is apparent for ali three predator species.
This decay is not constant but appears gradually to level off, Further-
more, analysis of variance indicated that the values of mean handling
timgs for each catch in fhe sequence do not differ significantly be-
tween prey densities. (This was spot checked by T test comparisons be-
tween density pairs, and only a very few comparisons, showing no trends,
were found significant.) The handling times for each catch in sequence
were therefore pooled to produce a single decay curve for each predator,
(Figs. . 78- 80).

The relationship between mean handling time and prey densitf_(Fig. 77),
can be adequateiy prédicted by a combination of the declining handling
time for each sequential capture (Fig. 78- 80) and the nﬁmber of prey
killed at each density (functional response data from Chaéter IV, Figs
?1-53). At low densities, only the first few prey in sequence are cap-
tured, resulting in a high mean handling time for that density. At
higher densities, where larger numbers of prey are caught, correspond-
ingly lower mean handling times result. Similar declines in handling
time through a sequence of captures have been found by Ellis and Borden
(1970) and Fox and Murdoch (1978) for Notonectids.

If it is assumed that the handling time will be gradually changed
in accordance with new and revised values of the mean intercatch in-
terval, then a handling time decay (and some level of correlation
‘between individual intercatch interval and. ensuing handling time) may
occur if there is a corresponding decline in the intercatch interval
through the catch sequence. The handling time decay could also be
predicted by the gut filling model if there is a similar decline in

the intercatch interval.
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The change in mean intercatch interval through
the catch sequence for
A) N.glauca at prey density 30

B) N. maculata at prey density 5.

95% confidence limits shown.
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The evidence from Fig. 81 does suggest a certain amount of decay
of the mean intercatch interval through the catch sequence, which
then appears to level off. Such decay in the intercatch interval
indicates an increase in searching efficiency, and can possibly be
explained on the basis of the formation of a search image; which be-
comes progressively more marked with experience gained from successive
captures. One would expect a full search image to be formed, and thus
a stable level of inter;atch interval to be reached, sooner and at a
* faster rate at high prey densities than at low, simply on the basis
of random encounters (as suggested by Gibb (1961)). As Fig., 82- 84
show,_this appears to be the case. It is interesting to note that

the formation of the search image seems to be most rapid in N. maculata

and generally slowest in N. obliqua.

It i; rather difficult in the present circumstances to ascertain
which of the two models gives the best explanation of the decline in
handling time. Current optimal foraging theory suggests a principle
of moving averages (e.g. Krebs (1974)) i.e. predators assess their
performancé over the last few minutes or hours, and so it becomes rather
important to know the size of this memory window (if it exists). The
present experimental design is such that the predator has been kept for
24h. without prey, and depending on the size of the memory window, so
all, part, or none of this period may affect the predators assessment of the
environmental profitability during the experiment. If the memory window
is long, differences would not be expected between mean handling times
at different densities or at different captures. If it is short, one
would expect such differences, as there will be large differences in
the average intercatch interval between densities, and between successive

captures in the sequence. The fact that there is both a decline in

mean handling time through the catch sequence, and no differences in
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LEGEND TO FIGS. 85 and 86

The relationship between individual intercatch interval
and mean handling time, assuming no satiation over the

catch sequence for N. glauca and N. maculata. The lines

have been fitted by linear regression.

95% confidence limits shown.

r = 0.76 sig 0.005
Fig. 86 N. maculata Y = 368.01 + 0.064X

r = 0.66 sig 0.02
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these values between prey densities suggests that neither of the above
two cases can adequately describe the present data. A memory window
of some intermediate length might however.

The gut filling model does gain some support. Assuming no satiation
over the catch sequence, all individual correlations (over all densifies
and captures) between intercatch interval and handling time, can be
pooled, and give a general positive relationship (Figs 85,86LThis creates
an apparent contradiction in the data, where there is a positive corr- |
elation between individual intercatch interval and handling time (Fig
87 and Table 41), differences in intercatch intervals through the
catch sequence between prey densities (Fig. 82— 84) but no such diff-
erences in handling times between densities. This can be explained by
the shallow slope of the intercatch interval/handling time relationship,
and the quite large variation in data of handling times between individual
predators, so that the differences in intercatch interval between densities
at each capture are not sufficient to significantly affect the handling
time values., This does indicate that there is some gut—-filling effect,
but it is obviouély not large enough to adequately explain the handling
time decline by itself,

An examination of the rate of intake for each capture in the sequence
for N. glauca appears to show that there is a gradual increase (Fig 88).
This suggests that this predator is gradually approaching a maximum
feeding rate as it captures more prey. This could come about passively,
where an increase in searching efficiency during feeding (through the
production of a search image) could actlon handling time through some gut-
filling mechanism, and due to the shapé of the extraction curve, could
thus affect extraction rate., Alternatively, if thg predator assesses

profitability through a memory window, then increase in searching eff-

iciency through the catch sequence would effectively increase profitability
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The rate of food intake for each sequential capture

by N, glauca and N. maculata with prey densities

2

5

10
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and 70

per arena.

(
(

Trend lines fitted by linear

Fig. 88 N, glauca

Fig. 89 N, maculata

®)

E)

regression.
0.0000479 - 0.0000049 X
0.56 sig 0.001

0.0000216 + 0.,0000068 X

0.56 sig 0.01
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and so handling time is decreased to allow maximisation of the rate of
intake under current circumstances.

- The widely fluctuating rates of intake for N; maculata over the catch
sequence (Fig. B89) show regions of stable rate, declining rate, then
increasing rate. These changes'would not be indicative of the present
optimal -feeding model, which would require the maintenance of a near
maximum rate of intake, or a gradually inéreasing one.

VII. 4. ‘Conclusion

The process of feeding in this insect is not as simple as described
by the optimal feeding hypothesis as it stands. Such models generally
are much too simple minded to appiy to such a variable predator as Notoneéta
(showing changing searching efficiency and extraction efficiency with
position of the prey in the catch sequence), and would need to in-—
corporate such variability before they éould adequately describe'the
behaviour of such predators. Processes such as increasing searching
efficiency through search image formation and gut-filling, though also
not completely explaining the results, may play a more important part
than the measurement of environmental parameters.

The present experimental design does not readily allow discrimination
between the two models. A much more critical test would be to establish
a 'steady state' predation over a long period of time at various constant
densities of prey, and then the true nature of the intercatch interval/
handling time correlation could be ascertained. Then, by transferring
the predator from one density treatment to another, the presence of a
memory window could be tested, and if verified, it's size measured.

That the predator is making better use of resources'én the whole, by
discarding prey items before their complete exploitation, cannot be
disputed. In Table 72, the right hand colomn shows actual weight

extracted, the left hand column shows predicted weight extracted with
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Table 7.2,

Net Intake Net Intake

Total Observed
Exploitation Exploitation

Prey
Density

N. maculata 70 1.08 mgs 1.291 mgs
50 1.172 mgs 1,613 mgs
30 1.055 mgs 1.354 mgs
10 0.84 mgs 1.031 mgs
5 0.67 mgg 0.828 mgs
2 , 0.48. mgs 0.549 mgs
N. glauca 70 0.66 mgs 0,809 mgs
50 0.66 mgs 0.896 mgs
30 - 0.66 mgs 0.809 mgs
10 0.55 mgs 0.511 mgs
5 0.66 mgs 0.511 mgs
2 N 0.266 mgs - 0,17 mgs

Legend A comparison between the observed net intake of food and the
" net intake predicted on the basis of total exploitation of

" each item caught,
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total exploitation of all items caught, on the basis of time for total
exploitation, intercatch intervals through the sequence, total time
available for feeding, and the amount of food extracted from a fully
exploited prey item. Although neither the optimal fofaging nor
gut—-filling models adequately describe the-present results,it is possible
that physiological processes, such as search image formation and gut-
filling either on their own, or through some modified optimal feeding
mechanism are providing the innate mechanisms which allow the predator
to forage in what appears to be a near optimal fashion.

This type of study shows the importance, when assessing whether or
not predators forage optimally, of examining in the first instance, the
processes involved in foraging in detail (which inclﬁdes an examination
of the physiology associated with the feeding processes), and then de-
termining how close this foraging is to optimal. Often, the reverse
procedufe is undertaken. A model is described where the only variable
factor is the set of behavioural strategies, and such factors as the
predator's structure, locomotary or perceptual skillsare treated as
constants (Maynard=-Smith (1978)). The variability in these and other
skills between individuals may play a fundamental role in predator/
prey population processes (Chesson (1978)). Large variation, as found
in all data with Notonecta, would not be predicted in most current optimal
foyaging models, due to the deterministic nature of the models and the
implicit assumption that there should, by definition, be only one optimal
solution under any given conditions. There has been a tendancy indeed,
to regard such variabiiity as noise obscurring the deterministic strategy,
as well as being a destabilising influence (Chesson (1978)). As Maynard-
Smith (1978) points out, in testing a model we are not testing the 'general
proposition that nature optimises', but testing whether we have 'correctly

‘identified the selective forces responsible for the trait in question'
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on the basis of the assumptions about constraints and optimisation
criterea made in the formation of the model.

Such models must attempt to incorporate the phjsiological processes
behind predator foraging and the variation inherent in such processes,
before they can adequately start to describe predator behaviour in

nature.
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Chapter VIII

Habitat Selection

VIII., 1. Introduction

The main goal of this chapter is to predict, on the basis of the
findings of the previous chapters, the type of habitat one would expect
to find each of the three predator species, and to compare these predictions
with the habitat selection observed during field sampling and with that
described in the literature. -
Table 8.1 gives a summary of the differences found between the three
predator species under a variety of conditions and for a variety of
activities which have been examined during this study. From this, one
can predict the sort of habitat which the predator might prefer or survive
and reproduce best in.

VIII. 2, Predictions of habitat type

VIII. 2,1. N, glauca
On the basis of feeding efficiency, the most suitable habitat type

appears to be a complex one. Net energy gains are higher and %-values
larger in the complex environment, and feeding rate is higher in dark
than in light conditions. The reduction in feeding efficiency in simple
environments may be partly due to a reduced pursuit success here cémpared
to that in the complex environment. When perch sites are availablé,

N. glauca also makes efficient use of them, by showing strong selection
for the plant edges, and for returning to the same plant and perch site.
Most rest time is spent at depth in sﬁch conditions and most captures
are made from here. Perch sites in the middle areas are preferred, and
as prey selection and capture seems to be largely dependent on predator/
prey overlap in space, one would expect habitats with sufficient numbers
and types of prey which inhabit or pass through these areas, to be sel-

ected by this species,



Table 8,1

OviEosition.
Food extraction
rate

Handling time per item

Summary of differences

Success of attack
Components

Prey—capture

Aggendages

Type of Attack

Attack Rate

N. Elauca

In plants

Slowest

Longest

Lowest pursuit
Success in simple for
large prey

Lowest attack success
except small prey in simple

Lowest capture success
except for Gammarus in
Simpleo

Intermediate length of prey-
catching appendages, most
similar to N, maculata
Intermediate rostrum length.

Generally greatest proportion
of pursuit attacks in complex
Affected by predator/prey
positions.

Generally shows lowest rate

between predators,

N, maculata

On solid objects

Highest rate for large prey

Shortest on largé prey
Same as Obliqua on small,

Lowest pursuit success in complex
and lowest pursuit success in
simple for small prey.

Intermediate attack success except
lowest in simple with small prey

Intermediate capture success

except lowest with Gammarus in
complex,

Shortest prey catching appendages
(perhaps catches smallest prey)

Shortest rostrum length

Shows greatest proportion of
pursuit attacks in simple.

Greatest rate with small prey
or with active prey in simple.

Cont.

N. obliqua

In plants or on supports

Highest rate for small prey
Intermediate in large prey

Same as Maculata on small

Highest pursuit success

Highest attack success

Highest capture success.

Longest prey catching app-
endages (perhaps catches
largest prey)

Longest rostrum length,

Shows lowest proportion of
pursuit attacks in complex,
Affected by prey abundance,

Greatest rate with large
prey or active prey in complex

*L6C



Table 8.1 (Continued)

Reaction
Area

Size of eyes

Light/dark
effects

Development
of search images

Net Energy Gains

Allocation of Time

Resgiration

Locomotion

N, glauca

Smallest reaction area from
perch or from surface.

Intermediate

Increase in feeding in dark
/

Intermediate development

Increased feeding efficiency

in complex both for N,E.G.

and E values, most marked for
T active prey.

Lowest NJ.E.G.

Least time spent feeding on
large prey, and on small prey
in simple.

Most active in simple.,

Lowest basal metabolic rate.

Intermediate efficiency

N. maculata

Largest reaction area from all
positions.

Largest relative eye size

No. sig. difference, but trend for
increase feeding in light,

Fastest development

Increased feeding efficiency in
Simple, most marked for active

prey.

Largest N.E.G. in simple.

Most time spent feeding on
small prey and on Gammarus in
simple.

Most active in complex.

Highest basal metabolic rate
Lowest effect of activity on rate.

Likely to be most active, exper-
iences least drag, shows greatest
efficiency of locomotion but
weakest swimmer,

Cont.. LN

N. obliqua

Smallest reaction area at
surface.

Smallest relative eye size.

Large increase in feeding
in dark.

Slowest development.

Increased efficiency at low

densities of large prey in

simple, no effect at high

densities of large prey.

Trend for larger E in simple.
T

Largest N,E.G. in complex.

Most time spent feeding on
Musca and on Gammarus in
o=re AL
simple.

Least active,

Intermediate basal rate,
Greatest effect of activity
on rate.’

Likely to be least active,
experiences most drag, lowest
locomotary efficiency, but

strongest swimmer over short

distances,
N
(Yo
[o¢]
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Table 8.1 {(Continued)

Use of Space

Position from which

response to prey made

N. glauca

Complex—nearly all rest at depth
simple-preference for depth at
rest, During feeding-reduced time
at depth.in complex strong pre-
ference for surface in simple.

Prefers near middle perch sites
Affected by prey position some-
what. Preference increase during
feeding.

Prefers plant edge,

Strong selection of same plant,
increased during feeding.

Strong selection for return to
same perch increased during
feeding.

Complex-most captures from depth,
affected ly prey type.
Simple-most captures from surface.

N. maculata

Complex-lowest preference for depth
at rest, Simple-strong preference
for surface at rest, Dung handling
strong preference for surface,

Selection of perch sites greatly
affected by prey position., During
feeding middle sites for top prey,
bottom sites for bottom prey.

No preference for edge or middle.

Weak selection for same plant,
increased with active prey, and
with feeding.

Weak selection for same perch, in-
creased with active prey and with ~
feeding.

Complex~more prey captured from
surface, Simple-most captures from
surface,

Cont.'...'

N. obliqua

Complex=strong preference
for depth at rest., Simple-
strong preference for
surface at rest. During
handling, preference for
depth in complex, for
surface in simple.

Preference for near bottom
sites, slightly affected

by prey position. Similar
preference during feeding.
Prefers plant edge

Strong selection for same
plant except with surface
prey. Selection increased
during feeding.

No selection for same perch
site with Musca,selection
with mosquito prey and
strong selection with
Gammarus. Increased with

feeding,

Complex-most captures from
depth, affected by prey
type. Simple-most prey
captured from surface.

*662C



Table 8.1 (Continued)

Prey Preference

N. glauca

Complex-1st capture. Main
selection for mosquito larvae
except high Musca densities,
Subsequent selection for

"Gammarus; least for Musca except
at high Musca density,

Strong
effect of predator position.

Simple—strong preference for Musca

N. maculata
Complex—early selection for Musca

later captures for mosquito, very
low selection of Gammarus

Simple-lst capture preference for

Musca, low preference for Gammarus

No feeding on Gammarus

Preference control mainly by
predator position and prey
abundance.

Subsequent captures strong pref-
erence for Musca

Preference control mainly by
prey abundance and success of
capture

N. obliqua

Complex-1st capture. Sel-
ection dominated by prey
abundance and predator
position, Subsequent cap-
tures, low selection of
mosquito larvae, little
difference for Gammarus
and Musca
Simple-preference for
Musca, very low pref-
erence for Gammarus

Preference control mainly
by predator position,
prey abundance and succes
of capture.

‘00¢€
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The low attack rate, long handling times and slow extraction
rate of this species suggests that it might only survive (and obtain
sufficient food for rgproduction) in habitats with high prey density (i.e.
prey rich habitats), and would not be able to exploit habitats with low
levels of food, or of unstable prey availability as would be found in
temporary ponds etc, The relatively large number of captures required to
maximise prey capture efficiency (perhaps through search image formation)
on one prey type also indicates that this species may not be adapted
to exploit environments with low prey diversify.

The preference for depth and the increased use of the same plant
and perch site during handling indicates that the predator may be re-
ducing the risk of capture by other predators while being increasingly
conspicuous during feeding. The small reaction area from perch sites
may be a similar‘adaptation. Such predators (e.g. fish) would be ex-~
pected in stable, complex habitats,

In summary, this predator species would be expected to select
compiex, stable, habitat types, with a large prey diversity and a high
and stable prey abundance, a large profortion of which will overlap in
microhabitat with the predator.

VIII, 2,2, N. maculata

On the basis of feéding efficiency; it appears that the most suit-
able habitat is the simple environment. There is both increased net
energy gains and %-values, and a trend for increased feeding rate in
light compafed to dark conditions. fhis difference may be partly due
_to reduced attack and capture success in the complex environment, espec-
ially with the most active prey.

When perch sites are available, N. maculata spends the lowest pro-
portion of rest time at depth of the three species and shows the least

efficient use of plants and specific sites, Perch selection during rest

changes with the distribution of the prey, and with several different”
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pPrey, is based on the distribution of the most active, Prey selection
seems most affected by prey abundance and success of capture. During
handling, practically all time is spent at the surface, partly due to
the small size of prey catching appendages (making it harder to hang
onto perch sites while feeding). This increase in conspicuousness, due
to the long time spent at the surface, would be a relative disadvantage
in complex stable habitats due to the pregence of other predators.

N. maculata generally shows the highest capture rate, shortest
handling times and fastest extraction rates of the three species of
predator., This could allow exploitation of habitats with low prey
availability, or temporary habitats, where su}fficient food must be
gathered in a short time period before the pond drie; out, (Thé ability

of N. maculata's eggs to undergo dessication and the rapid development

rate (see Chapter II) may be further adaptations to ‘temporary ponds).
This bug shows the largest reaction area (in part due to high
visual acuity ), the greatest locomotory efficiency and the lowest
active metabolic rate, which would allow this predator to exploit prey
widely distributed in the environment, The rapid maximisation of search-
ing efficiency (search image formation) may also be an adaptation to
simple environments, where few prey types are likely to be available,
The prey types that are available, will normally be either ones wit?
a short development time, bug occuring in fairly large numbers, or
terrestrial prey which become trapped in the surface film e.g. from
swarms of Dipterans etc., where several prey are likely to be trapped
at once,
In summary, this predator appears to be an opportunistic one, and
is apparently adapted to exploit simple and/or temporary habitats, which

have low prey availability and diversity. The increased comspicuousness

during feeding may also preclude this species from habitats with large
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predators.
VIII. 2.5. N, obliqua

There is generally no clear indication of which habitat should
be selected on the basis of feeding efficiency, as there is no effect
of environmental complexity on net energy gains with high prey demsities,
a tendancy for increased gains at low densities in the complex, but
for larger %-values in the simple environment. The predator was more
efficient in dark conditions though., In prey combination experiments,
there was also a trend for increased gains in the simple environment,
In the complex eﬂvironﬁent there is a strong preference for resting
at &epth from where most captures are made. Perch sites in bottom areas
are selected in single préy treatments but this preference is affected
with combinations of‘prey, and N. obliqua shows efficient use of the
. 'plants'. In the simple environment most rest time is spent at the sur-
- face, and all handling is spent there.

"'N. obliqua shows high rates of extraction for small prey, and
relatively high rates for large, relatively short handling times and
high attack rates, which could allow it to exploit habitats with rel-
atively low prey abundance. However, this species also shows a high
active metabolism, a small reaction area at the surface and has slow
increase in searching efficiency which suggests that this bug may not
be as well adapted for such simple conditions as N, maculata.

Selection of prey is largely dominated by relative predator/prey
positions and prey abqndance, but there is evidence for preference of
larger prey within these constraints,

In summary, this predator seems to be equally suited to simple
and complex environments as far as feeding efficiency is concerned,
though fairly simple ones, with at least some perch sites but with rather
greater pre& availability and diversit& than normal would probably be

the most suitable,
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It appears as though the three predators under study include two
specialists and one generalist, in respect of predicted habitat selection,
N. glauca being best adapted to complex environments, N. maculata to
simple environments and N. obliqua seemingly able to utilise both. On
this basis, one might expect some competition between the specialist
and generalist in the two environments. In the complex one, although
N. obliqua seems the better competitor in terms of foraging efficiency,
in the present study, the differences in morphology, physiology and be-
haviour seem sufficient to allow coexistance in the more complex natural
habitats, with high food availability and diversity. In the simple en-
vironment, there is much less scope for such resource division, and if
foraging efficiency were the only criterion, it is likely that N.”maculata
could outcompete N. obliqua, and so one would not expect coexistance be-
tween these two, even though there are such large differences in mor-
phology and physiology. It is also ﬁossible that coexistance between
" all three predators might occur given a sufficiently heterogenous habitat

in terms of complexity, prey diversity and distribution in some situations.

VIII. 3. Field Sampling

VIII. 3.1. Introduction : N

In the program of field sampling, it was intended to try and corr-
elate habitat type, predator species and prey diversity and abundance.
To this end, eleven different ponds were chosen ranging from very simple
to very complex, and these were sampled at monthly intervals over a year,
Unfortunately, laboratory experimental timetables did not allow sufficient
time for a detailed analysis of the abundances of predators and prey, and
so only general patterns could be discerned.
VIII. 3.2, Method

The parameters investigated in each pond were; a) environmental
complexity, including type and extent of emergent and submerged vegetation;

b) type and relative abundance of predator species; c) diversity of piobable
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prey species in different depths of the pond; and d) relative abundance
of prey types.

Parameters b), c) and d) were estimated on the basis of a fixed
sampling time at eéch pond. Samples were taken from each pond within
about 20cms of the surface and where possible, from middle and bottom
areas, for a total of 20 seconds. This time interval was determined
by the size of the smallest pond, where no more than a quarter of the
volume was sampled at one time, Sampling was restricted to within 5m
of the edge, where most ﬁotonectids are usually found (Macan (1965),

Walton (1943) etc).

The predators were counted and returned to the ponds (except some
late instars), and the rest of the sample was taken toAthe laboratory
for analysis. The first predator instars could be quite easily identified
(see Chapter I, Fig. 2), but examples of the latter instars were brought
back to the laboratory and reared to adult for identification. The
.abundance of predators was scaled into three relative abundance categories,
- F (few) where only 1 or 2 predators per sample were captured, — S (several),
where between 3 and 10 per sample were captured, and - M (many) where over
10 were captured during one sampling period.

To analyse prey diversity, the prey samples were identified into
several main groups:- i) Gerrids, ii) corixids, iii) chaeoborinae (Diptera),
iv) chironomidae (Diptera), v) mosquito larvae and pupae (Diptera) vi)
éphemeroptera, vii) coleoptera (Beetle adults and larvae), viii) Anisoptera,
ix) Daphnids, x) Other Crustacea (other cladocerans, ostracods etc), |
xi) Animals of terrestrial origin, xii) cast stars indicating relative
abundance of emerging insects, Prey abundance was estimated in a similar
way to predator abundance, where F indicated less than 5 individuals per
sample, S indicated between 5 and 15 individuals per sample, M indicated
between 15 and 30 individuals per sample, VM indicated between 30 and 100

-

individuals pef sample, and VVM indicated over 100 per sample,
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308.

VIII. 3.3. Results

Maps showing the type and approximate extent of vegetation are
given in Figs 90, 91, The description was found to change very little
through the year. The results of the sampling program are shown in
Tables 8.2 and 8.3. Predators are only considered to efficiently utilise
a habitat if they successfully reproduced in it. Occasionally, a few
of one speci&s will be found in a habitat in which it has not bred, and
these individuals have obviously migrated in as adults e.g. N. maculata
being found in ponds 3, 8 and 10 from August or September, N. glauca
being found in ponds 5 and 10 from September or October, and'N::vifidis
being found in ponds 8 and 10 from September or October,

The type of habitats where reproduction has occured, seems to fit.
well with those predicted from the laboratory studies.

N. glauca was found to breed in ponds 1, 2, 3 and in the ditches.

The maip characteristics of the first three ponds are the presence of

many submerged plants and quite cloudy water producing a generally complex
environment, a broad diversity of possible prey types and a high prey
abundaﬁce. No N, glauca populations were found in ponds 4 and 5, which
were the most complex of the lot. These ponds however, showed relatively
low prey abundancé, and as there was so much vegetation, both emergent and
submerged, such ponds may be difficult to locate by a migratory bug. The
ditches sampled did not have much submerged plant life, but the water was
.extremely cloudy. There was however, low species diversity and abundance
of possiﬁle prey types, which presents this particular selection by N.
glauca as somewhat of an anomoly.

N. maculata was found in breeding populations in ponds 1, 7, 11 and
in the ditches. Although pond 1 has submerged vegetation, it is confined
to the pond sides, leaving much of theé rest of the pond free from any
vegetation. Pond 7 has no submerged vegetation, but some emergent vege-

tation, pond 11 has no vegetation of any type except for some filamentous



Table 8,2

Table showing predator species captured in saﬁble ponds over the sampling period.

G = N, glauca,

M = N, maculata, O,= N, obliqua, V = N. viridis; N = nymph, A = adult, (F) = Few, (S) = Several,

(M)= Many,

(VM) = Very Many.

Nymph instars shown,

DATE
POND 5/78 6/78 7/78 8/78 9/78 10/78 11/78 12/78 1/79 2/79 3/79 4/79 5/79 6/79
SURFACE GN ON mv| / / / / / ' / | GN ON(S)
1. / 1st
MIDDLE & BOTTOM 1~41-3 1|GN ON [AG-(VM) |AG(M) | AO(M) ~——— [AG(M) —————FROZEN——> | A0(S)
4th & | GN 5th |A0(S) | AG(S) AO (M) AG(S)
Sth |AO~(F) AM(F)
AM=(F)
SURFACE / / / / / / ON ON
2. / GN ON |GN ON .
MIDDLE & PLANT 3rd 4th | S5th € FROZEN > /
BOTTOM & 5th  [AO(M) {AO(S) AO(FD). | AO(M) A0(S)
/ AG(S)
5th |AG(S) (MATING
SURFACE GN ON / / AO(F) | AO(F) €&——T—FROZEN ——> |GN(M) [GN oN
3 3~5 4=5 . 1st (™)
y / AO AO(M)  [AG(M) | AoQM) — |AO(M) 1st,2nd
MIDDLE & BOTTOM / AG AG(S) |ao(M) |Ac(M) AG(S) AG(S)
GN ON AM(F) | AM(F) AM(F) /
5th ’
SURFACE, ¢ N
4., MIDDLE & BOTTOM / / / AO(F) |AO(S) |AO(F) FROZEN ON(F) |ON(F)
SURFACE ON(F) [ON(F) AO(S) I N | >
5. _ MIDDLE & BOTTOM I | e’ sen | MOB) Jag(ry |A0() | T AG(VF) &T——FROZEN 7| ! /
/ ON (4th ) .
& Sth) |€—TDRIED UT 7/ / i / ON (M) w
6. DRIED 1st,2nd 3
INTO 3rd .
SEVERAL

* ued.



Table 8.2 (Continued)

DATE
POND 5/78  6/78 __7/78 _ 8/78 _9/78  10/78 11/78 12/78  1/79 _ 2/79 3/79 _ 4/79 5/79  6/79
2 ~ / MN(M) | MN 5th|{ AM(S) < DRIED UP Y |/ / ‘
* ‘ 3rd, 4t " M eggs ’ '
SURFACE / ON(S) | AO(S) | AO(S) / / / __ ON ON
8. 7 | oweoy | sen | ao@) | a0 |aoqn | —— |ao(s)S] FROZEN ——> lst, 2nd
MIDDLE 4th / AM(F) | AV(F) | - / /
g, DITCHES -] |GN ON.MN AM(F) | AG(S) : .
) 4th,5tH AO(F) | AM(S) |<—— |DRIED UE ? |/ /
MN ON . | AO(F) .
(5th) :
10, _— —— | A0 AO(M) | AO(S) | AO(M) | —— [AO(S) ON
: : : ON(M) | AM(S) AV(S) AV(F) & FROZEN ———> | / or 2nd
5th - AG(F) |. AG(F) '
11, —_— —— A A | L eeh e >
+eges )

‘01¢



Table 8.3

(F) = Few, (S) = Several, (1) = Many, (VM) = Very many.

2

Table showing prey type and relative abundance sampled from ponds during sampling period

POND 5/78 6/78 7/78 /78 DATEg g 10/78 12/78 4/79 5/79
1. SURFACE Gerrids (S) | Corixids (S)|Corixids (S)|Chaeob (M) |Corixids (F)|Chaeob (M) | Corixid (F)| Corixids (S)
Corixids(F) | Chaecb (S)} Chaeob (F)|[Chiron (F) |Chaeocb (M) [Mosq (F) | Chaecb (M)| Chaeob (8)
- Chaecb (F) | Chiron (F)|Beetle (S)|Mosq. (F) |Ephem (M) [Ephem (M) | Ephem (M)| Ephem M)
Terres (F) | Mosq (F)| Daph. (VM) |Ephems (S) |Daph., (VVM)|Beetle (F) | Daph (S){ Beetle (8)
Castskins(F)| Ephen (F)|Crust (VM) |Beetle (M) |Terres (M) |[Daph. (VM) Anis ™)
Daph. (F)| Terre (S) {Daph. (VVM) Terre (S) Daph (S)
Castskins(S) Crust (S) Crust (VM)
Terres (F) Terre (F)
Corixids (S)| Corixids (M)| Corixids (M)|Corixids (M) |Corixid (VM) |Corixids (M) |Corixids(F) Corixids (M)
Chaeob  (S)| Chaeob  (S)| Chaeob  (S)|Chaeob  (S)|Chaecb (M) [Chaeob (S){Chaecb (VM) Ch§eob (VM)
MIDDLE AND | Mosq ()| Thiron ()| Chiron  (M)|Chiron (M) |Chiron (F) |Chiron (S)|Ephem (V)| Chiron (M)
BOTTOM Ephem (F)| Mosq (F)| Mosq (F) |Mosq (F) [Mosq  (F) |Ephem (VVM)|Beetle (F)|Ephem (VM)
Beetle (M)| Beetle (S)| Beetle  (S)|Ephem (M) |[Ephem (VVM)|Beetle  (S)|Daph (VVM)|Beetle (F)
Ephem (VM) |Beetle (F) |Beetle (M) |{Daph 1) Daph (VVM)
Daph (VM) |Daph (VVM) [Daph (VVM)
. - s Gerrids (F)|Gerrids (S) |Gerrids(M) [Corixid (M) Corixid (F)| Corixid (S)
2 SURFACE gﬁ::?ids Eig gg;zz;ds E;g Corixids (M) [Chaeob  (F) |Corixid(S) |[Chaeob (M) Ch§e°b (M) | Chaech (M)
Chiron (F)|Chiron  (M){ Chaeob (VM) [Chiron  (F) |Chaeob (M) [Chiron  (S) Chiron (8)| Ephem (s)
Ephem (F)| Beetle ()| Chiron (M) [Ephem (S) |Chiron (S) Ephem ™) Ephem (S)| Beetle (S)
Beetle (S)|Daph (s)| Ephem  (F) Be?tle (F) Mosq (F) |[Anis (F) Crust (VVM)
Terre  (S)|Castskin (M)| Beetle (M) |Anis (M) [Ephem (F) |Daph (5)
Terre (F)| Daph (M) |Daph (VM) Beetle (F) |Crust (s)
I Terre (F) |Crust  (VVM)Anis (VM) |Terre (F)
Terre (F) |Daph (s)
Crust (VVM) —_—
Corixid (M)|Corixid (S)|Corixid (M) [Corixid (M) [Corixid(S) [Corixid (S)|Corixid (F)|Corixid (F)
: 1| Chaeob (M)| Chaechb (VM) | Chaech (M) |Chaeob (S) {Chaech (F) [Chaeob (M) |Chaeob (M)|Chaech (M)
MIDDLE AND | Beetle (s)|chiron (M)|Chiron (M) [Chiron  (S) {Chiron (F) |Chiron (S)|Chiron (F)|Ephem (S)
BOTTOM Beetle (M) | Mosgq (F) |Beetle (S) [Ephem (S) |[Beetle (F) |Ephem (s)

Plant side

‘11¢



Table 8.3

(Continued)

DATE -
POND 5/78 6/78 7178 8/78 . - 9/78 | 10/78 ... 12/78 . 4/79 5/79
MIDDLE Plant] Anis (S) {Beetle M) |Anis (VM) Beetle (M)Lnis ("M Beetle (F) _
AND side Daph (S) lAnis (S) |paph (M) | Anis (VM) Anis  (S)
BOTTOM - |paph (M) |Crust (S) | Crust (M) Crust (M)
(Cont.) .
Corixid (1) |Corixid(M) Chaeob (M) [Corixid(S) Corixid (F)Forixid (F)
Chaecb: (M) |Chaeob (M) Beet (S) |[Chaeob (M) Chaecb (M)Chaeob (VM)
Sandy Mosq (S) | Anis  (S) [Beet (S) Ephem (F)Chiron (F) -
side Beet (M) | paph (S) JAnis ~ (M) Crust (M)Ephem (F)
Anis (S) | Crust (M) paph (S)
Daph (VM) ‘ Crust (S)
3. Gerrid (M) |Corixid (M) |Gerrid (S) |Gerrid (M) | Gerrid (S) [Chaeob (M) Chaecb (M)Chaeob (M) |Corixid (s)
Chaeob (F) {Chaeob (F) |Chiron (M) |Chaeocb (F) | Chaeob (M) |[Chiron (S) Chiron (F)Ephem (S) |Chaeob (s)
Chiron (F) |Mosq (F) [Mosq (F) [Chiron (S) | Chiron (S) |[Ephem (S) Ephem  (S)Beet (S) |Mosq (F)
SURFACE Beet (F) |Beet (S) |Ephem (M) |Ephem (S) | Mosq (S) |Beet (S) Crust (M) Ephem 04))]
Anis (F) |Anis (F) |Beet (F) [Beet (S) | Ephem (M) |Anis M) Terr (F) Beet )
Crust (S) |paph (M) |Anis (M) |Anis (M) | Beet (S)|paph (M) Anis ()
Terr o) Daph (S) |paph (S) .| Anis (VM) |[Crust (VM) Crust  (VVM)
Crust (VM) |Crust (VM) | paph  (S) |Terr (S)
Crust (VVM) ‘
Corixid (S)|Corixid (M) |[Chiron (M) |Corixid(F) | Chaeob (VM) |Corixid (M) Corixid (F)Corixid (F)
Chaeob  (S)|Chaecb  (S) |{Ephem (M) |Chaecb (M) | Chiron(VM) [Chaeob (VM) Chaeob (M)Ehaeob ™)
MIDDLE Chiron (S)|Chiron (M) {Beet (S) |Chiron (M) | Ephem (M) |Chiron (M) Chiron (M)Chiron (M)
Beet (S) {Mosq (M) |Anis M) [Mosq (M) | Beet (S)|Ephem (M) Ephem (M)Anis (s)
Anis (S) | Beet (M) |Daph (M) |Ephem (M) | Anis (VM) |Beet (S) Anis (s)
Crust (S) | Anis o) Beet . (S) | Daph (M) |Anis (VVM)
Daph ) Anis (VM) | Crust (M) |Daph M)
Daph (M) Crust (M)
Crust (VM) A

*Zie



Table 8.3 (Continued)

DATE
POND 5/78 . ..6/718. .. 7/78. ..8/18 .., 9/18 '~  10/718 [ . 12/18 .  4/79 | 5/79
4, Corixid (S) |Corixid (VM)|Corixid (VM) |Gerrid (S) Corixid (M) |Corixid (M){Corixid (F) | Corixid (VM)
Chiron (S) [Chaeab (F)|Ephem (S) | Corixid (M) Chiron (S) {Chiron (S)|Chaeob (S) | Chaeob M)
Ephem (S) |Chiron (F) | Anis (M) {Chaecb (F) |Beet (F) JAnis (M |Chiron (S) | Chiron (M) _
Anis (S) |Beet (F)|Daph (F) |Chiron (S) |[Anis (VM)Daph (F) |Ephem (S) | Ephem  (S)
Crust (M) |Anis (s) Ephem (S) |Daph (F) Anis (M) | Anis ™)
Daph (vM) Beet (F) Crust (M) | Crust )
Anis (M)
Daph " (S)
S. Corixid (M) |Corixid (M)|Corixid (M) |Corixid(S) |Corixid (F) |Corixid (S)|Corixid (F) | Chaeob N
Chaeob (M) |Chiron (F){Chiron (S) |Chiron (S) |Chaeob (F) |Chaeab (S)|Chaeob  (S) | Chiron  (S)
Chiron (M) |Beet (S) | Beet (S) |Ephem (S) |[Chiron (8) |[Chiron (M)|Ephem 1) | Ephem (VM)
Ephem (S) |Anis (S) |Anis (S) {Beet (F) |Mosq (F) Ephem  (S)|Anis (M) | Anis (F) -
Anis (F) |Crust (S) |Paph (M) |Anis (M) |[Ephem (M) |Beet (F)|Crust o) :
Crust M) Crust (VM) |Daph (S) |Anis () @nis (€39)
Crust (VM) |paph (S) |paph (F)
Crust _(S)
6. Corixid (M) |Gerrid (s) Chiron (S) |Corixid (S)
Chiron (M) {Corixid (M) Mosq (M) |Mosq (S)
Mosq (S) }Chaeo)H (F) 4 Beet (F) |Beet M)
Beet (S) {Chiron M) - - - - - | Crust (VM) |Crust M)
Anis (F) |Mosq (¥)
Beet M
Anis (s)
Crust (M)
7. Corixid (S) |Corixid (M)|Gerrid (M) |Corixid (M) Mosq (VM) Mosq (VM)
‘Chaecb (M) | Chaeob (S)|Corixid (VM) | Chaeob (M) Beet () Beet (s)
Chiron (M) | Chiron (M) |Chaecb (VM) jChiron (M) - - ‘ - Terr (F)
Mosq (M) |Mosq (F)|Chiron (S) | Mosq () ' w
Beet (S) | Beet (S) | Mosq (S) | Anis (F) =
Beet (S) | Crust (M) :




Table 8.3 (Continued)
DATE
POND 5/78 6/78 7/78 8/78 9/78" - 10/78 12/78 S 4/79 5/79
7 Anis (S) [Terres (S)
(Cont.) Daph (F)
Terres (M)
8. Gerrid (F) | Gerrid (M) Gerrid (S)|Gerrid (F)|Corixid (S) |Corixid (F)|Crust (S)
Corixid (S) | Corixid(M) |Chiron (S)|{Chaeob (S){Chiron (M) |Chiron M) [Terres (F)
SURFACE - - Chiron (S) |Anis (S) |Mosq (F)|{Chiron (S)|Mosq (F) | Mosq (™)
Anis (S) {Terres (S) |Anis (S){Terres (S)|Anis (S) | Beet (s)
Terres (S) Crust (M) Terres (S) | Anis (s)
' Terr (M) s ’
Corixid (8) | Corixid (M) | Corixid (S) {Corixid(M) Corixid (8)]Corixid (S)|Corixid (M) Chiron (F)
Chiron (S)| Chiron (8) | Chiron (S) |Chiron (M) |[Chiron (M)|Chiron (M)|Chaeodb (F) Anis €))
MIDDLE | Mosq (F) | Anis (M) | Anis (M) |Anis  (S) |Beet (S) |[Mosq (S)|Chiron (VM) -
Beet (r) Anis (F) | Beet (S) |Mosq (S)
Anis (F) Crust Q) Beet (F)
o ' Anis (F)
Corixid (5)| Gerrid M) | Gerrid (M) |Gerrid (M) |Corixid (M) Corixid (F) |Mosq (VM) |Mosq (s)
Chiron (F) | Corixid (M) | Corixid (M) {Corixid(M) |Mosq (F) Chiron (S) | Beet (S) | Beet F)
DITCHES | Beet (8)| Chiron (S8) | Chiron (8) |[Chiron (F) Beet M) - Beet (S) Terres (S)
Anis (F) | Mosq (F) | Beet (3) |Mosq (M) |Anis (VM) Terres (F)
Terres (F) | Beet (S) | Anis (M) | Beet (S) |{Terres (S)
Anis (M) | Terres (F) |Anis M)
Terres (¥) LCastskins(M) .

‘7ig



‘Table 8.3 (Continued)
DATE ,
POND 5/78 6/78 7/78 - 8/78 '9/78° "~ 10/78 0 12/78° 4/79 5/79
10. Corixid (8)|Corixid (F)|Corixid (F)|Corixid (F)
Anis (S)|Anis (S) |Chaeob (S){Chiron (M)
- - - Terres (S) | Terres (F){Chiron (M)JAnis (8) - -
Beet (s)
“|Anis’ ™)
11, Gerrid (M)|Gerrid (M)|Gerrid (S)
Corixid (VM)|Corixid (M)|Ephem (VM)
_ _ Chiron (VM)|Chiron  (M)|Beet (S)
Ephem  (M)|Ephem  (VM)|Anis (sy| ~ - N -
Beet (8)|Anis (F) |Crust (479
Castskin (M)|Crust o)
Terres (VM)|Castskin (S)
Terres ™
KEY
Chaeub Chaeoborinae
Chiron Chironomidae
Mosq Mosquito larvae+Pupae
Ephem Ephemoptera
Beet Beetles (Adult + Larvae)
Anis Anisoptera
Daph Daphnids ,
Crust Crustaceans (Ostracods, Cladoceranes etc)
Terr Terrestrial organisers.

‘S1E
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algae, and the ditches, as described earlier, have little submerged
or emergent vegetation, The substrate in pond 11 is stone and concrete,
in ponds 1 and 7 firm mud and sand, but with fallen trees on top (providing
solid supports for imposition). Ponds 7, 11 and the ditches are all
subject to drying out, restricting time available for successful re-
production, and théy also show a relatively low species diversity of
possible prey. There is also a trend for low prey abundance in these
ponds except over short periods. Ponds 7 and 11 also have clear water.
N. maculata'does not appear to have been very successful in pond 1, and
did not reproduce for the second year. Again, the selection of the ditches
with the cloudy water presents an anomoly. The lack of selection for the
relatively simple ponds 8 and 10 may.be due to the lack of solid supports
for oviposition.

N. obliqua was found in reproducing populations in ponds 1, 2, 3,
4, 5, 6, 8, 10 aﬁd in the ditches. Althoﬁgh'such selection covers a
wide range of environmental complexity, all the ponds have at least some -
submerged vegetation. The selection also covers é wide range of diversity
and abundance of possible prey, from the most prey rich ponds, éuch as
ponds 2 and 3, to the rather poor ponds 8 and 10.

To date, the most detailed surveys of habitat selection by Notonectids
in Britain have been reported by Brown (1948), Pearce and Walton (1939),
Southwood and Leston (1959) and Walton (1943). It is not clear however,
whether the bugs found were in reproducing populations or simply transient
ones. However, from such surveys, one can draw up several characteristics
of the habitat which appear to attract the predator species., Table 8.4.
shows the preferences of the three predator species for a number of hab-
itat variables, as predicted from the laboratory results, as found during
field sampling, and as concluded from the various surveys in the literature.

It is encouraging to note that the predictions of habitat selection

-

based on the predation strategies of the three species fit in quite closely



Table 8.4

Field sampling,

and as concluded from surveys in the literature.

The preferences for various habitat variables as predicted from laboratory results, as found during

Preferences
Habitat Predator -
variables species " Préedicted ' 'Field sampling ‘Literature’
N, glauca Complex stable Brick pit ponds and Favours ponds, ditches, canals and lakes. Also
habitats ditches., meadow ponds, quarry ponds, stagnent pools brick
' o " pools,
Type of N. maculata Simple and temp=- Concrete pond, ditches Stone ponds or artificial ponds, but is found in
Habitat. ' orary habitats simple temporary pools. " slow flowing rivers with stony substrata,
N. obliqua Wide range Brick pit ponds, Favours ponds, lakes, bog pools, also found in
: ditches, temporary _stone ponds, detritus ponds, lowland waters.
pools, acidic . pools. :
N. glauca Complex with many Many submerged plants Prefer water bodies with lot of vegetation. Are
perch sites, in the main found with little but infrequently with no
' macroscopic veg,
Presence N. maculata Simple with few Little or no vegetation Prefers little or no macroscopic vegetation
of ‘ perch sites in most of habitat ‘

Vegsfhtion

N. obliqua At least some . Always at . least some Prefers ponds with lot of vegetation, but found
perch sites: . vegetation: in ponds with no emeérgent vegetation.
N, glauca / Potamogeton. natans, Potamogeton natans, Ranunculus aqualitis, Alisna
rushes, submerged grass Callitriche, Juncus, Sparganium, Scirpus, grasses
Type N. maculata / / /
of
Vggétation N, obliqua / Potamogeton, rushes, sub- | Juncus, Potamogeton, Callitriche, Sphagnum,

.merged grass, Sphagnum

Ranuaculus, Also Scirpus, Alisma, Glyceria

«L1E
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Table 8.4 (Continued)

1

N. obligua

Habitat Predator Preferences
variables . species . Predicted Field sampling Literature
N. glauca | Cloudy Quite cloudy water /
. Opacity of N. maculata | Clear Generally clear water Prefers clear water
water
- N, _obliqua Range of: both Clear and cloudy Prefers clearer water
N. glauca Not acidic: Range 6.5-7.5 but favours low acid or alkaline,
Ph, of N. maculata Not acidic Range 6.5-7.5
water ) .
N. obliqua Both ac¢idic and alkaline Range 6-7.8 but prefers acid waters
N. glauca High prey abun- High prey abundance
dance
Prey N, maculata | Low prey abun- Low prey abundance
Abundance dance : : :
‘N, obliqua. Wide range Both high and low
* abundance o
N, glauca High prey diver- Wide prey diversity
—sity,
Prey N, maculata | Low prey diver- " Low prey diversity
Diversity sity :
N, obliqua ' | Wide range ‘Both high and low diversity
N, glauca Black mud, detritus.and clay] Commonly black mud and detritus-also clay and
Habitat - . g R ey , .
Bot tom N, maculata Stone, firm mud and sand, Stony with little mud or detritus.

Detritus, mud, sand,

Muddy or peaty

SBhagnum

——— ———— —— — — __——______of

Continued.....

*81¢



Table 8.4 (Continued)
Habitat Predator Preferences
variables species Predicted " Field sampling Literature
N. glauca ‘Generally shallow areas Shallow water and shallow sides of water body..
Water
depth N. maculata Generally shallow Not especially important
N, obliqua Wide range Not especially important
N. glauca Sea level to 700ft — mostly 150-400 ft.
Altitudes N. maculata

N, obligua ,

" Restricted to south mainly below 400 ft.

Found from sea level to 1300 ft, large range
and wide distributior., ‘

‘61¢
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to the actual selection in nature., Likewise, where coexistence does
occur, the habitat is heterogeneous enough, and has a rich enough prey
source, to allow resource partitioning through the many morphological,
physiological and behavioural differences shown by the three species.

However, there are anomolies in the habitat selection, which can-
not be explained on the basis of predation strategies. For example, the
coexistance of reproducing populations of all three predator species in
the ditches, which did not seem complex enough, or to possess a suff-
iciently prey rich enviponment, to allow such coexistence. It is possible
that the relatively small number of predators there,'due to low immigration
rates, could explain this. (These ditches are only temporary water bodies,
so no perrenially resident population of Notonectids are found). The fact
‘that N. maculata was not found in ponds 8, and 10, relatively simple ponds
one would have expected this species to be able to exploit, may be due
to other factors.. The lack of'N.'glauca in ponds 4 and 5 is surprising,
.although the relatively homogenous nature of these habitats might not
allow coexistence between N, glauca and N, obliqua. The generally low
level of prey abundance and high level of competing predators (such as
Anisopterans) may also explain the very low pumbers of N. obliqua in
these ponds.

A major problem in making such comparisons between laboratory results
and field data, is the inherent danger of getting unatural results from
the laboratory. Unrealistic environments, imposed feeding regimes, narrow
prey choice, external disturbances etc., may all contribute to produce
unatural behaviour in the predator. It is therefore extremely unwise
to assume that the laboratory results give anything other than pointers
to what is happening in natural conditions. The observations of field
populations and habitat selection, demonstrate the net effect of the
combination of several different factors operating under natural conditions.

If predictions made on the basis of laboratory experiments assessing a
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likely factor affecting habitat selection happen to fit quite closely

with the natural distribution, then one has perhaps identified this as

a contributing factor in the real world selection. This is what, I hope,
this study has achieved, by showing that differences in predation strategies
and components of predation betﬁeen superficially similar species, in
simple.and complex environments, can possibly be adaptations to feeding

in certain types of habitat, and so in some way help to explain speciation
and habitat selection in this genus of water bug.

" A direct continuation of this present study, would be an examination
of what the predators are actually feediné on in the field, through the
analysis of gut contents (by electrophoretic or immunilogical techniques),
and to compare what is eaten by the different species in relation to what
is available in the different types of habitat. The basis of such selection
could well be found in the behaviour shown by the different species in
the present study. Such further work would indicate more precisely,

" what effect the morphological, physiological and behavioural differences
have on the predation strategy and habitat selection of the different
species, and whether these are sufficiently large to allow resource
partitioning where several species inhabitat tﬁe same pond, or whether

there is direct competition and perhaps evolution 'in action'.
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Appendix I

Date

No. eaten.

-
"
T

:)

{
Appendix II

Date

No. eaten.

Analysis of variance F = 10.3 sig 0,001

Number of mosquito larvae killed by unstandardised

N, glauca adults on seven different occasions.

331.

Analysis of variance F = 0,625 (n.sig.)

16/8 19/8 28/8 1/9 3/9 7/9 17/9
13 19 25 10 14 19 19
21 22 24 24 19 15 21
30 30 25 12 19 2 3

5 14 18 8 9 13 13
15 13 29 18 10 9. 21
20 23 26 19 13 15 13

5 19 13 19 9 24 16
20 27 24 16 15 6 23
23 21 8 8 3 16 8

9 26 14 11 16 7 15
19 14 16 9 8 8 18
17 25 18 5 11 8 16
11 27 7 17 9 13 14

6 26 23 11 7 6 21

4 23 22 5 8 16 14
29 30 30 12 13 9 24

7 22 10 10 14 29
-8 23 19 6 13 27
21 26 17 ‘14 8

STt T 23 1437 23g L 1-$¢ ‘
e FARRIY yeuy 30.33 262

L;-x,? 13 Z-%o 2% 2y

Number of mosquito larvae killed by unstandardised male

and female N, glauca on seven occasions,

16/8 19/8 28/8 '1/9 3/9 ° 7/9 17/9
13 19 25 10 14 11 19
21 22 24 24 19 19 21
20 23 26 18 13 9 13
20 27 24 19 15 24 23

9 26 14 16 16 16 15
17 25 18 8 11 8 16
6 26 23 9 7 13 21
4 23 22 5 8 6 14

17 13 16 24

29

30

30

o?

Continuedo ssee



ABEendix ITI (Continued)

Date 16/8 19/8 28/8 1/9° 3/9 7/9 ~ 17/9
30 30 25 8 19 15 3

5 14 18 19 9 2 13

15 13 29 11 10 13 21

5 19 13 11 9 15 16

No. eaten 23 21 8 5 3 5 8
' 19 14 16 12 8 7 18
11 27 7 9 8 14

7 22 10 10 9 29

8 23 19 6 14 27

21 26 17 14 13 8

Analysis of variance F = 3,655 sig. 0.05

332,
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Appendix III Prey biomasses presented in single prey experiments,

Mosquito larvae =~ mean dry weight 0.25mg. per individual

Prey Density

2 5 10 30 50 70
Biomass
presented mgs. 0.5 1,25 2,5 7.5 12,5 17.5
dry wt.
‘Gammarus pulex - mean dry weight 3.328mgs per individual
Prey Density
2 5 10 15 20 25
Biomass

presented mgs. 6.65 16,64 33,28 49.9 66,56 83.2

Musca domestica - mean dry weight 4,78mgs per individual

Prey Density

2 5 10 15 20 25

Biomass
presented mgs. 9.56 23,9 47.8 71.2 95.6 119.5



Appendix IV : Mean energy gains, energy losses and net energy gains from single prey experiments (Chapter ITI) (in cals)

E.L. = energy loss, E.G. = energy gain, N.E.G. = net energy gain

Musca domestica prey

Complex environment Simple environment

2 5 10 15 20 25 2 5 10 15 20 25
E.C 7.47 9.171 10.33 8.559 10.189 8.1195 5.066 6.094 6.981 6.085 6.012 6.233
i + 4,068 % 3,433 + 3,286 £ 2,769 * 2,303 £ 3.308 + 3,148 *+ 3.847 £ 3,93 % 3,726 * 4.76 + 3,257
N. E.L 0.366 0.361 0.373 0.363 0.378 0.374 ©0.599 0.536 0.493 0.5315  0.505 0.463
glauca e  0.0119 =+ 0,009 * 0.0126 % 0.009 + 0,017 * 0.0132 | + 0,181 + 0.088 + 0.094 =+ 0.124 + 0,13 + 0,087
' N.E.G 7.1055 8.809 9.961 8.196 9.811 7.745 4.478 5.558 6.488 5.504 5.507 5.769

*EeYt % 4,08 £ 3.443 % 3.3 2,78 + 2,306 + 3,319 + 3,29 * 3.4 + 4,02 3,816 * 4,25 + 3.3

E.G 14.99 14.479 14.22 15.856 16,258 15.62 19.004 14.77 16.65 16.594 15.137 15.838
o + 2,061 + 2,93 £ 3,56 + 3,22 * 3.35 t 4.196 £ 2,329 + 4,327 + 3,086 * 3,918 + 4.263 + 3.466
N. E.L 0.662 0.66 0.674 0.673 0.668 0.67 0.707 0.694 0.728 0.7067 0.7117 0.691
maculata te + 0,004 + 0.008 % 0,02 * 0,012 * 0.0136 £ 0,0102 | * 0,067 + 0,027 + 0.039 + 0.0368 =* 0.037 + 0.0036
N.E.G 13,772 13.812 13.54  15.133 15.587 14.95 18.297 14,082 15.896 15.883 14,426 15.18
tEeYr +1.,93 + 2,937 * 3.57 + 3,23 + 3.36 + 4.2 + 2,36 + 4,337 % 3.123 + 3.437 * 4.25 * 3.496
E.C 9,832 16.44 15.77 17.048 15.31 15.836 15.436 16.279 16.178 14.709 15.298 16.33
s + 6,099 + 2,79 % 2 £ 1.86 + 1.718 + 2,435 + 1,92 + 2,385 £ 2,387 * 2,367 *+ 2.599 + 1,517
E, E.L 0.517 0.531 0.537 0.532 0.542 0.54 0.596 0.59 0.58 0.607 0.568 0.588
obliqua o= + 0,022 * 0.021 * 0.026 + 0.026 + 0.029 + 0.019 + 0.188 + 0.05 + 0.079 + 0.045 + 0.047 + 0.052
N.E.G 9.3459 15.969 15.296 16.449 14.769 15.296 14.839 15.688 15.598 14.101 14.736 15.744
VAeBeEe 6,109 + 2.805 * 2.036 +1.929 + 1.702 + 2.437 + 1,922 *+ 2,416 + 2,432 + 2.389 + 2,64 + 1.547

‘hee



Appendix IV : Continued

Gammarus pulex prey

Complex environment Simple environment
2 5 10 15 20 25 2 5 10 15 20 - 25
E.C 4,25 9.411 7.21 10.053 8.917 8.74 0 0.6166 1.48 2.059 1.498 1.657
U * 3.7 + 3.42 % 3,79 2,933 £ 2.9 + 2,07 + 1.5 + 2.9 + 2,9 2.5 + 1.68
N. E.L. 0.382 0.401 0.402 0.421 0.41 0.432 0.896 0.842 0.951 1.041 0.994 0.857
glauca e + 0.026 +0.033 £ 0.029 £ 0.033 £ 0.023 £ 0.035 + 0,223 + 0.195 +* 0.265 * 0.22 +0.28 + 0.19%
N.E.G 3.872 9.005 6.833 9.632 8.506 8.308 - 0.866 - 0.225 0.533 1,017 0.5 0.8
T+ 3,431 + 3,218 + 3.985 2,754 + 2,74 + 2,08 *+ 0.223 * 1,488 <+ 3.05 £ 3.05 + 2,66 *+ 1,836
E.G 7.258 12,71 15.255 13.46 15.758 13.04 15.99 18,88 19.756  24.39 19.825 22.08
T * 6.3 t 6,9 * 4.94 * 5 * 4.7 * 4,88 * 6.5 + 5,48 *6.56 + 6.8 + 5,235 * 7.404
N. E.L 0.693 0.693 0.7013 0.704 0.704 0.707 0.869 0.822 0.798 0.873 0.826 0.79%
maculata T + 0,02 + 0.026 * 0.02 * 0,02 * 0,028 + 0.038 * 0.126 * 0.09 * 0.077 * 0.136 + 0.172 + 0.049
N.E.G 6.575 12.016 14,55 12.76 15.054 12,33 15.126 18,062 18.962  23.404 19 . 21,388
TeTt £ 06,32 + 6,896 * 4,936 4,99 + 4,74 + 4,86 + 6.46 *+ 5,48 *+6.598 + 6,817 £ 5.51  7.41
E.G 15.2 15.647 18.5 18.979 17.74 18.545 11.473 12,763 14,43 18.966 16.57 18.75
T + 4.25 * 4,178 * 3.46 3,97 % 2,72 + 3,137 + 3,31 *2.,95 + 3,937 % 2,769 % 5.03 + 4.7
N. E.L 0.587 0.596 0.606 0.643 0.628 0.627 0.732 0.746 0.774 0.668 0.613 0.713
oBTigua te * 0.04 * 0.04 + 0.04 * 0.02 + 0.05 * 0,02 * 0,25 t 0,17 + 0,32 * 0.07 * 0.02 + 0.2
N.E.G 14,623 15,05 17.899 18.336 17.112 17,98 10.741 12,017 13.66  18.298 15.96 18.04
TR 4,22 4,14 3,45 * 3,97 + 2.69 + 3.13 *+ 3.3 + 2,96 *+ 3.8 * 2,79 + 5,03 * 4,65

‘SEE



Appendix 1y

glauca

N.

maculata

oblfgua

Continued

Complex environment

t 0.98

10 30

1.947 2.948
* 0.79

0.382 0.391

* 0.012 + 0,017

1.564 2,557

£ 0.92 t 0.743

4.223 5.386
* 0.943 + 1.086
0.708 0.72
t 0.025 £ 0.026
3.516 4.665

* 0.924 % 1,06

2.61 4.79
+ 1,01 * 1,28
0.597 0.65

t 0.04 t 0.04
2.017 4

£ 0.991 £ 1.25

1+

I+

I+

I+

I+

+

H

1+

Mosquito prey

70 2
3.33 0.576
0.46 + 0.736
0.03 0.67
0.016 + 0.19
2.71 ~ 0.093
0.634 +0.81
5,218 4,283

+ 0.875 + 1,18
0.709 0.883

+ 0.02 + 0.139
4,52 3.4
0.87 + 1.19
4.79 2.945

+ 1,22 + 1.019
0.637 0.609

+ 0.034 + 0.05
4.154 2.34

+ 1,19 + 1,03

Simple environment

5 10 30

1.45 1.363 1.816

t 0.68 + 0.87 + 1,27

0.765 0.749 0.667

+ 0.172 + 0.12 + 0.12

0.685 0.614 1,149

* 0.74 + 0.85 £ 0.92

5.97 6.994 7.149

t 1.48 *1.692 + 1,31

0.765 0.807 0.849

* 0.08 * 0.109 * 0.097

5.205 6.187 6.3
1.3

1.5 *1.675 + 1.

4,57 5.36 6.79

*1.28 £1.15 £ 1.16

0.66 0.62 0.65

* 0.05 * 0.06 £ 0.08

3.97 4.74 6.13

* 1.28 *1.11 *+ 1.17

50
1.679
* 1.21

0.82
t 0.224

0.859
£ 1.19

8.306
* 1.708

0.823
+ 0.148

7.483
+ 1.66

6.79
* 0.96

. 0.677

t 0.05

6.11
* 0.94

1+ +

1+

I+

I+

I+ 4+

I+

‘9¢¢



Appendix v

N. glauca

N. maculata

N. obliqua

N, 5}auca

N. maculata

N. obligua

N. glauca

N. maculata

N, obliqua

Test of differences in proportions of captures in each handling time period between the three
predator species feeding on all prey types (after Parker 1973).

Tables shows numbers of items in each handling time period and significance of the difference

Mosquito prey

(From T tables) - Arrows indicate direction of difference. GN-= Total number of samples in distribution.

- Handling time period

100 - 200 201 - 300 301 - 400 401 - 500 501 - 600 601 - 700
15 ] 25] 52 84 ] 69 ] 43] (GN = 347)
4 0,01 + q.Ol 4 QYOI + 0,01 + 0,001 + 0,001
71 3 141 174 5 126 58 4 4041 (GN = 678)
0.05 nlsig. 0.01] + 0.1 0.01| 4 0,01 n.sig 0.0l 4+ 0,05 n,sig .001
36 | 71 141 L 831 52 | 22 (GN = 427)
Gammarus prey Handling time period
1000 - 1500 1501 - 2000 2001 - 2500 2501 - 3000 3001 - 3500 3501 - 4000 4001~
4 4 13 13 7 ZOJ (GN=61
]n.sig. [ +]0.02 ]n.sig. [+ .02
5(n.sig. 0.1{15 n.sig22! l4|n.sig. 0.1]19 11 n.sig.113d  (eN=10
n.sig. l n.sig. 0.05 n.sig
6 17 15 24 12 7 t20)  (GwN=110
Musca prey Handling time period
3001 - 4000 4001 - 5000 5001 - 6000 6001l = 7000 7001 - 8000 8001 - 9001
4 3 9 5 11 (GN = 67)
n.sig +]O.1 ]n.sig. +]0.05 n,sig.
7 | n.sig. 10 l4in.sig, 0.1 7 n.sig. | 5 0.05 (GN = 79)
]n.sig. ]n.sig. Jn.sig. ]n.sig.
18 19 12 5 (GN = 117)

15 9

“LEE



Appendix VI

Time allocation of the three main behavioural activities

in the presence of six densities of Musca domestica and

Gammarus pulex (25, 20, 15, 10, 5 and 2) by N. glauca,

N. maculata and N. obliqua in both simple and complex
environments during 3h experiments.
REST -~ Total rest time
ACT -~ Total time active including activity
associated with and without feeding.

HAND -~ Total handling time on prey.

338.



MEAN PROPORTION OF TIME

MN.gloyca feeding on_Mysca domestica

25 20 15 | 10 5 2 COMPLEX.
0 6 © _ENVIROMENT
0 4~
02-1
0o b} _
25 20 15 10 5 2
0 6~ © _SIMPLE
ENVIROMENT -
0 4
0 2-
w
w
bt
REST " ACT. HAND, REST ' ACT 'HAND REST 'ACT. HAND REST ' ACT, HAND REST ' ACT "HAND REST " ACT HAND

BEHAVIOURAL ACTIVITY



. 0.8-

MEAN PROPCORTION OF TIME
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N, macylgto_ feeding on Musca domestica
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06~
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MEAN PROPORTION OF TIME

N. obliquo_feeding on Musca domestica

08~ ’
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06—
0 4
02
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MEAN PROPORTION OF TIME
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M.glouca feeding on_Gammarus pulex

15

25

20

10

15

EST

ACT

HAND,

KEST

ACT,

HAND.

10

REST T AUT, THAND. REST

ACT,
BEHAVIOURAL ACTIVITY

HAI

5 2
COMPLEX
ENVIRQMENT
5 2
SIMPLE
ENVIROMENT
w
£~
N
]
REST 1 ACT. THARD. REST T ATT. THAND.




MEAN PROPORTION OF TIME

0-6+

0-4-

25

20

N. maculata feeding on Gammarus pulex
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MEAN PROPORTION OF TIME

N. obliqua feeding on Gammarus pulex
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Appendix VII(a)

Compérison of the proportions of time spent feeding on each of the three prey types, and between
enviromments for each predator species.

Tables show mean proportions of time feeding and ‘significance between values (T test on original data).
Q = Mosquito larvae; M = EEEEE; G = Gammarus; S = Simple; C = Complex.

Prey Density (mosquito density in brackets)

N, glauca 2 5 10 15(30) 20(50) 25(70)

Complex Q 0.12 0. 34 : r0.33 0,51 '0.49 0.54
M n.81g.[0.5 ]g'gé n.sig 0.6212'22 n.sig|0.71 g'gi 0.6 n.sig 0.69] g'gi 0.57 n.sig.
c 0.2 | 0,491+ 528+ "lg, 3510 0.49 jn.sig. l0.43] 0.43

Simple Q 0.093]0 02 0,209] 0.229] 0 [o.sog]n oig 0,29 ] [0.279 nosie
M 0.1 |0.4 1:.°720.002{0.453!%"5280 1 0,49 =% 0.1 |0.42747:528,05(0.453 B+518+5 g2 | 0,44 +81g.
G [0 10'02 6.028|0-001 0. 065P+ 001 0.0883:02 0.063] 201 0.0708 ] ©+02

Difference Q s C S C S ¢ S+« C S« C S+« C

0.1 0.1 0.01

Between M s ¢ s ¢ s ¢ s ¢ S « C s ¢

. 0.1

Environments G S« C S+« C S+« C S+C S+ C S+« C

0.02 0.001 0,001 0.001 0.001 0,001

ContQC'.QQQQ

‘GYeE
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Appendix VII(a) (Continued) Prey Density (mosquito density in brackets)
N. maculata 2 5 10 15(30) 20(50) 25(70)
- Complex Q 0.29 0.4 0.54 0.63 . 0.6 0.65 .
M n.sig[0.73 g'ggé n.sig[?.72] g'g; 0.7i]n.sxg. n.51g[0 74]3'g;g' 0.7;]n.sig. n.sig[6.73:]g'ilg'
G 0.27]° 0.43] 0 0.59 0.51]° 0.61 0.55]°"
Simple Q - 0.494]0 001 0.607 0.748 0.727 0,775 0.78
M n.sig{0.869 0.005 0.68 ]n.sig. 0.777]n.sig. 0.772 |n.sig. 0.695([n.sig, 0.735|n.sig.
G 0.57 ]° 0.585 0.628 0.71 0.647 0.681
Difference Q S+C S+C S+C S+ C 5 C S C
0.01 0.02 0.01 0.1
Between M S+ C S C S ¢ S° ¢ S C S C
0.1
Environments G S+C S € s C S+C s ¢ S C
0.1 0.1
Prey Density (mosquito density in brackets)
N. obliqua 2 5 10 15(30) 20(50) 25(70)
Complex  Q 0.116 [0.274 0.301 o.544] 0.596 "0, 531
Moo, 001[0 501]° oig.0-001 0.83912'2220.001[0.801]g'ggl 0.05 (0.843 0.001 ro 784] 30 0 0.811]8 o2
G 0.606) ™ 0.6 ] *S18 0,72 |"+518 0.722]"- 58 Lo “g44) O Lo,577]
Simple Q 0.333 r0.531 0,58 17, 0.734 0.723 70,745
M 1g[0-791]g'8gi n.sig 0-814]8'883 n.si g[0.812] '33% 0.759]n.sig 0.01[0.799]n.sig n.sig 0.839] 0.0 2 :
G 0.428)°* 0.415]°" l0.507]°" 0.64 0.586 “lo.705] 0+t
Difference Q S+C S»>C S~+C S$-+C S>C S->C
: 0.001 0.01 0.001 0.02 0.1 0.01
Between M S +C S C S ¢ S ¢ S C S ¢
0.1
Environments G S+« C S «C S «C S C S " C S ¢
. 0.05 0.01 0.02

‘9%¢g



Appendix VII(b)

Cogglex

Musca

Gammarus

Mosquito
larvae

Simgle

Musca

Gammarus

Mosquito
larvae

Comparison of feeding times between the three predators with all three prey types in both environments.

Tables show mean proportions of time feeding and significance between values (T test on original data).

Prey density (mosquito density in brackets)

2 5 10 15(30) 20 (50) 25(70)
G 0.5 0.62 . 0.71 ] 0.69 1 [0.57 7 s
M  n.sig o.73]‘1’°1.- 0.1 [o 72 In. S18. 0.71 n.sig. 0.01 [o 74] “'Sig 0.75 n.sig 0.05 |0.73 In-zig-
0 0, 501" 58" 0.839)"-sis. 0.801] 0.843 1518 0.784) 0,811]"5*8¢
G 0.2 1 , 0.49 0.35 . 0.49 . 0.43 r0.43
M 0.0l |0.27 T*Si8 0.43 ]n.818 0. oz[O 59]0 02 o.os-[o.51 ] p-Si8e o, 01[0 61]0 .. 0,02 0,55 Jg .
0 0.606) 0.6 2 Jn-sig. 0.722] 0.6447" 318 0.677]
G 0.112] 0.34 0.33 0.51 0.49 0. 54
M n.sig|0.29 q'gi n.sig{0.4 ]8 ilg'n 51£0 54]8 gi n, 313[0 63 ]g 25 [O 67]2 gi n.sig|0.65 Jg il
0 0.116]* 0.274) 10.301§ 0. L5a4] ™ 0.5967" 518 o. 531] -Sig.
Prey density (mosquito density in brackets)

2 5 10 15(30) 20(50) 25(70) |
G 0.4 0.453] . 0,49]0.05  0.05 [0.427 0.02{0.453 0.446 |c.cs
M 0.0l 0.869]0‘021 0.01[0.68 ]“'s%go.oz 0.7711 . 0.77 ]ggi 0'695]2.;1 0.735 ],
0 0. 791] "+ 578 0.814]7-518: 0,8121)" 58+ L0,759] ™+ 518 0,799 [ 518 0.839 JM*%
G -0 ' 0.02 0,065 -0.088 0.063 -0.0708
% o0.001 [0.57 ]0-001 0.01[0 58510 2°%0.001 [0, 678]2 ool 0.001/0.71 ]g o021 0.001 0.647}2'2(1’1 0.001{0,681 ]g $oo1
0 0.428 0.414] 0. 5072+ 518 0.64 | P58 L0, 58617+ 518 0.705 |"-518
G .o.o9g] .249 0,229 r0.309 r0.29 0,279
M 0.0 [0.498 5" 8‘;10 ooz[0 5071°: o‘i’lo 001 o.748Jg'g‘2’1 0.002]0.72 ]0 002 4 001 o.775]g“s)‘1)1 0.001{0.782 Jo. 1o
0 0.333/0+° 0.531]"+ 518" Lo 58 10 l0.734]" l0.723] 0745 |58
G = N, glauca
M = N. maculata
0 = N, obliqua

“LYe



Appendix VIII(a)

Comparison of the proportions of activity time with each of the three prey types in both

environments, and between environments for each predator species,

Tables show proportions of time active and significénce between values (T test on original data)

Q = Mosquito larvae;

M = Musca;

G = Gammarus.

S=Simple, C=Complex.

Prey Density (mosquito density in brackets)

N. glauca 2 5 10 15(30) 20 (50) 25(70)
Complex Q 0.0037 0.0028 0.0041 3 r0.003 -0.0042 .0045
M 0.005 l.sig.n.sig 0.0076]9’0?n.si 0.007 Q.1 n.sig 0.01']8'?1 - n.sig 0.0088] 8.22 0.02 0.0113]32'221
G 0.0053] 0.005160° 51 0. 006 Jnesi 0.00637" l0.006 1°° 0.0082 | M-518
Simple Q 0.032 0.024 0.019 0.024 10,0203 0.0154
M n.si 0.068]8'(1)5 0.02]0.062719+9%. 002 0.076]‘.)‘001 0.1 0.0908]8°88;0.001 0.081 ]2‘0920.001{8.0636]:'021
¢ 0.041]0 0,053 ™18 lo o508 [nesi8 0.061 ]0° 0.0606] ™+ .0636 | "+ 518
Difference Q S=»+C S-»>C S=+C S=>C S=+C S+>C
0.01 0.01 0.01 0.01 0.02 0.05
Between M S—+C S—+C S:=+ C S=>C S~+C S+C
_ 0.001 0.001 0.001 0,001 0.001 0.001
Environments G S+C S=+>C S+ C S->C S=+C S+ C
0.01 0.001 0.001 0.001 0.001 0.001

——

Contiveneenns

‘g



Appendix VIII(a)

N. maculata

Complex

Simple

Difference
Between

Environments

N. obliqua
Complex

Simple

Difference

Between
%

Environments

(Continued)
Prey Dénsity (mosquito density in brackets)
2 5 10 15(30) 20(50) 25(70)
Q 0.0027 -0.0033 "0.0045 -0.0042 ©0.0035 -0.00386
M 0.01|0 ooss]g 02 4 05{0.0071 0'02 0.010. oosz}g 05 5 01l0 0085]0 05 L0010 0085]2 gi 0.01|0.0086 ]°°2i
G 0.0082) ™51 .0.0071] ™+ 518 0,009 4™+518 "1y g1y nest “0.011 |™*58 lo.00g  |P-S8:
Q 0.0092 0.0045 -0.0123 -0.0091 - 0.0098 0.0065
M 0.02]0.03171%°%2 o.02[0 024 ]g‘gi n.sig|o. 1021240 °5 ;50+01{0.031 lo. 22 0.01 [ 0.0258.7" 513 0.02]0.0202]0+001
G 0.0316]%518 " lo,017 J™+5i8 l0.0229] 7 0.0286]™ 538 Lo 25 |75 0.0253] " 518
Q s ¢ s ¢ S > C S+ C S+ C s
0.02 0.02 0.01
M S=+C S+ C S=»+C S=+C S C S+ C
0.01 0.02 0.01 0.02 0.01
G S=+C S-+C S>C S+ C S~»+C S+C
0.02 0.01 0.05 0.02 0.02 0.05
Prey Density (mosquito density in brackets)
2 5 10 15(30) 20 (50) 25(70)
Q 0.002 0.0036 0.0034 0.0026 0.004 0.004
M 0.1 [o oo75]8 8220.05[0.0084]°°°} 0.01[0.0093]0 °°10 01[0.012 Jo. °°10 001[0 01071 ©- °°6 001[0 0108]0 001
G 0.004 ] o.ooez]’“'s?Lg 0.0078 0.0125)+8 0.0121 ] ™ 0.0115)"-518
Q 0.0083 0.0079 0.0075 0.0093 0.0058 0,008 .
M 0.0186] .sig0. os[o 0195]0 02 0.021 |n.sig  0.0133|n. sigo. ooz[o 0096%8 o 0.0 [0.0172]2'2;g
G 0.0093 0.013 Jn-sig 0.031 0.0126 0.01451°+C 0.021 |"+5'8
Q Ss-+C S+ C S-+C S+C S C S~»>C
0.05 0.05 0.1 0.01 0.05
M s ¢ S+ C s ¢ s ¢ s ¢ s ¢
0.05
G S+ C S > C S C S ¢ S ¢ s ¢ 2
0.02 0.02 b

—



Appendix VIII(b) Comparison of activity times between the three predators with all three prey types in both environments.

Tables show mean proportions of time active and significance between values (T test on original data).

Prey Density (mosquito density in brackets)

Complex 2 5 10 15(30) 20(50) 25(70)
Musca G 0.0037] . 0.0028 0.00417 0.003 0,0042 0.0045
M  0.05 |0.,0027 Sig 0.0033 |n.sig 0.0045 {n.sig 0.00419 |n.sig 0.0034n.sig  0.0038 [ n.sig
0 0.002 ] -518 0.0036 0.0034. 0.0036 0.004 | 0.004 -
Gammarus G 0.005 ' 0.0076 ' 0.0075- [0.0101] o 0.00887 0.0113 _
M 0.0055|n,.sig 0,0071 | n.sig 0.0081 |n.sign, 5160 .0085 0.05 0.0085 [n.sig 0.0086 | n.sig
0 0.0075 0.0084 0.0093. 0.012 | 0.0107- 0.0108 .
Mosquito G 0.0053] | 0 0.00516 0.006 - [0.0063], o [0.006 15 o 0.0082 ] .
larvae M n.sig [0.0082]3'05g 0.0071 | n.sig 0.009 |n.sig O. 020 0109] i 0 0020 011 A n.sig 0.1 [0.009 ]n.sig
0 0.004 1°  0.0062 0.0078 l0.0125 lo.o1214m lo.o115 | ™
| Prey Density (mosquito density iﬁ brackets)
Simple \ 2 5 10 15(30) 20(50) 25(70)
Musca G :0.0324 -0.024 0.019 (0.024 0.0203]_ . -0.0154
—— M 0.002 |oO. "009210:05 o 01 0.0045]0'0010.05 0.0123/m 8 £ 0.050. *005140-05 0.05 000981 Si8 n.sig o.ooes] 0.1
0 ~ lo.oog3) ™51 0,0079)0°1 0.0075]%*8 [0.0093]2 818 lo.0058) 518 0,008 | ™58
Gammarus G -0,068 ~0.062 0,076 [0.0908 r0, 081 -0.0636
— M 0.001 0.0317]0'0? 0.002[ 0,024 ]°° 0} 0.0020., "031210" 0920 0010-031 ]°'°°1o.ooz o.o:zss]0 °°1 0.001[0.0202 | 0+002
0 0.0186] 7518 Lo.0195]™ lo.021 ™ |0.0133]0- 0 .00960+8 0.0172 ] ™-5i8
Mosquito G 0.04097_ . -0.0531 0.0508 [0.041 0.0606 0.0636
larvae M 0.002 0.0316]8’315.001 0. 0172]° ooz . [o 0229]0 % o. oo1o 0286]3 gigo 002{0.025 ]g 22 .01 o.ozsa] 092
0 0.00931°" 0,013 |™ 0.031 |8 L0.0126] 0.0145 0 0,021 ] n.sig
G = N, glauca

= N, maculata

0 = N. obliqua

‘0S¢



AEEenéix IX

Histograms showing the mean proportion of

successful gursuits)
Total pursuits

successful pursuits ( ,

(successful attacks)
Total attacks '

successful attacks

successful captures)
Total strikes

and  successful captures (
for N. maculata and N. obliqua feeding on six densities
of each of the three prey types in both simple and

complex environments.
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MEAN PROPORTION OF SUCCESSFUL ATTACKS
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Appendix X(a) Comparison of attack sequence components for each
prey type.
Test used d = L 2 (Parker 1973)
1
JTODEC +2)
1 2

where Tys Ty = different proportions, r = average of two proportions

n = number of samples
Due to size of sample necessary in such analysis, data is pooled over all
densities in each situation, giving maximum total samble size of 54, so
the binomial distribution approximates to a normal one, Significance of
differences shown in tables.

N. glauca comparison between prey types

Pursuit success Attack success Capture success
Complex Musca r 0.835 . - r0.897 .877
Gammarus n.sig. | O. 748]8 :18' n.sig. 0.592]8'821 n,.si [0 648]8 88%
Mosquito L0.884) -0.807]°" .918]
Simple Musca -0.492 . 0. 873 .836
Gammarus 0.001 | 0.45 ]g S8 nsig. o. 549]8 ggi n.sig{§ 654]8 831
Mosquito 10.859] 0.93 ] 41]

Comparison between attack sequence components with each prey.

Complex Simple
Musca A 1 ’ -A P = Pursuit
C | n.sig. 0.001 |C A = Attack
P - LP]O'OOI C = Capture
Gammarus P 7 . -C3 )
0.1 |c ] msige 4 g5 [pdnesis.
A ] n.sig. LP]n.sig.
Mosquito C C
0.1 ] n.sig. Aln.sig.
A ] n.sig. P

Comparison of attack sequence components between environments,

Musca Gammarus Mosquito
Pursuit S +« C S<«C S C Arrows indicate
0.001 0.002 direction of
Attact S C S C S+C significance,
0.1
Capture S C S C S C = Simple

S
C = Complex
Initials underlined denotes no significant difference



. Appendix X(a)

N. maculata

Complex Musca
Gammarus
Mosquito

Musca

Gammarus
Rt atetedt
Mosquito

Simple

(Continued)

comparison between prey types

Pursuit success

0,797

0.749 | n.sig.

0.829

0.85
n.sig.[0.655] 8'22

0.795 ] ©°

Attack success

0,941
n.sig.[0.69 %8.821

0.87

0.936] 5 001

0.615 0.002

n.sig.[
0.88 ]

Comparison between attack components with each prey.

Musca

Gammarus

Mosquito

" Complex
- A
0.02 c n,sig.
L b ] n,sig.
- P -
0.05 | A 1 TSt
{ C 1 n.sig.
- C A
0.0 |a | mesie
| p 1 n.sig.

'C] .
0.1 A ) nesig.
p ]n.sig.

.C]
P 0.02

0.01
-A] n.slg.

-C]
A 0.02

~P] n.sig,

0.001

359,

Capture succes

0.901
N. Sig.[0.557'
0.963 |

[ 0.001
0.001

0.95
n.sig.[0.855] 0

.1
0.99 ] 0.01

P = Pursuit
A = Attack
C = Capture

Comparison of attack sequence components between environments,

Musca
Pursuit s C
Attack S C

(2]

Capture S

N. obliqua

Musca
Gammarus

Complex

Mosquito

Musca
Gammarus

Simple

Mosquito

‘Gammarus

comparison between prey types.

Pursuit success

0.944 |
0.918
0.901 |

n.sig.

0.943-
0.88
0.903 |

n,sig.

Mosquito
5 c

<
.00

v Owm
[ =N e

Attack success

S = Simple

C = Complex

Capture succes

1.0 _| 1.0 1
0.01 [0.77893021 n.sig.[o.9lzg=g§
0,865 518" 0.995]"
0.969 0.991
n.sig.[O.SZS]g'gig O.947]n.sig.
0.896) ™ 518+ 0.99
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Appendix X(a) (Continued)

Comparison between attack sequence components with each prey.

‘Complex Simple
' Musca - C | c
0.1 A ] n.sig. A | n.sig.
B ] 0.1 p
Gammérus - P - .C
0.05 c n.sig. 0.05 [P ] “‘S’:Lg'
LA | 0.05 A ]n.51g.
Mosquito C C 1
0.1 [P %% 0.05 | P | 0.03
A ] n.sig. _ A ] n.sig.

Comparison of attack sequence components between environments,

Musca Gammarus Mosquito
Pursuit S C S C S C
Attack s C s C s C >S = Simple
Capture s C s C 8§ C C =.Complex
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Appendix X(b) Comparison of attack sequence components between predators.

Significance of differences shown.

Pursuit ‘Musca
0.05
‘Gammarus
0.02
mosquito
Attack ‘Musca
0'02
Gammarus
0.05
mosquito
Capture Musca
0.01
‘Gammarus
0.01
mosquito
0.05

‘N, obliqua
‘N, glauca

N. maculata

complex

¢ :[n. sig

—0:[11. sig

_G___[n. sig

0 |n. sig

simple

0.001

0.001

0.1

0.02

0.01

0.001

_Ojn. sig
| Jo.001
—%To0.01

| ¢ ]0.05

G |n. sig
M

—0___[n. sig
| o In. sig

% J0.1

L ¢ ___[n. sig

0 [n. sig

M
_Ojn.sg
_G:[o.l
——O:[n. sig

| ¢.]0:05

M |n. sig
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Appendix XI Comparison of pursuit attacks between prey, predators and
environments.
The small sample numbers requires pooling of data over the prey densities.
This will, however obscure any effect of density on the proportion of pursuit
attacks. However, such analysis will indicate the general differences in

the data for different prey and predators.

Tests used as in Appendix X

Comparison of pursuit attacks between prey.

Complex N. glauca N. maculata N, obliqua
Musca 0.843 n.si 0.703 0.742j]n i
Gammarus 0.1 [0.816 n.sig‘ ' 0.761:ln.sig. 0.1 [ 0.68 n.:ig
Mosquito 0.703 ] M-8 0.697 0-574] “518
Simple N. glauca 'N. maculata vN. obliqua
Musca 0.68 0.05 0,725 0.74 ]0 01
Gammarus n.sig [0.886 0'002 0.847in,sig n.sig[0.93 0'001
Mosquito 0.588 |°* 0.828 0.678 ] "+ %
Comparison of pursuit attacks between environments.
‘N. glauca ‘N, maculata N, obliqua
Musca ' S<«C S C S C Arrow indicates direction
0.05 of difference.
Gammarus ‘S C S C S=»>C :
0.001 S = Simple
: C = Complex
Mosquito S C S C s C
Comparison of pursuit attacks between predators.
Complex Simple
Musca G] . 07
. 0.1 [0 DeS1B. M | n.sig.
M]n.mg. G
Gammarus G 0 7
M |n,.sig. G In.sig.
‘ 04 M | 0 ='N. obliqua
Mosquito G ] M'TO 1 G = N. glauga
M |n.sig. 0 -n.si »
0 . - G ] - S18. M = N, maculata
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Appendix XII

Reaction areas of N. maculata and N, obliqua with the

three prey types at the surface.

F « Forward; R = Rear; Rt = Right; L = Left.

>

Proportion contours - figures represent proportion
of total responses and contours join distances from
predator at which eqdal proportion of }esponses

are made.

Proportion of total responses made at different

{w

distances from the predator in each direction.

Cumulative proportion of responses with distance

‘ o

from predator in each direction.

- Forward
- Rear
- Right

- Left
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contour map of
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e

scale 1div=2-5¢ms

proportion of responses

cumulative proportion of responses

03-
C.24
A I F
T T f——__f_——1~——1 | I
0-1+
R
-_J_F_T_*‘__L
! T T T Y 1 Y 1
0-1-
Rt
I e
T T T T T T }
0-14
FL_L :
T T T T ! N
06+
0-4-
0-24
0 T é T I ! T T )
: . 10 15 20

distonce from predator cms

*99¢



N obliqua with Gammarus at the surface T 03—

F
: . 024
F
: 0-11 |
2
2
§ —
& T T ! T T T T 1
contour map of e 0.1
response proportions 2 R
2 — . —
S -1 1 1 1 i 1 T 1
o
¢ 0+
s Rt
I__r— { ]
T 1 7 i 1 T !
014
L
L
T T T T 1 1 T \

cumulative propartion of responses

scale 1div=2-5cms

o
Jih
*L9¢

—
10 15 20

distance from predator ¢cms



N maculata with mosquito larvae ot the surface

contour map of
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N cbliqua with mosquito larvae at surface
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Appendix XTIII

Reaction area from the surface of N. maculata and

N. obligua feeding on mosquito larvae and Gammarus.

Height of bars indicates proportion of total responses

made at that distance from the predator (marked X).
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DISTANCE FORWARD (CMS)
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Appendix XIV

Reaction area from perch sites by N. maculata and

N. obliqua feeding on mosquito larbae and Gammarus.

Height of bars indicate proportion of total responses

made at that distance from the predator (marked X)
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Appendix XV

Histograms showing the proportion of
Rest Time (A)
and Handling Time (B)

spent at different positions in the waterbody by

N. glauca, N, maculata and N. obliqua feeding on six

densities of Musca domestica and Gammarus pulex

(25, 20, 15, 10, 5 and 2) in both simplé and complex
environments.
D - Positions at depth

S -~ Positions at surface
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Appendix XVI(a) Tests of significance for differences between proportion

of time at surface and depth for pooled data from all

densities so distribution approximates to normal,

Use general formula d = (Bailey 1959)

3w
]

a . | R ]
where o 1s measured proportion n - -

P = expected proportion = 0.5
(i.e. no preference)

Ho - proportion of time at depth GE) = 0.5 no preference (P).

N, glauca

Proportion at Expected d Sig~to-reject,
Rest ‘ Depth Proportion No
Complex Musca 0.917 0.5 6.12 0.001
‘Gammarps 0.957 0.5 6,71 0,001
) Mosquito 0.83 0.5 4,85 0.001
Simple Musca 0,685 0.5 2,71 0.01
Gammarus 0.646 0.5 2,14 0.05
Mosquito 0.671 0.5 2,51 0.02
Handling
Complex Musca 0.536 0.5 0.53 n,sig.,
Gammarus 0.837 0.5 4,95 0.001
Mosquito 0.73 0.5 3.38 0,001
Simple Musca 0.016 0.5 7.11 0,001
Gammarus 0 0.5 7.34 0,001
Mosquito 0.16 0.5 4,99 0.001
Comparison between Rest Comparison of time at depth with
and Handling at depth, different prey. :
Complex Simple
Complex Musca R> H Rest Gammarusjn. Musca 1
0.001 sig,
Gammarus R+ H 0.01 Musca J Gammarus | n.sig.
T 0.05 1n. :
Mosquito R+ H Mosquito}sig. Mosquito 4
Simple Musca R+ H Handling Gammarus] Mosquito -
0.001 [ n.sig. 0.01
Gammarus R+ H 0.00lMpsquitoi 0.01 | Musca
0.001 0.05 n-sis.
Mosquito R+ H Musca - Gammarus |
R = rest, H = handling.
Comparison time at depth Rest Musca S«C Handling Musca S<C
between environments 0.001 0.001
S = Simple. C = Complex, . Gammarus S$+C Gammarus S+C
) 0.001 0.001
Mosquito S+«C Mosquito S+«C

0,01 0,001



Appendix XVI(a)(Continued)

N. maculata

Proportion at

depth

Rest Musca | 0,622
Complex Gammarus 0,584
Mosquito 0.571

Simple Musca 0.366
Gammarus 0.127
Mosquito 0,132
Handling Musca 0.348
Complex Gammarus 0.55

Mosquito 0.523

Simple Musca 0
Gammarus 0.026
Mosquito 0.091

Comparison between time of rest
and handling at depth.

Expected d
Proportion
0.5

0

S

.
.
o~

L]
OWW WNKN APPYU OWN

OO0 OO0 OO0 OO

]
Lo, Lo Lnonn Ui on
ONNN O C)P) (€ S B R e e N

.

== NWW

Comparison of time

different prey.

- Cogglex
Rest Musca-

Handling Gammarus |

: - In.sig.
Gammarus

Mosquitol

Complex Musca R*H
. 0.001
Gammarus R H
Mosquito R H
Simple Musca R*H
o 0.001
Gammarus R-H
: 0.05
Mosquito R H

n.sig.
0.1 |Mosquito,

~lo.os
Musca |

384,

Sig. to reject
Ho
0.1
n.sig.
n,sig.

0.05
0.001
0.001

0.05
n.sig.
n.sig.

0.001
0.001
0.001

at depth with

Simple
Musca 1
0.01]. - 0.01
"l Gammarus i
n‘ Slg.
Mosquito J

Mosquito

: ]n.sig.
0.01| Gammarus

- ln.sig.
Musca

R = rest., H = handling.
Comparison of time at depth between environments,

Rest Musca S<«C Handling = Musca S+«C
0.001 : 0.001

" Gammarus S<C * Gammarus SeC
0.001 0.001

Mosquito S<«C Mosquito - S<«C
0.001 0.001

S = Simple, C = Complex,
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Appendix XVI(a)(Continued)

N. obliqua
Proportion of time Expected d Sig. to reject
Rest at depth Proportion Ho
Complex Musca 0.937 0.5 6.42 0.001
Gammarus 0.921 0.5 6.18 0.001
Mosquito 0.866 0.5 5.38 0,001
Simple Musca 0.3 0.5 2,94 0.01
Gammarus 0.038 0.5 6.78 0.001
Mosquito 0.041 0.5 6.75 0. 001
Handling Musca 0.53 0.5 0.44 n.sig.
Complex Gammarus 0.676 0.5 2,58 0,01
Mosquito 0.65 0.5 2.2 0.05
Simple Musca 0,004 0.5 7.29 0.001
Gammarus 0 0.5 7.34 0.001
Mosquito 0.039 0.5 6.77 0,001

Comparison between rest and handling Comparison of time at depth with
different prey.

at depth,
Complex Musca R
0,001
Gammarus R
0.002
Mosquito R-H
0.01
Simple Musca R-H
- 0,001
Gamiarus R H
Mosquito R H
R: = rest. H = Handling.

Rest

ComEIex _

Musca

Handling

Gammarus

Mosquito |

Gammarus

0.1

Mosquito:

Musca

Comparison of time at depth between environments.

Rest

Musca

Gammarus

Mosquito

5«C
0.001
5+C
0,001
S5+C
0,001

Handling

Musca

Gammarus

Mosquito

Simple
T Musca
0.001 0.001
n.sig. [Mosquito,

n.sig.
0.01"
0.05

5+C
0,001
5¢C
0,001
S«C
0.001

n,sig.

Gammarus

n.31g.
Gammarus

n.sig.
Musca

|
1
i
]
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Appendix XVI(b) Comparison of proportion of time at depth between

predators using d = r; -~ rp

Jr(l-r)éé) where r) and ry, are the

two proportions, r the mean proportion of the two, n

the total sample number (Parker 1973).

Significance of differences shown,

Rest Complex ""Simple
Musca - 0 0,937 . G 0.6857
S T—— * L) . . 0.001
0.001 | 6 0.9173 oor 0.001 | M 0.366—|n.sig.
M 0.6221"°° o 0.3 J
8 0.9 . G 0.61‘6.
Gaunmaruso.001 g 0.921]3'88? 0.001 | M 0.127J2'g‘i)1
L M 0.589]0" 0 0,038 |1+S18
Mosquito -0 0.536] . G 0.671]
N.S1Ze 0.001
10.002 | G 0.83 0-001 0.001 | M 0.132]0.1
M 0.571 | 0 0.041
Handling
' Musca " G 0.536]n oi G 0,016
0.1 |0 0.53 0% g. 0 0.004 |n.sig.
M 0.348]°°1 M O
Gammarus r G 0.837]0 1 G .
0.001 |0 0.676 n.51 0 n.sig.
LM 0.55 |m-Sis. M
Mosquug.os >g 3133 ]“‘s?g' 0.05 [ﬁ g:cl)gl] :zig
LM 0.523]""5'8 0 0.039] "+S8

0 = N. obligua

M = N. maculata

G =N, glauca
n = 54



Appendix XVII Differences in net energy gains from prey combination tests between the three predators, N. maculata (M)

N. glauca (G) and N, obliqua (0), tested by T test. Significance of differences shown.

Combination .
5,5,10. 5,20,10, '5,20,50. 5,5,50. 20,5,10. 20,5, 50, 20,20,10. 20,20, 50
Complex M M M M i M M
0] n.sig, 0,1 [G] :'ii 0.05 GJg’gg O]n.sig. 0.02 g]g':i GJn.sig. 0.05 [g]g'gi Onlsig
G 0] .8ig. | on.sig. G Lo]n-sis. 0 G] -sige ]
Simple M | M : M1, M : M M M ]
0.05 |04 9L o.ooz[o]“““g' 0.001 0]0‘05 0.001 | 010-0L 0.001 g]o.ogl 0.001 0]0'001 0.001 0]0°002 093091
n.sig. 10.01 j0.01 ]0.05 n.sig. ]0.1 0.001 n.sig
Gl G .G G G G Cln.sig. Lo
Appendix XVIII Differences in proportion of time spent handling in the two enviromments during combination experiments,
data pooled over all combinations.
Test using d = ry; - ry r;, ¥a - proportions
T D) (2 r = average of two proportions
ST 1) () n = sample size
n : d = standardised normal deviate.

N. glauca Complex
Simple

N. maculata Complex
Simple

N, obliqua Complex
Simple

0.573 .
0.563 d 0.121 n.sig.
0.691 - .

0.83 d 1.95 sig. 0.05
0,405 . :
0.598 d 2,316 : sig. 0.02

*L8€
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ApBendix XIX

A) Comparison of the proportion of time spent at depth with expected
proportion (no preference) during prey combination experiments.

Due to small sample size, data is booled over all combinations to give
a general idea of significance of the differences in proportions, with

normal distribution, approximation.

N. glauca Depth Expected n d sig.
Proportion
Complex Rest 0.895 0.5 72 6.7 0.001
Feeding 0.743 0.5 72 4,12 0.001
Simple Rest 0.383 0.5 72 1.98 0.05
Feeding o 0.5 72 8.48 0.001

N. maculata

Complex  Rest 0.60 0.5 72 1.69 0.1
Feeding 0.318 0.5 72 3.08 0.002
“ Simple Rest 0. 406 0.5 72 1.59 n.sig.
Feeding 0 0.5 72 8.48 0.001
N. obliqua _ , '
Complex Rest 0.857 0.5 72 6.06 0.001
Feeding 0.363 0.5 72 2.32. 0.02
Simple Rest 0.019 0.5 72 8.16 0.001
Feeding 0 0.5 72 8.48 0.001
Test d = (%) -P % = proportionat depth
/ P (1-P) P = expected proportion i.e, 0.5
n n = total sample number = 72
d = normal statistic

B) Difference in proportion of time spent at depth between Simple (S)
and Complex (C) environments and during Rest (R) and Feeding (F) in prey

combination experiments. Significance shown.

0.02 0.001
N. glauca Complex R-F N. maculata Complex R+F N. obliqua 0.001

0.001 0.001 Complex R+F
Simple R*F Simple RoF Simple R F
n.sig.

0.001 0.02 . 0.001

Rest C+§ Rest C-S Rest C+S
0.001 0.001 0.001

Feed C-+S Feed C-S Feed C-S
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Appendix XX Predictions of proportions of each prey type captured based

on models in Chapter V.

Each combination group comprises of 4 separate combinations e.g.
5 Musca comprises of the following combinations 5, 5, 10; 5, 20, 10;

5, 20, 50; and 5, 5, 50. Musca, Gammarus, mosquito larvae respectively.

The predictions of the models are made on the basis of averaging
data for a particular activity over the 4 separate combinations to give
a value for the larger combination group e.g.

2 Proportion of time at depth for 4 combinations
4

Expected values are obtained within each combination group for each
prey type and these are adjusted to give expected proportion of each
prey type captured under the criteria of each model in each combination
group.

All models assume no prey preference unless otherwise stated,

capture at every encounter, and random encounters,

Model 1. ~ Based on position at Rest — data during rest

‘Musca - I Proportion time at surface
Complex 4
Gammarus - I Proportion of time at depth x proportion visits
to bottom perches '
4
Mosquito - I Proportion of time at depth x proportion visits
to middle and near surface perches

4
Simple
Musca I Proportion time at surface
Mosquito 4
Gammar us L Proportion time at depth
4

Values are then converted to expected proportions of total captures.



Appendix XX (Continued)

Model 1.(Continued)

N, glauca Musca Gammarus Mosquito Musca Gammarus Mosquito
Combination Complex Simple
5 Musca 0.105 0.378 0.515 0.292 0.415 0.292
20 Musca 0.105 0.356 0.544 0.323 0.354 . 0.323
5 Gammarus 0.14 0.362 0.499 0.276 0.449 0.276
20 Gammarus 0.07 0.372 0.565 0.338 0.323 0.338
10 Mosquito 0.105 0.378 0.515 0.312 0.375 0.312
50 Mosquito 0.105 0.356 0.544 0.303 0.394 0.303
N, maculdta
Complex Simple
5 Musca 0.353 0.408 0.24 0.287 0.426 0.287
20 Musca 0.371 0.349 0.28 0.308 0.384 0.308
5 Gammarus 0,382 0.361 0.257 0.271 0.458 0.271
20 Gammarus 0,341 0.395 0.264 0.324 0.352 0.324
10 Mosquito 0.32 0.417 0.256 0.246 0.408 0.296
50 Mosquito 0.41 0.336 0.254 0.299 0.402 0.299
N, obliqua
Complex ' Simple
5 Musca 0.16 0.418 0.42 Time at surface 1.0
20 Musca 0.126 0.35 0.52 Expect all combinations
5 Gammarus 0,107 0.393 0.499 Musca 0.5 Mosquito 0.5
20 Gammarus 0.179 0.38 0.446
10 Mosquito 0,164 0.407 0.429
50 Mosquito 0,122 0.363 0.515

*06¢



Appendix XX (Continued)
Model 2. - Selection based on greatest net emergy gain from single prey experiments., Prey returning greatest

net energy gain at densities in each combination should be selected for that combination.

Expected proportion of each prey I Expected proportion prey for each combination in group
for combination group 4
Complex Simple

N. glauca N. maculata N. obliqua N, glauca N. maculata N. obliqua
5 Musca 0.5M 0,5G 1.0G 0.25M 0,75G 1.0M 1.0G 0.75M 0.25G
20 Musca 1,0M 1.0M 1.0G 1.0M 1.0G 0.5M 0.5G
5 Gammarus 0.5M 0.5G 1.0M 0,25M 0.756 1.0M 1.0G 1,0M
10 Mosquito 0,75M 0,25G 0.5M 0.5G 0.125M 0.875G 1.0M 1.0G 0.625M 0.375G
50 Mosquito 0.75M 0.25G 0.5M 0.5G 0.125M 0,875G 1.0M 1.0G 0,.625M 0,375G

M = Musca, G.= Gammarus

Model 3. - All combinations with all densities — selection of Musca

‘16¢€



Appendix XX (Continued)

Model 4, - 1st capture as in Model 1, Subéequemt‘captures based on position during handling. Values calculated

as in Model 1. except data is from during handling.

N. glauca
Complex Musca ‘Gammarus Mosquito Simple Musca Gammarus Mosquito
5 Musca 0.233 0.26 0.505 0.5 0 0.5
20 Musca 0.28 0.245 0.472 0.5 0 0.5
5 Gammarus 0,287 0.205 0.506 0.5 0 0.5
20 Gammarus 0.225 0.306 0.463 0.5 0 0.5
10 Mosquito 0.238 0.253 0.505 0.5 0 0.5
50 Mosquito 0.275 0.253 0.473 0.5 0 0.5
N, maculata
5 Musca 0.655 0.216 0.129 0.5 0 0.5
20 Musca 0.702 0.18 0.116 0.5 0 0.5
5 Gammarus 0.702 0,179 0.118 0.5 0 0.5
20 Gammarus 0.655 0,219 0.126 0.5 0 0.5
10 Mosquito 0.697 0.218 0.09 0.5 0 0.5
50 Mosquito 0.66 0.186 0.15 0.5 0 0.5
N. obliqua
5 Musca 0,698 0.132 0.17 0.5 0 0.5
20 Musca 0.576 0.158 0.206 0.5 0 0.5
5 Gammarus 0.6 0.205 0,195 0.5 0 0.5
20 Gammarus 0,686 0,093 0,22 0.5 0 0.5
10 Mosquito 0.628 0.181 0.19 0.5 0 0.5
50 Mosquito 0.6 0.5 0 0.5

46 0.114 0.239

"6t



Appendix XX (Continued)

Model 5. = Based on relative prey abundance. Assuming equal likelihood of encounters with each prey type.
Expected value = I n for each combination in combination group for prey type

for each prey type 4 -

in each combination group vhere n = density of prey type.

Values then converted to give expected proportion of total captures for each prey type in each combination group.

Musca Gammarus Mosguito
5 Musca 0.136 0.293 0.57
20 Musca 0.364 0.208 0.43 all predators in all environments
5 Gammarus 0.293 0.136 0.57
20 Gammarus 0.208 0.364 0.43
10 Mosquito 0.34 0.34 - 0,32
50 Mosquito 0.159 0.159 0.678
Model 6., - 1st as in 1 or 7. 2nd as in 3.

Model 7. - Based on probability of successful capture with random encounters of all prey.

Obtain probability of successful capture for each prey at densities used in combination experiments

from data in single prey experiments,

e.g. Musca density 5

‘€6¢

probability of successful capture = pursuit x attack x capture
success - success Success



Appendix XX (Continued)

Model 7. (Continued)

-

Expected value for each _ I Prbbability'of successful capture at each density in each combination grou
prey in combination group. A

Values then converted to give expected proportion of total captures for each prey type in each combination group.

N, glauca Musca ' Gammarus ’ Mosquito " Musca Garmarus Mosquito
Complex 5 Musca ~0.365 ~ 0,188 0.446 Simple ~0.422 T 0.562 " 0.515
20 Musca 0.373 0.186 0.441 0.323 0.073 0.604
5 Gammarus 0,362 0.202 0.436 0.384 0.05 0.566
20 Gammarus 0,376 - 0.172 0.452 0.37 0.083 0.546
10 Mosquito 0,356 0.18 0.463 0.38 0.068 0.551
50 Mosquito 0,383 0.19 0.423 0.373 0.066 0.56
‘N. maculata
Complex 5 Musca 0.5 0,22 0.28 Simple 0.464 0.141 0.395
20 Musca 0.44 0.17 0.39 0.44 0.147 0.412
5 Gammarus 0.5 0.17 0.33 0.462 0.125 0.413
20 Gammarus 0,45 0.19 0.36 0.442 0.163 0.395
10 Mosquito 0,42 0.21 0,37 0.46 0.247 0.392
50 Mosquito 0,53 0.17 0.3 0.444 0.141 0.414
N. obliqua
Complex5> Musca 0.397 0.266 0.337 Simple 0,398 0,239 0.36
. 20 Musca 0.403 0.264 0.33 0.372 0.249 0.378
5 Gammarus 0.416 0.235 0.348 0.392 0.23 - 0.376
20 Gammarus O, 385 0.292 0.323 0.379 0.257 0.36
10 Mosquito 0.401 0.266 0.33 0.397 0.25 0.351

50 Mosquito  0.398 0.263 0.338 0.374 0.237 0.388

*%6€E



Appendix XX (Continued)

Model 8. = Combination of models 1 and 7.
Expected value for each _ Expected value from Expected value from
prey in combination group. Model 1. Model 7

Values then converted to give expected proportion of total captures for each prey type in each combination group,

'N. glauca Musca Ganmarus Mosquito " Musca Gammarus Mosquito
Complex 5 Musca 0.236 0.137 0.627 Simple 0,411 0.087 0.502
20 Musca 0.291 0.127 0,582 0,32 0.078 0.6
5 Gammarus 0,284 0.112 0.603 0,372 0.079 0,549
20 Gammarus 0,244 0.151 0.604 0.371 0.08 0.549
10 Mosquito 0,232 0.126 0.642 0.376 0.079 0,545
50 Mosquito 0,297 0.14 0.564 0,366 0,083 0.55
N. maculata .-
Complex 5 Musca 0.53 0.205 0.264 Simple 0,433 0.197 0,37
20 Musca 0.486 0.149 0.304 0.425 0.197 0.39
5 Gammarus 0,555 0,151 0.293 0,425 0.194 0,38
20 Gammarus 0.46 0.186 0,353 0,436 0.174 0.39
10 Mosquito 0,405 0.214 0.38 0,436 0.191 0.37
50 Mosquito 0,611 0.14 0.247 0.424 0,18 0.39

N. obligua

Complex 5 Musca 0.2 0.352 0.447 Simple 0,525 0 0.475
20 Musca 0.159 0.287 0,553 0,496 0 0.504

5 Gammarus 0.142 0.298 0.559 0.51 0 0.49
20 Gammarus 0.211 0, 34 0,447 0.512 0 0.488

10 Mosquito 0,207 0,344 0.45 0.53 0 0.47

0 0.51

50 Mosquito 0.15 0,299 0.55 0,49

‘S6t



Appendix

XX

Model 9.

N. glauca

Complex

5

Combination of Models 1 aad S.

Musca

20

5
20
10
50

N. maculata

Complex

5

Musca
Gammarus

Gammarus
Mosquito

Mosquito

Musca

20

5
20
10
50

N. obligua

Complex

5

Musca
Gammarus

Gammarus

Mosquito
Mosquito

Musca

20

5
20
10
50

Musca

Gammarus

Gammarus

Mosquito

Mosquito

(Continued)

Musca

0.033
0.109
0.109
0.036
0.106
0.038

0.157
0.41

0.365
0.235
0.327
0.224

0.052
0.132
0,082
0.098
0.166
0,044

Gammarus

0.264
0.214
0.131
0.346
0.39

0.129

0.393
0.227
0.159
0.474
0.427
0.182

0.32
0.214
0.137
0.452
0.48

0.136 .

Mosquito

0.703
0,676
0,759
0.608
0.503
0.833

0.450
0.367
0.473
0.288
0,246
0.592

0.627
0.683
0.78

0,626
0.415

0.819

Simgle

Simple

Musca

0.120
0.359
0.272
0.185
0,319
0.152

0.119
0.346
0.268

0.304
0.149

0.192
0,458
0.338
0.326
0.515
0.188

Proportions estimated in similar way to Model 8,

Gammarus

0.371
0.215
0.201
0,43

0.382
0.199

0.38
0.247
0.21
0.384
0.422
0.204

ocNoNoNoNoNe

Mosquito

0.509
0.426
0.527
0.383
0.298
0,649

0.49
0.407
0.522
0.414
0.27
0.646

0.808
0.542
0.662
0,674
0.485
0.812

*96¢



Appendix XX

Model 10.

N. glauca

Complex

- Combination of Models 7 and 5.

5 Musca

20 Musca

5 Gammarus
20 Gammarus
10 Mosquito
50 Mosquito

N. maculata

Complex 5 Musca

— 20 Vusca
5 Gammarus
20 Gammarus
10 Mosquito
50 Mosquito

N, obliqua

Complex 5 Musca
20 Musca

5 Gammarus
20 Gammarus
10 Mosquito
50 Mosquito

(Continued)

Musca

0.138
0,373
0.277
0.234
0.367
0.16

0.255
0,487
0.465
0.307
0,416
0,341

0.167
0.424
0.346
0.247
0.41

0,188

Gammarus

0,153

0.106
0.072
0.188
0.185
0,081

0.213
0.082
0.057
0,207
0.219
0.07 -

0.24

0.159
0.091
0.279
0,271
0,126

‘Mosquito
0,709
0.522
0.651
0.578
0.448
0,757

0.532
0.429
0.477
0.485
0.364
0,588

0.592
0,416
0.56

0,457
0.317
0.685

‘Simgle

Siggle

-Simgle

Musca
0,055
0.299
0.255
0,228
0.393
0.131

0.19

0.436
0.349
0,288
0.409
0.188

0,164
0.389
0,319
0,242
0.406
0,167

Proportions estimated in similar way to Model 8.

Gammarus

0.049

0.038
0.0158
0.089
0,07
0.023

0.125
0,083
0,043
0,185
0.151
0.06

0,212
0.144
0.086
0.285
0.256
0.102

Mosquito
0.796
0.662
0.729
0.677
0.536
0.845

0.683
0.481
0.607
0.526
0.379
0.751

0.623
0.617
0.594
0.472
0.337
0.73

*L6E



Appendix XX
Model 11. -
N. glauca
Complex 5
20
5
20
10
50
N. maculata
Comp lex 5
20
5
20
10
50
N. obliqua
Cogglex 5
.20
5
20
10
50

(Continued)

Combination Models 8 and 5.

Musca

Musca
Gammarus

Gammarus

Mosquito
Mosquito

Musca

Musca

Gammarus

Gammarus

Mosquito
Mosquito

Musca
Musca
Gammarus

Gammarus

Mosquito
Mosquito

Musca
0.027

0.094
0.08

0.035
0,076
0.032

0.33
0.248
0.33
0.314
0.285
0.368

0,07
0.163
0,102
0,123
0.21
0.045

Proportions estimated in similar way to Model 8.

Gammarus
0.113

0,091
0.054
0.155
0.186
0.053

0.14
0.119
0.108
0.12
0.146
0.119

0,268
0.166
0.099
0.344
0.337
0.106

Mosquito
0.859
0.815
0.865
0.81
0,738
0.916

0.52
0,585
0.56
0.56
0.57
0,511

0.661
0.67
0079
0.532
0.435
0.847

Simple

Simple

Simple

Musca Gammarus
0.052 0,068
0.298 0.043
0.252 0,023
0,225 0,085
0.387 0.085
0,132 0.029
0.18 0.177
0.439 0,105
0.338 0,07 0.591
0.282 0.197
0.447 0.196
0,187 0.078
0.209 O
0.454 0
0.348 0
0.338 0
0.548 0
0.18 0

Mosquito
0.703
0.658
0.724
0.69
0,527
0.838

0.642
0.456

0.52
0,356
0.735

0,791
0.546
0.652
0.662
0.455
0.816

‘86¢



Appendix XX (Continued)

Model 12. - Combination of Models 4 and 5.
N. glauca Musca Gammarus
Complex 5 Musca 0.081 0.192
20 Musca 0.286 0.143
5 Gammarus 0.209 0.069
20 Gammarus 0.23 0.313
10 Mosquito 0.25 0.26
50 Mosquito 0.209 0.099
N. maculata
Coggfex 5 Musca 0.118 0.107
20 Musca 0.282 0,065
5 Gammarus 0.223 0.034
20 Gammarus 0.187 0.12
10 Mosquito 0.297 0.147
50 Mosquito 0.137 0.045
N. obligua
Cogglex 5 Musca 0.41 0.166
20 Musca 0.587 0.092
5 Gammarus 0.538 0.122
20 Gammarus 0.534 0.128
10 Mosquito 0.639 0.18
50 Mosquito 0.064

0.362

Mosquito

0.726
0.57
0.72
0.55
0,492
0.79

0.775
0,65
0.74
0.687
0,557
0.818

0.423
0.32
0.339
0.338
0.18
0.574

.‘SimEIe

' Simgle'

’SimBle

Musca

~0.193
0.458
0,339
0.326
0.515
0.189

0.193
0.458
0.339
0.326
0.515

0.189

0.192
0.458
0.339
0.326
0.515
0.189

Proportions estimated in a similar way to Model 8.

Gammarus

(e Ne e NojoNo) (eNeoNoNeNeNe

[eNeNeNole No]

Mosquito

- 0.807
0.542
0.661
0.774
0.485
0.811

0.807
0.542
0.661
0.774
0.485
0.811

0.807
0.542
0.661
0.774
0.485
0.811

*66€



(Continued)

Combination of Models 10 and 4. Proportions estimated in a similar way to Model 8.

5*

5

Appendix XX
Model 13, -
N. glauca
Cogglex
20
20
10
50
N. maculata
Complex 5
20
5
20
10
50
N. obliqua
Complex 5
20
5
20
10
50

Mosquito
Mosquito

Musca

Musca

Gammarus
Gammarus
hl il
Mosquito
Mosquito

Musca
Musca
Gammarus
Gammarus
Mosquito
Mosquito

|

Musca
0.075
0.277
0.188
0.223
0.246
0,105

Gammarus
0.0§3
0.069
0.034
0.14
0.129
0.05

0.128
0.05
0.029
0.12
0.093
0.055

0.125
0.066
0,054
0.06

0.133
0.047

Mosquito
0.83
0.654
0.78
0.64
0.626
0.85

0.372
0.166
0.24
0.25
0.108
0.44

'0.405
0.29
0.325
0.231
0.163
0.547

Simple

Siggle

Simple

Musca
0.162
0.311
0.259
0.228
0,423
0.134

0.217
0.475
0.365
0.354
0.553

0.2

0.192
0.458
0.338
0.326
0.515
0.188

Gammarus

oNoNoleNeNo) eNolNoNeNoNa)

O0000O0

Mosquit

0.837
0.689
0.741
0.772
0,577
0.866

0.783
0.525
0.635
0.646
0.447
0.8

0.808
0,542
0.662
0.674
0.485
0.812

‘0oYy



401,

Appendix XXI: Goodness of fit tests between prey selection and selection

expected from models, using a x2 test; 6 x 3

table (d.f. = 10).

‘N. glauca

comglex

N. maculata

complex

N. obliSua

complex

model

model

model

model

model
model

model

model

model

model

model
model
model

model

model

12

10

10

11

10
11

1st
2nd
3rd
4th

1st

2nd
3rd

1st
2nd

1st
2nd

1st
2nd
3rd
4th

1st
2nd

- 1st

2nd
3rd

1st
2nd
3rd
1st
1st
1st
1st

1st

capture
capture
capture
capture

capture

capture
capture

capture
capture

capture
capture

capture
capture
capture
capture

capture
capture

capture
capture
capture

capture
capture
capture
capture
capture
capture

capture

capture

K XK XK XXX
MR P D MDD

KX KK KX XXX X X
MV RPN PN DN DN

xoxX X X
XS T \C I CE )

]

0.833
0.43
1.058
1.17

0.898

= 0.663

]

[ | I ] It ] non

0.976

2.59
0.57

9.01
4.55

0.584
0.806
2.717
3.848

0.939
0.984

0.67
0.65
0.719

0.76
1.03
1.13
0.449
0.544
1.877
1.77

1.24

(0.
(0.

n.

n,

contingency

sig
sig
sig
sig
sig
sig
sig
sig
sig

9<P>0.5)
9<P>0.5)

sig

. sig

sig
sig
sig
sig
sig
sig
sig
sig
sig
sig
sig
sig
sig

sig





