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ABSTRACT 

The Effect of Alternate Prey Presence 
on the Functional Response by Larval Damselflies 

To Changes in Cladoceran Prey Density 

Barbara Gavin Akre 

The effect of alternate prey availability on the functional re¬ 

sponse by naiads of the damsel fly Anomalagrion hastatum to change 

in the density of a cladoceran prey (Daphnia magna or Simocephalus 

vetulus) was measured in large-volume simulated weedbed systems with 

low (natural) prey densities. A study of predator selectivity, a 

key to functional responses for single prey within a multiple-prey 

system, was included in the experimental design. 

The damselflies exhibited hyperbolic (destabilizing) function¬ 

al responses for single prey, but sigmoid (potentially stabilizing) 

responses for both species in a complementary density two-prey system. 

Deviations of two-prey response data from "constant preference" pre¬ 

dictions suggested that variable selectivity may have been the source 

of the observed regulatory potential. 

Presented with varying relative abundances of the two prey, 

predators increased their selectivity for the more abundant species; 

i.e., they switched. Therefore, predator switching may be the source 

of regulatory potential in the functional response. The naiads' 

tendency toward switching, and their selectivity for D. magna at 

equal densities of prey, increased with increasing predator hunger. 

Increasing total prey density also increased equal density selectiv¬ 

ity for D. magna. These changes in predator selectivity are discussed 

with reference to optimization theory. 



A behavioral hypothesis explaining switching and the potentially 

stabilizing functional responses (reward reinforcement of selective 

search modes) is proposed. Relationships between switching and regu¬ 

latory potential in functional responses for two competing prey, and 

for prey within multiple-prey systems, are discussed. Theoretical 

and documented effects of alternate prey availability lead to the 

conclusion that relative prey abundance and predator selectivity may 

be more important determinants of field functional responses than 

absolute prey density or predator hunger level. 
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INTRODUCTION 

Although theory, field data, and laboratory experiments have sug¬ 

gested that the presence of alternate prey contributes to the stability 

of predator-prey interactions (Nicholson and Bailey, 1935; Flaherty, 

1969; Huffaker and Kennett, 1969; Johnson, 1973; Smith, 1972; den 

Boer, 1969), a relationship between alternate prey and regulatory po¬ 

tential (acceleration) in the functional response has not been clearly 

defined. 

Early predation literature attributed acceleration in the func¬ 

tional response to learning ability or phylogenetic position (Holling, 

1959 a,b, 1961; Royama, 1970b). More recent theoretical and experi¬ 

mental work suggests that ecological rather than phylogenetic factors 

may be responsible for predator regulatory ability. For example, multi¬ 

ple-prey systems and variable predator selectivity (which may include 

the effects of learning) can theoretically result in regulatory (sigmoid) 

functional responses (Oaten and Murdoch, 1975b). Recent literature sug¬ 

gests that invertebrates as well as vertebrates demonstrate variable 

selectivity (Murdoch, 1969; Richman and Rogers, 1969; Lawton et al., 

1974), but almost no functional response data for invertebrate predators 

in the presence of alternate prey have been published. 

This paper reports a study of the effect of alternate prey availa¬ 

bility on the shape of the functional response by an invertebrate pre¬ 

dator. 

LitératUre Review 

Alternate Prey And Stability 

Nicholson and Bailey (1935) first suggested that alternate prey 
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may stabilize predator-prey systems. Their models of parasite-host in¬ 

teraction indicated that the presence of a second host species decreases 

the responsiveness of predator survival and reproduction to change in 

principal host density. Consequently, oscillations in parasite and host 

populations are damped. 

Theoretical analysis of heterogeneity as a stabilizing factor has 

shown polyhagy to be a form of spatial heterogeneity which may contribute 

to system stability (Smith, 1972). In his discussion of "spreading of 

risk" and population stability, den Boer (1969) suggested that predation 

rate may depend more on relative availability than on absolute density. 

Thus change in alternate prey densities may affect the rate of predation 

on a principal prey even more than would change in principal prey density. 

Field data which suggest the stabilizing role of alternate prey 

include Huffaker and Kennett's (1969) observation that phytoseiid mites 

are able to control their principal prey by using alternate prey "for 

survival but not reproduction". The presence of alternate prey also 

increases the ability of predatory spider mites to control their mite 

prey (Flaherty, 1969). Johnson (1973) suggested that the presence of 

alternate prey in his experimental pools may have stabilized damselfly- 

cladoceran interactions by allowing transfer of predation pressure during 

times of low principal prey density. Pearson (1966, 1971) reported that 

alternate prey do maintain higher carnivore densities during and after 

peak vole abundance, although he believed that this effect increases, 

rather than decreases, the amplitude of prey oscillations. 

Predator Functional Responses 

The functional response to prey density—a short-term change:.in 

the behavior of an individual predator (Solomon, 1949)--is an important 
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part of predator influence on prey population growth. Although the 

overall predator response to change in prey population size also in¬ 

cludes reproduction (numerical or intrageneration response—Solomon, 

1949; Hassell, 1966) and growth (developmental response--Murdoch, 1971; 

Johnson, 1973), these delayed effects, and consequent changes in pre¬ 

dation pressure, are dependent on the basic, behavioral response of the 

individual predator. 

Holling's (1959a, 1965, 1966) detailed "experimental component 

analysis" of small mammal and mantid predation provides the most com¬ 

plete general explanation of predator feeding behavior. His experi¬ 

mental data, and computer simulations based on the data, suggest that 

for all predators, search or encounter rate and limitations in handling 

time (capture, manipulation, digestion) set the upper and lower limits, 

respectively, to increase in predation rate with density. A predator 

with only these determinants of predation rate shows a type 1 response 

(Fig. 1A). Predators whose density-dependent decrease in mean hunger 

(or available time) reduces reactive distance (or discovery rate) demon¬ 

strate hyperbolic, or type 2 responses (Fig. 1C). And predators in whom 

density-dependent learning lowers prey-specific hunger thresholds show 

sigmoid, or type 3, functional response curves (Fig. IE). 

As shown in Fig. 1, adapted from Holling (1965), only accelerating 

(type 3) responses possess the potential for prey population regulation. 

Two measures of the extent to which a functional response is stabilizing 

have been proposed by Oaten and Murdoch (1975a). The authors analyzed 

neighborhood and structural stability of, 1) a Lotka-Volterra model 

modified to include a non-linear functional response and, 2) a general 

multi-species model. Their suggested measures are Hm> the maximum prey 



Figure 1. Functional response types and their regulatory po-. 
tential, after Hoiling (1965).  , "necessary" mortality for prey 
population equilibrium, assuming that mate-finding at low densities, 
and intraspecies competition at high densities reduce the required 
percentage mortality. EX - extinction equilibrium; ES - escape equi¬ 
librium; EQ - stable equilibrium. Arrows indicate prey population 
increase or decrease. 
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density for which the response is accelerating, and 9 the value 

of the response at Hm, which reflects the amount of variation allowed 

in population parameters (Fig. IE). 

Alternate Prey And Regulatory Potential In The Functional Response 

Although much of the early functional response literature failed 

to consider effects of alternate prey on response curve shape, the 

following review suggests that the presence of alternate prey often 

coincided with demonstration of regulatory potential. When alternate 

prey were omitted from experimental designs, sigmoid functional re¬ 

sponses were seldom found. 

Vertebrate Predators 

Because most studies of vetebrate predator functional responses 

were conducted in the field, they necessarily included alternate prey. 

Invariably, they also showed regulatory (type 3) response curves. 

Among these are Tinbergen's (1960) field studies of tit predation 

(nestling feeding), Hoi ling's (1959a) work with small mammal predation 

on sawfly cocoons, Gibb's (1958, 1962) data for tits preying on insect 

larvae concealed in pine cones, and Croze's (1970) field observations 

of crow predation on artificial baits. Even Holling's (1959a) supple¬ 

mental laboratory experiments with small mammals included alternate 

prey. 

Although regulatory potential and the presence of alternate prey 

invariably coincide in these studies, explanations of vertebrate regu¬ 

latory ability do not consider alternate prey as a possible determinant 

of functional response curve shape. Proposed mechanisms are: learning 

of cues for abundant prey, and optimal allocation of search for prey 

distributed in patches. 
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Learning 

The first theory holds that predator learning (and forgetting) 

of prey-specific cues in response to temporal changes in prey density 

is the source of acceleration in the functional response curve. The 

earliest description of predator learning was Tinbergen's (1960) 

hypothesis that birds acquire "search images" which enable them to 

disregard many environmental stimuli in favor of specific cues for 

abundant prey. Holling's (1965) hunger threshold model of vertebrate 

learning is essentially a detailed behavioral explanation of Tinber- 

en's search image theory. Croze (1970) believed that predators may 

respond to temporally or spatially localized high prey densities by 

learning to search for both prey and habitat characteristics. 

Each of these studies acknowledges that alternate prey affect 

the magnitude of the functional response. Tinbergen noted that prey 

"risk" depended on general food abundance, Holling found that the 

density and quality of alternate foods determined response height, and 

Croze observed that alternate stimuli affected retention or loss of 

crows' multiple-cue search image. 

However, none consider the control situation--the functional 

response in the absence of altenate prey. Although the learning theory 

does not consider that the presence of alternate prey might contribute 

to regulatory potential, decreased predation on temporarily rare prey 

and increased predation on temporarily abundant prey do imply the 

presence of multiple prey species. Thus vertebrate predators, alternate 

prey, and regulatory potential are, at least in this early functional 

response literature, firmly associated. 

Discussions and computer simulations in several of Holling's papers 
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support the association between multiple prey and sigmoid responses. 

Citing differences between type 2 parasites and type 3 vertebrate pre¬ 

dators, Holling (1959a) contrasted the parasite-single host system 

with predator-multiple prey interactions. Commenting on type 2 fish 

predation reported by Ivlev (1961), Holling (1965) suggested that the 

addition of alternate prey to the experimental system might have re¬ 

sulted in a sigmoid response to principal prey density. Moreover, 

Holling's (1965) computer simulation of vertebrate predation in the 

absence of alternate prey gave a type 2 curve. He attributed this 

result to an increase in hunger which masked the effects of learning 

at low prey densities. 

Response to prey distribution 

An alternative theory of vertebrate regulatory potential holds 

that predators respond to prey distribution, i.e. to spatial rather than 

temporal variation in prey density. Having observed that tits feed with 

greater intensity in regions of greater larval numbers per cone, Gibb 

(1962) proposed that the birds prey "by expectation"—search for a spe¬ 

cific number of prey determined by averaging prey detected in the sur¬ 

rounding area. Royama (1966, 1970a,b, 1971) hypothesized that predators 

tend to allocate search time to patches of prey according to their prof¬ 

itability—the number of prey captured per unit time. He argued that an 

ideal, optimal distribution of predator hours would result in a prey den 

sity below which no predators occur, and that real approximations to 

this ideal by vertebrate predators could result in sigmoid functional 

responses. 

Royama's optimal allocation theory neither considers nor requires 

the presence of alternate prey. However, as a more mechanistic 
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explanation of regulatory behavior, it does have implications for 

both regulatory potential in the presence of alternate prey, and in¬ 

vertebrate regulatory ability. I shall return to these implication 

in the discussion. 

Invertebrate Predators 

Most studies of invertebrates functional responses jnvçlyed 

laboratory experiments without alternate prey. Experiments with 

a parasitic fly (DeBach and Smith, 1941), a braconid wasp (Ullyett, 

1949a; Miller, 1959, 1960), an ichneumonid fly (Ullyett, 1949b), 

a chalcid wasp (Burnett, 1951, 1954, 1956), mantids (Holling, 1966), 

and larval damselflies (Johnson et al., 1975) uniformly report 

nonregulatory (types 1 or 2) functional responses. Holling (1961) 

cited his unpublished data for corixids, dytiscids, and belostomatids 

as further examples of invertebrate, nonregulatory functional responses. 

This literature, and the inability of invertebrates to learn, 

led to the conclusion that vertebrate predators can regulate prey 

populations through their functional response to prey density while 

invertebrates cannot. 

Recent reports of accelerating functional response curves for a 

few invertebrate predators suggest that ecological factors may be more 

important than learning ability or phylogenetic position as contributors 

to regulatory potential. 

Specialists: specialized regulatory mechanisms 

I. Wasteful killing--unlimited gut capacity: Wasteful killing 

associated with interference and density-dependent prey activity has 

been suggested as the source of anomalous double plateau functional re- 
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sponses for several arachnid predators. For the spider Philodromus 

preying on Drosophila, Haynes and Sisojévic (1966a) report an initially 

type 2 curve with higher density acceleration to a second plateau. The 

authors suggest that the first plateau represents handling time limita¬ 

tion resulting from long feeding periods. The subsequent acceleration, 

they believe, results from interference with feeding by increasingly ac¬ 

tive, uncaptured prey, and consequently decreased prey utilization. 

Sandness and McMurtry (1970, 1972) attribute a similar double plateau re- 

spnse for phytoseiid mites and their mite prey to identical prey inter¬ 

ference and predator wasteful killing behaviors. 

Cyclic feeding and the absence of hunger as a determinant of feed¬ 

ing rate characterize predation by the spider Grammonota on Drosophila 

and spruce budworm (Haynes and Sisojlvic,.(T966b). The:.authors explained 

this spider's sigmoid functional response by postulating that feeding on 

one prey somehow stimulates feeding on the next, and that interspersed 

periods of nonreceptivity are a consequence of unavailability of diges¬ 

tive fluids. 

Because prey interference with feeding is probably unrealistic ex¬ 

cept at outbreak (and laboratory) prey densities, and because low in¬ 

fluence of hunger is uncommon among predators with limited gut capaci¬ 

ties and high energy demands, such specialized behavioral mechanisms 

are probably restricted to predators which exploit temporally or spati¬ 

ally localized superabundances of prey. 

II. Specialized response to prey distribution: A second group of 

invertebrate predators, specializtng~on one or a few closely related 

prey species, demonstrate innate regulatory mechanisms which result in 

optimal allocation of search time, as hypothesized for vertebrates by 
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Royama (1970a, b). Ichneumonid wasps, allowed to choose oviposition 

sites among containers of varying larval moth densities, selected high 

densities by olfactory assessment of either prey density or host-con¬ 

ditioned food (Takahashi, 1968); the result was a sigmoid functional re¬ 

sponse. A similar response shown by tachinid flies parasitizing winter 

moths seemed determined by stimuli from nonspecific leaf damage (Hassell, 

1968). Hassell and Rogers (1972) reported aggregation of the ichneumo¬ 

nid parasite Nemeritis in patches of high host (Ephestia) density, and 

suggested that this behavior may have stabilized the host-parasite sys¬ 

tem. A unique and extreme example of optimal allocation of search ef¬ 

fort is encystment by the protozoan Woodruffia at critically low den¬ 

sities of its obligate prey Paramecium (Salt, 1967). 

Generalists: regulatory ■potential associated with alternate prey avail- 

ability 

The few studies of invertebrate functional responses which do in¬ 

clude alternate prey also indicate predator regulatory ability. Adams 

and Steele (1966) reported a sigmoid functional response by the copepod 

Cal anus to increasing phytoplankton concentrations. The authors demon¬ 

strated increased filtering rate for higher phytoplankton "densities", 

and hypothesized that Calanus changes to an animal diet (predatory be¬ 

havior) when concentrations of detritus and phytoplankton are low. 

Murdoch (1969), studying predatory whelks which had been trained to the 

more abundant prey species, described a three-point accelerating func¬ 

tional response curve for varying relative densities of barnacles and 

mussels. His explanation for the whelks' apparent regulatory ability 

was that predators exposed to patches of the more abundant prey "switch" 

to, or prey disproportionately on, that species. 



12 

In a theoretical discussion based on observations of marine ecosys¬ 

tems, Steele (1972) argued that alternate prey contribute to regulatory 

potential in the invertebrate functional response. Steele believe the 

controlling link in aquatic ecosystems to be zooplankton grazing on phy¬ 

toplankton. Observing that nutrient enrichment seriously alters system 

stability only if it leads to single species dominance among phytoplank¬ 

ton, he suggested that this elimination of alternate prey, and a conse¬ 

quent change in zooplantkton feeding behavior from "threshold" (type 3) 

to "zero threshold" (type 2) is the destabilizing mechanism. 

Like early vertebrate literature, these few studies of invertebrate 

generalists suggest that alternate prey may contribute to regulatory po¬ 

tential in the functional response. And, like vertebrate learning, pro¬ 

posed regulatory mechanisms involve changes in predator selectivity. I 

conclude with Salt (1967) that for a general predator--vertebrate or in¬ 

vertebrate—the functional response represents a shift from one prey to 

another. Thus the key to the response lies in the much complicated sub¬ 

ject of predator selectivity. 

Predator Selectivity and Regulatory Potential 

Theoretical Relationships 

For the following discussion, selectivity référés to relative pre¬ 

dation rates on available prey which are not equal to relative densities 

of those prey. Theoretical work has demonstrated that both constant and 

variable selectivity can lead to sigmoid functional responses. 

Constant selectivity 

Constant selectivity has been described mathematically by Woolf's 

(1955) models of blood type and disease, Tinbergen's (1960) probability 
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of encounter (prey risk) hypothesis, and Murdoch's (1969) null hypoth¬ 

esis for switching. Because Murdoch's model is the most precise with 

respect to predation behavior, and is also relevant to later discussion, 

I present his formulation of constant selectivity in detail. 

According to Murdoch's null hypothesis, (nonswitching) predators 

showing constant selectivity consume alternate prey in direct propor¬ 

tion to their ratio in the environment: P-j/P2 
= cN-j/ N2, if Pj is the 

number consumed and N. the density of prey i. The selectivity constant 

£ is the product of relative availability of prey species and relative 

predator preference. Relative availability is a consequence of differ¬ 

ences in prey behavior and distribution, and results in differences in 

encounter rate for equally dense prey. Preference originates in preda¬ 

tor behavior, i.e. relative palatability or strenth of stimulus of two 

prey, and involves active rejection of encountered prey (Rapport and 

Turner, 1970). 

The effect of constant selectivity on the functional response is 

described by two-prey disc equations (Murdoch, 1973; Lawton et al., 1974-)» 

derived from Holling's (1959b) mathematical description of type 2 preda¬ 

tion for a single prey. These equations assume prey-specific values for 

instantaneous attack rate £ and handling time h^ : 

E-j — a-j N-j ”^1^1 "" ^2E2^ 

E2 = a2N2^Tt ’ h2E2 " hlEl^ 

where E. = number of prey i eaten, N. = density prey i, and Tt = total 

time predator and prey are exposed. 

Murdoch (1973) found that when densities of two prey vary in a com¬ 

plementary way (assuming a competitive system where total prey density is 

held constant), these equations predict a sigmoid response for the less 
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preferred (or available) prey, and a hyperbolic response for the more 

preferred (available) prey. Experimental evidence forj$uc.h..a.syst.em:.bas 

not yet been reported. However, this theoretical demonstration that al¬ 

ternate prey may induce acceleration in the functional response of a type 

2 predator suggests that even those predators incapable of adaptive be¬ 

havior change or learning may, in multiple prey systems, contribute to 

regulation of some prey populations. 

Variable selectivity 

Selectivity varies with predator hunger and/or relative abundance 

of prey for some predators. 

I. Hunger-dependence: In a computer simulation analysis of Kuch- 

lein's unpublished data for predatory mites feeding on eggs and males of 

another mite species, Fransz (1974) showed a clear increase in selectiv¬ 

ity (measured as the ratio of instantaneous ingestion rates) with decreas¬ 

ing hunger. This result is consistent with optimal foraging theory, 

which suggests that satiated predators can "afford" to be more selective 

(Emlen, 1966; MacArthur and Pianka, 1966; Schoener, 1971). 

Fransz suggested that such a relationship between hunger and selec¬ 

tivity could lead to stabilizing predation on a preferred prey, because 

by increasing gut content, higher densities would increase selectivity 

for that prey. However, as Fransz emphasizes, the regulatory potential 

of hunger-dependent selection is limited. First, it necessarily confined 

to the "preferred" prey. High densities of the alternate prey would in¬ 

crease gut content, and predation on the preferred prey despite its lower 

relative abundance. Moreover, because increased gut content leads to de¬ 

creased overall predation rate, hunger-dependent selectivity would not 

often result in density-dependent mortality. 
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II, Frequency-dependence: Changes in relative abundance of prey 

may also affect predator selectivity. Population geneticists have stud¬ 

ied this phenomenon for intraspecies prey morphs as apostatic or fre¬ 

quency-dependent predation, while ecologists have analyzed predator-multi¬ 

ple prey systems for "switching". 

The theory of predator switching was formalized by Murdoch (1969). 

He maintained that as the proportions of two prey vary, changes in pred¬ 

ator behavior may alter predator preference or relative prey availability. 

Switching predators consume disproportionately more of the more abundant 

prey species, and show appropriate variation in the proportionality "con¬ 

stant" £ of the aforementioned null hypothesis. 

Switching and regulatory potential 

Murdoch (1973) analyzed the relationship between switching and func¬ 

tional response type by varying the ratio of instantaneous search rates 

for two-prey disc equations. Although unable to find general analytical 

solutions, he concluded that "under many circumstances" switching leads 

to a sigmoid functional response. However, he found switching destabiliz¬ 

ing for less- "preferred" prey in several prey ratio situations, and for 

"preferred" prey whose densities increase faster than those of alternate 

prey. 

Oaten and Murdoch (1975b) further defined the relationship between 

switching and regulatory potential in the functional response. Analyzing 

a variable preference model based on Murdoch's (1969) whelk data, they 

concluded that prerequisites for a stabilizing functional response for 

predators with a significant handling times are, 1) strong training, i.e. 

a strong tendency for predators to prefer an encountered prey if it is 

the species last eaten; and, if such training is hunger-dependent, 2) a 
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high density of alternate prey. For switching to lead to a regulatory 

functional response when handling times are very small, either strong 

training or a low alternate prey density is required. Further analysis 

confirmed Murdoch's!1973) conclusion that switching does not necessarily 

result in a stabilizing functional response. Oaten and Murdoch empha¬ 

sized that training and switching must be strong enough to counteract 

the destabilizing effect of handling time before stabilizing predation 

results. 

Evidence for Switching 

Invertebrate as well as vertebrate predators have demonstrated 

switching behavior. 

Invertebrate predators 

, Murdoch (1969) first documented switching in his studies of whelk 

predation on mussels and barnacles. For strong preference systems, pred¬ 

ators consumed prey species in proportion to their density, as predicted 

by the no-switching hypothesis. However, predators choosing among prey 

for which they exhibited little difference in preference showed marked 

heterogeneity in individual diets and a poor fit to the null hypothesis. 

Although switching was not detected, a runs test revealed a tendency to¬ 

ward "training" to a single prey species in some predators. To simulate 

the effect on training of a patchy prey distribution, Murdoch exposed 

predators to a single prey species for 4-9 weeks. Three groups of patch- 

trained predators were tested at high relative densities of the prey to 

which they had been trained. The resulting data satisfied switching cri¬ 

teria, although Murdoch was unable to obtain evidence for reverse training. 

Richman and Rogers (1969) reported that the copepod Calanus increases 

selectivity for paired phytoplankton above a threshold frequency of 20%. 
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The most convincing evidence for switching by invertebrates is 

given by Lawton et al. (1974). Studying Notonecta predation on isopods 

and mayfly nymphs over a period of ten days, the authors observed ran¬ 

dom predation during the first few days, but a gradual increase in cap¬ 

ture success rate and switching to the more abundant prey by the end 

of the experiment. 

The same authors report "a suggestion" of switching by Ischnura 

elegans feeding on Daphnia obtusaand Simocephalus vetulus. An extended 

observation period was not included in the latter experiment. 

Vertebrate -predators 

Among vertebrate predators, two birds and one fish have been shown 

to switch. 

Murton (1971) found that wood pigeons, presented combinations of 

seeds on pasture plots, consumed certain seeds at rates greater than pre¬ 

dicted by chance. Risk ratios describing relative predation on seeds 

offered two at a time (Tinbergen, 1960) did not equate, and Murton ex¬ 

plained the observed changes in selectivity as a result of social facili¬ 

tation-flock members copying each other's feeding behavior. As Murton's 

studies showed, high densities of a single food are most effective in in¬ 

ducing widespread limitation. Therefore, switching is a possible conse¬ 

quence of this behavior. Murdoch and Oaten (1975), having analyzed Mur¬ 

ton 's unpublished data, report that in at least one of the wood pigeon ex¬ 

periments, switching did occur. 

Manly et al. (1972) observed switching by Japanese quail feed¬ 

ing on red and blue pastries in laboratory experiments. 

Murdoch et al. (1975) studied guppy predation on Drosophila 

and tubificids. Under simulated field conditions, in which the 
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relative abundance of the two prey was gradually reversed over a 

twelve-day period, the guppies preyed disproportionately on the more 

abundant prey. Two groups of guppies were recognized--one with weak 

selectivity which showed strong switching, and a second with strong 

selectivity which showed switching only at extreme ratios of prey 

densities. 

Nonswitahing predators 

Evidence against switching includes Murdoch's (1969) work with 

whelks feeding on prey for which they had Strong differences in 

preference; Reed's (1969) data, cited by Murdoch et al. (1975), for 

bluegills feeding on midge and mosquito larvae; Murdoch and Marks' 

(1973) study of coccinellid predation on two species of mites; and 

Rapport's (unpublished, cited by Murdoch and Oaten, 1975) work with 

Stentor coeruleus in a strong-preference system. 

Both the snails and Stentor.,in weak preference systems, did 

demonstrate switching behavior. Thus, the strong preference systems 

may have involved prey which were significantly less appropriate and 

therefore did not contribute to behavioral reinforcement or training. 

Studies of coccinellids, however, reported only weak preference systems, 

and yet did not show switching. As specialists on aphid outbreaks, 

coccinellids may show interactions with prey similar to those of 

arachnids (e.g. Dixon, 1959); selectivity is irrelevant to a predator 

feeding on isolated, essentially pure outbreaks of prey. 

The evidence presented in switching literature leads me to con¬ 

cur with Murdoch et al.'s(1975) suggestion that ecological and behav¬ 

ioral characteristics rather than phylogenetic classifications seem 

to determine the presence of switching in predator-prey systems. 
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Behavioral Mechanisms of Switching 

The mechanisms proposed or documented for switching illustrate 

that adaptive phenomena comparable to learning are responsible for 

selectivity in representatives of many taxa—not just vertebrates. 

Adaptive behavior changes in any of three steps of predation (prey 

encounter, prey attack, prey capture) may make predation frequency- 

dependent. 

Encounter rate 

Prey encounter rate may become dependent on frequency through 

a predator's choice of specific search area or specific search be¬ 

havior. Murdoch et al.'s (1975) guppy work illustrates switching as 

a result of reward-reinforcement of specific search area. The authors 

documented changes in the fraction of time spent in each prey habitat 

(Drosophila—water surface; tubificids—aquarium bottom) and showed 

that the changes were associated with varying relative reward rates. 

Because increased search time in the subhabitat of the more abundant 

prey increased the relative encounter rate for that prey, the guppies' 

predation rates were frequency-dependent. 

The theory that prey frequency affects search behavior and thus 

discovery rate was proposed by Richman and Rogers (1969) to explain 

switching by Calanus. The authors believed that copepods change 

from filter-feeding to active hunting for large cells, once their 

abundance makes such behavior profitable. 

Switching by both wood pigeons (Murton, 1971) and Japanese quail 

(Manly et al., 1972), too, may result from change in search behavior 

and discovery rate. The hypothesized learning (or forgetting) cues for 
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abundant (or rare) prey is identical to Tinbergen's search image con¬ 

cept, although in wood pigeons, feeding image formation also involves 

social facilitation. Thus vertebrate learning may be considered an 

example of the more general ability to adapt search behavior to 

changing relative abundances of prey. 

Attack rate 

In other predators, the rate of attack on encountered prey may 

depend on relative abundance. Oaten and Murdoch (1975b) propose that 

for Murdoch's (1969) whelks, encountered prey have a probability of 

rejection which increases if the last prey eaten was of another species. 

Their theory is based on Murdoch's observations of runs of prey for 

some of the snails. 

This model of training in whelks suggests an invertebrate ana¬ 

logue of vertebrate learning. However, the evidence for this example 

of switching involves lengthy (4-9 week) exposure to artificially pure 

patches of prey, subsequent testing of only three prey ratios, and 

apparently irreversible training. The importance of such irreversible 

"patch" training and switching may be limited to systems in which pre¬ 

dator and prey have approximately equal generation times. 

Capture rate 

Finally, relative abundance may affect the rate of capture of 

attacked prey. Lawton et al. (1974) provide behavioral data showing 

that experience with a more abundant prey leads to improved prey- 

specific capture techniques and switching by Notonecta. 

The same authors were unable to identify behavior explaining 

switching by damselflies, although they suggested that the effects on 

hunger levels of prey size difference may have contributed to under- 
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representation of smaller Daphnia obtusa in the diet when Simocephalus 

vetulus were abundant. 

Evidence for Regulatory Potential Associated with Switching 

Although there is some evidence for switching by invertebrates, 

and although switching has been shown theoretically to result in regu¬ 

latory functional responses, little data confirms the association be¬ 

tween alternate prey and regulatory potential in invertebrate predators. 

In fact, as Oaten and Murdoch (1975b) emphasize, there is little evi¬ 

dence supporting or disproving their theory that switching can lead to 

a stabilizing functional response. 

Most switching studies have not reported functional response 

data, or have shown inconclusive response curves. Descriptions of 

switching for Cal anus (Richman and Rogers, 1969), wood pigeons (Murton, 

1971), quail (Manly et al., 1972), and Notonecta and Ischnura (Lawton 

et al., 1974) do not include functional response data, although Lawton 

et al.. do cite a poor fit of the damselfly data to two-prey disc 

equations. Given these studies'apparent evidence for switching and 

Murdoch's (1973) demonstration that switching does not necessarily 

result in a regulatory functional response, these omissions are sur¬ 

prising and disappointing. 

Murdoch's (1969) positively accelerating response curve for the 

whelk data is a by-product of the switching studies, consisting of 

three points which represent artificial training regimes. This dem¬ 

onstration of regulatory potential associated with switching leaves 

several questions unanswered: Can significant training occur within 

more realistic (i.e. less isolated or exclusive) patches of prey? 

Would not predators trained to a certain species select it over even 
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a more abundant alternate prey? If so, is the time scale for prey 

density change so large that individual predators need not switch or 

retrain? 

Oaten and Murdoch (1975b) cite Rapport's unpublished data for 

Stentor coeruleus as evidence for switching and regulatory potential 

in the functional response. The authors report, however, that Stentor 

gives a type 3 response both in the presence and in the absence of 

alternate prey. This result suggests that switching is not the source 

of regulatory potential. 

The only published data which shows convincing evidence for both 

switching and an accelerating functional response is for a vertebrate 

predator, the guppy (Murdoch et al., 1975). The guppy's functional 

responses for both of the differently distributed prey showed positive 

acceleration. Even this data is not conclusive evidence for a causal 

relationship between switching and regulatory potential, because this 

study, like all other vertebrate functional response literature, lacks 

a control—the response in the absence of alternate prey. 

Summary arid Statement of Purpose 

1. Predation literature suggests that the presence of alternate prey 

contributes to the stability of predator-prey interactions. 

2. Although some predator functional responses show regulatory po¬ 

tential, the effect of the presence of alternate prey on functional 

response shape has not been well documented. 

3. Early functional response literature indicated that a) vertebrate 

functional responses are potentially regulatory, because these preda¬ 

tors can learn to search for relatively abundant prey in a multiple 

prey system. 
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b)- invertebrate functional responses are not regulatory, because 

these predators lack ability to learn. 

4. Recently, accelerating functional responses have been reported for 

a few invertebrate predators. For some of these responses,.regulatory 

potential appears to depend on specialized behavioral mechanisms, such 

as wasteful killing or innate response to high densities of single 

prey. For others, as for the vertebrate learning response, regulatory 

potential seems to depend on properties of predator selectivity. 

5. Theoretical studies have demonstrated that type 2 predation and 

constant selectivity can lead to a regulatory functional response for 

one of two prey species. No data supporting this theoretical con¬ 

clusion yet exist. 

6. Switching should often though not invariably result in stabilizing 

functional responses for both prey species. Although evidence exists 

for switching by both vertebrate and invertebrate predators, the theo¬ 

retical association between switching and regulatory potential in the 

functional response has been documented under realistic conditions for 

only a single vertebrate predator. 

It is the purpose of this paper to test the hypothesis that the 

presence of alternate prey may reveal regulatory potential in an in¬ 

vertebrate predator's functional response by allowing the effects of 

constant selectivity or switching to be manifest. 

Specifically, this paper reports the effects of alternate prey 

presence on the functional response of damselfly naiads to change in 

cladoceran density. Experiments were designed to determine functional 

response shape over low (natural) prey densities both in the absence 
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of alternate prey and in a two-prey "competitive" system. Because 

theory predicts a sigmoid response to one prey for predators with 

constant selectivity,and sigmoid responses to both prey for switching 

predators, the competitive (complementary) combination of prey densi¬ 

ties is most likely to produce a type 3 response, and should distin¬ 

guish between the two hypotheses. Further study of damsel fly selec¬ 

tivity included tests for dependence on hunger, total prey density 

(equal density experiments), and relative abundance (complementary 

density experiments). 

Because most predators are polyphagous, study of multiple-prey 

systems simulating field conditions should provide more realistic 

estimates of natural predation patterns. And, by emphasizing relative 

prey availability and predator selectivity, this simple step toward 

more realism in laboratory analysis may significantly alter both our 

concept of the functional response and our understanding of predator 

regulatory potential. 
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METHODS 

Organisms 

Predators were final instar naiads of two damselfly species, 

Ischnura ramburii and Anomolaqrion hastatum. Naiads of all instars, 

collected from a small pond on the Rice University campus and from 

Sheldon Reservoir, 24 kilometers northeast of Houston, were raised at 

25°C in charcoal-filtered tap water with abundant prey (Chironomus, 

mosquito larvae and cladocerans, Simocephalus vetulus, Daphnia magna, 

and Moina micrura). Those which reached instar XI were isolated at 

25°C with abundant D. magna until two days into instar XII, when they 

were treated (starved 24 hours or satiated) for testing on the third 

day. 

Because zygopteran larvae are generalist predators known to in¬ 

clude cladocera among their principal prey (Chutter, 1961; Lawton, 

1970; Hallret al., 1970), two cladoceran species demonstrating con¬ 

trasting locomotor behaviors were chosen as experimental prey. 

Simocephalus vetulus exhibits periods of motionlessness alternating 

with periods of smooth gliding, whereas Daphnia magna demonstrates 

constant jerking motion. 

S. vetulus were collected for culturing in the spring of 1972 

from a temporary pond on the Barrow Ranch, 150 kilometers east of 

Houston in Chambers County. D. magna were obtained from laboratory 

culture, but the early instars used for these experiments simulate 

much smaller, similarly active cladocera which are found in the 

Houston area (e.g. Ceriodaphnia sp., Alona sp., Moina micrura). 

The prey species were cultured separately in filtered tap water 

at room temperature. 5. vetulus cultures were provided with additional 
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surface area in the form of fiberglass screen strips. Alt cultures 

were fed algal or yeast suspensions daily. Immediately before each 

experiment, samples from these cultures were sorted through a series 

of U.S. Standard Sieves (Nos. 16, 18, 20, 25, 30, 35, and 60) submerged 

in a cylinder of running filtered water. Cladocera retained by the 

No. 35 sieve (mesh opening 500 microns) but not by the No. 30 sieve 

(mesh opening 595 microns) became experimental prey. 

Experimèntal Systems 

Naiads were tested individually for feeding rate in large poly¬ 

ethylene cylinders, lined with fibergalss screening and filled with 

filtered water in which additional strips of screening were suspended 

(totaling 2 cm surface area per 3 ml volume). These simulated weed- 

bed systems allowed the damsel flies access to all parts of the experi¬ 

mental universe and permitted a more even distribution of the surface- 

associated S. vetulus (as in Johnson, 1973). Volume-density combina¬ 

tions were the result of compromise in an attempt to minimize both the 

effects of exploitation by predators during an experiment and the amount 

of counting required. High densities in preliminary experiments were 

set up in paper-covered Pyrex beakers containing from 0.3 to 4 1 water; 

total volumes for the principal, low-density experiments varied from 

12 to 45 1. 
i 

The experimental systems were placed in controlled temperature 

chambers at 25°C with a light-dark cycle of 14:10 (light 0600 to 2000 h) 

to simulate the Houston summer. Cladocerans were counted and introduced 

at least one hour before the predator to allow equilibration in their 

distribution and activity. Those remaining in each system after preda¬ 

tion were counted as dead or alive, and those missing were assumed to 
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have been eaten. For the two largest volumes (45 1 and 114 1; densities 

10 and 1 1"^), a funnel, covered with plankton netting and attached 

to rubber tubing, was used to siphon off much of the water, thereby 

concentrating the cladocerans before counting. 

Experimental Design 

Preliminary Experiments 

Preliminary experiments conducted in the summer and fall of 

1972 were designed to identify the range of densities critical to the 

functional response, to define the general shape of the single-prey 

response curve, and to detect diurnality in damselfly naiad predation 

rate. 

Between July 16 and August 15, each of 50 starved I. ramburii 

was allowed to feed for three consecutive eight-hour periods in three 

separate but identical systems. Experiments were begun at 0800, 1600, 

or 2400 h in an attempt to separate diurnal from sequence effects. 

Five predators were tested at each of ten D, magna densities, which 

ranged from 5 to 2000 1”^ but emphasized low densities more critical 

to defining the shape of the curve. For functional response analysis, 

this first data set was summed over time, within individuals, and 

treated as five 24-hour replicate measures for each of ten densities. 

Between October 14 and December 11, 48 starved I. ramburii were 

tested at low densities of $. vetulus alone. For each of six densities 

(1, 10, 20, 30, 40, and 50 1”^), eight naiads were allowed to feed for 

a single 12-hour period, beginning between 2000 and 2100 h. 

A control series of 27 systems, covering the density and volume 

ranges of all experiments, was used to estimate counting error and non- 

predatory death rate of prey. 
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Alternate Prey Experiments 

The effects of alternate prey on the damselflies' functional 

response was studied within a four-factor analysis of A. hastatum 

predation rate. Two prey types (active D. magna or quiet $. vetulus) 

were presented with alternate prey in three combinations (no alternate 

prey, alternate prey present at a density complementary to that of the 

principal prey, or alternate prey present at a density equal to that 

of the principal prey). Six principal prey densities between 3 and 

63 1~^ were studied, and in complementary density experiments the total 

cladoceran density was constant a 66 1"^. Two predator hunger levels 

(starved 24 hours or satiated) were used to bracket the true, equili¬ 

brium hunger level for lower prey densities. 

The 72 cells formed by these four factors were replicated five 

times each ( total of 360 damselflies) between January 5 and April 30 

in 1973. Because early instars of A. hastatum were scarce by mid-March, 

many of the remaining nymphs were supplied with abundant cladoceran 

prey and kept at 13°C to ensure their availability through completion 

of the experiment. These organisms were returned to laboratory culture 

conditions at least by instar XI and subsequently treated in a manner 

identical to their normally developing counterparts. Although most of 

the 96 damselflies tested for the last two of five total "blocks" had 

experienced this artificially delayed development, no significant 

effects on predation rate or later development rate were detected 

(Appendix D). 

Wasteful Killing 

Preliminary data (I. ramburii-D. magna responses, Fig. 2) demon¬ 

strated that "wasteful killing" by damsel fly naiads causes a disparity 
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between predator consumption and prey mortality (Johnson et al., 1975). 

Wasteful killing decreases effective handling time and increases the 

instantaneous attack rate constant (equations, Fig. 2). Thus the 

effective magnitude of the response is increased over that allowed by 

gut capacity limitations. 

For preliminary experiments, numbers killed, corrected for non¬ 

predator death, were used as estimates of predation rate, because they 

more accurately reflect the effect of predation on the prey population. 

However, analysis of the density-dependence of this wasteful killing 

indicated that predator utilization of prey increases (wasteful killing 

decreases) at lower prey densities (Appendix C). Because numbers killed 

are affected by additional variability resulting from nonpredator mor¬ 

tality, numbers completely consumed were used as estimates of predation 

rate for I. ramburii-S. vetulus and A. hastatum functional responses. 

Statistical analysis 

The data resulting from the experiments outlined above were ad¬ 

justed for counting error, nonpredator mortality, and predator size 

differences (Appendices A and B), and subjected to several types of 

analysis in order to detect first, differences among functional re¬ 

sponse curves, and second, evidence for constant selectivity or switch¬ 

ing. In each of four cells, one of five replicates (in all, 4 of 360 

observations) was excluded from switching and functional response 

analysis (but not analysis of variance) on the basis of the Gap Test 

for Outliers (Bliss, 1970). For each of the four, n=5 and p<0.05; 

R.j = 0.666, 0.680, 0.706, and 0.773. 
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Functional Response 

Initial analysis of functional response data determined whether 

or not the curve shapes were consistent with type 2 predation. Rates 

of prey consumption by I. ramburii and A. hastatum in the presence of 

either D. magna or S. vetulus alone were fit by regression to a lin¬ 

earization of the disc equation (Holling, 1959b). For two-prey sit¬ 

uations, predation rate data were fit to Lawton's linearizations of 

two-prey disc equations (Lawton et al., 1974; Murdoch, 1973). Two 

prey-specific parameters determine the predator's response as des¬ 

cribed by the disc equation. An instantaneous search rate constant 

<a describes the initial, maximum rate of increase of feeding rate with 

respect to density. Handling time ji defines the maximum limit to 

feeding rate imposed by finite gut capacity and available time. A 

summary parameter, analogous to the of enzyme kinetics, is the den¬ 

sity at which half the maximum predation rate occurs; in terms of 

disc equation parameters, Km = (ah)~^ and indicates the range of den¬ 

sities over which significant change in predation rate occurs. Be¬ 

cause the low densities used for most of these experiments are at or 

below Km, limitation of predation rate by handling time may be slight 

or absent, and estimates of _h may consequently be inaccurate. Thus, 

comparative estimates of the search or attack rate constant a_, and 

evidence for or against type 2 predation over the lower, most effect¬ 

ive range of the functional response are the primary purposes of fit¬ 

ting data to the disc equations. 

Low experimental densities and the complex form of the two-prey 

disc equations precluded satisfying fits of the data. Therefore, in¬ 

dependent tests of two-prey data were made to determine whether or not 
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the shapes of the response curves were consistent with type 2 preda¬ 

tion. Estimates of the instantaneous attack rate constant and hand¬ 

ling time derived from disc equation fits for single-prey responses 

were substituted into the two-prey disc equations. The resulting 

curves;predicting predation rate for a type 2 predator in a two-prey 

system, were then compared to actual two-prey data. 

A final method of analysis for low density data identified 

positive as well as negative acceleration, and permitted statistical 

comparison of functional response curve shapes among treatments. For 

each of twelve treatments (2 prey types X 2 hunger levels X 3 alter¬ 

nate prey combinations), data for feeding rate were regressed on den- 
2 

sity and (density) with a zero-intercept constraint (Bliss, 1970). 

Each resulting quadratic regression gave a linear component roughly 

comparable to the search or attack rate constant a^, and a quadratic 

component describing negative (type 2) or positive (type 3) accelera¬ 

tion of predation rate with respect to density. Analysis of variance 

within and among treatment regressions (Bliss, 1970) tested the statis¬ 

tical significance of linear and quadratic components, of deviations 

from the zero-intercept and from the regression as a whole, and of 

differences among treatment regressions. This parabolic regression 

analysis was used not as a biologically significant description of 

behavior, but as a mathematical tool for comparison of changes in preda¬ 

tion rate with density. 

Selectivity 

Two-prey experiments were analyzed for evidence of variable selec¬ 

tivity. Equal density data were used to test for dependence of predator 

selectivity on either total density or predator hunger; complementary 
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density data were analyzed for evidence of predator switching. For 

these analyses, predation rates were combined to give either the ratio 

of S. vetulus: D. magna consumed, or the corresponding percentages of 

either species in the diet. Angular transformations of the percent¬ 

ages were employed in averaging and analysis of variance computations 

to compensate for nonnormality (Sokal and Rohlf, 1969). One of 60 

transformed data was excluded from analysis on the basis of the Gap 

Test for Outliers (Bliss, 1970); = 0.647; n = 5; p<0.05. 

Estimation of the selectivity constant "cf 

In the development of his model for two-prey predation without 

switching, Murdoch (1969) suggested two measures of the selectivity 

constant £, and predicted that they would be similar for nonswitch¬ 

ing predators. 

The first estimate, the ratio of prey consumed at equal den¬ 

sities of two prey, was found to vary with total density and with pred¬ 

ator hunger for these experiments (See Results). Therefore, values 

chosen from equal density data to represent £ in tests of switching 

were hunger-specific estimates corresponding to a total cladoceran 

density of 66 1"^ (i.e. 33 1”^ each prey). Estimates were derived from 

linear regression of arcsin /percent D. magna on density (Fig. 3). 

The ratios of S. vetulus: D. magna corresponding to the transformed 

percentage D. magna for total density of 66 l"^ were 0.18 for starved 

and 0.33 for satiated predators. 

A second measure of £, the slope of a regression through zero 

of ratio of prey consumed on ratio available, did not accurately 

represent data from complementary density experiments. Ratios con¬ 

sumed varied from zero to infinity; thus the regression slope was 



Figure 3. Density- and hunger-dependence of A. hastatum selec- 
tivity. Each triangle represents the mean of 5 replicate values for 
arcsin i/% D. magTïâ"in prey consumed. Circles represent the overall 
means for each density. 
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Total Cladoceran Density (number per liter) 
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dominated by the highest consumption ratio included. A more balanced 

estimate of £ was obtained by converting means of dresin v'p 's for 

each density and hunger level to ratio of D. magna: S. vetulus con¬ 

sumed, and then multiplying each by the appropriate ratio of magna: 

S. vetulus presented. Twelve separate estimates of £ resulted. For 

starved predators, the estimates seemed symmetrical about a mean, and 

the average of the six, £ = 0.233, was chosen to test for switching. 

For satiated predators, estimates of £ for extreme ratios were them¬ 

selves extreme, and not symmetrical about other estimates. G-tests 

for goodness of fit to pooled data (Sokal and Rohlf, 1969), using a 

mean of all six estimates (F = 1.06), of the lower five (F = 0.329), 

and of the middle four (F = 0.389) showed that only the last mean fit 

the data overall. Therefore, £ = 0.389 was chosen to test switching. 

A final estimate of the proportionality constant, suggested by 

Lawton et al. .(1974) and. Murdoch (1973), is the ratio of instantaneous 

attack rate constants given by disc equation fits. Estimates of a^ 

and a^ for A. hastatum single-prey functional response experiments 

give £ = 0.24 for starved and £ = 0.33 for satiated predators. 

The various independent estimates of the selectivity constant 

£ are summarized in Table 1. All estimates of £ are represented by' 

prediction curves for graphical tests of switching, but complementary 

density estimates were chosen for statistical tests because their de¬ 

rivation, from switching data itself, should provide the best fit for 

—and most critical test of—the null hypothesis of frequency-in- 

dependent predation. 

Tests of frequency-- and hunger—- dependence of selectivïty 

As transformed estimates of selectivity, frequencies of 
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S. vetulus in the diet were anlyzed for heterogeneity due to hunger 

level and relative availability by means of the log-likelihood ratio 

("G-") test (Sokal and Rohlf, 1969). Replicated G-tests, in contrast 

to the )C and graphical tests previously used for swtiching analyses 

(Murdoch, 1969; Murdoch and Marks, 1973; Lawton et al., 1974), allow 

accurate partitioning of heterogeneity among classes of relative avail¬ 

ability, and consequently permit a more specific statistical evalua¬ 

tion of the evidence for switching. 

Because null hypothesis frequencies for these tests were "intrin¬ 

sic" (derived from the data through estimates of the proportionality 

constant cj,values for "pooled G", a measure of the degree to which the 

data as a whole deviate from the hypothesized frequency, are expected 

to be minimal and nonsignificant. A significant "heterogeneity G" 

indicates that despite overall conformity, individual hungers or re¬ 

lative availabilities lead to frequencies consumed which differ signifi¬ 

cantly from the mean, assuming binomial variance. Partitioning of a 

significant hetergeneity G among relative availabilities identifies 

treatment frequencies which deviate significantly fromithe mean. A 

pattern of significantly lower-than-mean frequencies for low relative 

availabilities, and significantly higher-than-mean frequencies for high 

availabilities is evidence for switching. 

A second, a posteriori test (STP, Sokal and Rohlf, 1969) was used 

. to analyze the effects of hunger and total density on predation frequency. 

A critical heterogeneity G separates maximally nonsignificant sets of 

frequencies; such homogeneous subsets are reported as list of decreasing 

frequencies using the following bracket notation: 
a d e c f b 
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Statistical Significance 

Unless otherwise stated, "statistically significant" implies 

p<0.05. Exact probabilities are given for those tests performed by 

computer; Datatext, and Statistical Package for the Social Sciences 

(SPSS) were used for three-or more-way and repeated measures analyses 

of variance. 
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RESULTS 

The effects on damsel fly naiad predation rate of prey density, 

prey type, predator hunger, alternate prey combination, and their 

interactions, are reported in a four-way analysis of variance of 

number eaten (Table 2 and Fig. 4). Comparison among disc equation 

parameter estimates (Table 3) and analysis of variance of parabolic 

regressions (Table 4 and Fig. 5) illustrate the effects of prey type, 

predator type, predator hunger, and alternate prey combination on the 

magnitude and shape of the functional response curve. 

Factors Influencing Rate of Predation on Single Prey Species 

Density 

The damselflies' functional response to change in the density 

of a single prey species was type 2 (Figs. 2, 5, 6). Both character¬ 

istics of type 2 curves, negative acceleration and a saturation 

plateau, are apparent in the I. ramburii-D. magna responses (Fig. 2). 

The functional response measured as number eaten is fairly well des¬ 

cribed by the disc equation fit. And, although numbers killed do not 

conform closely to the disc fit, deviations do not form a consistent 

pattern. The limited number of densities studied, high variability 

in nonpredatory mortality rate, and the probability that killing be- 

havior-especially above satiation densities-is less closely regulated 

than actual feeding rate, make it impossible to conclude that the 

"killed" response is other than type 2. 

Although saturation cannot be identified because of low experi¬ 

mental densities, negative acceleration is clear for I. ramburii- 

S. vetulus and A. hastatum responses (Fig. 6, 7). Parabolic regression 
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TABLE 2 

Analysis of variance of A. hastatum predation rate: 

Prey Density x Prey Type x Alternate Prey Combination x Predator Hunger 

Source df MS F E. 

Prey Density*** 5 3350.16 42.32 <0.001 

Prey Type*** 1 21742.01 274.63 <0.001 

Alternate Prey* 2 255.25 3.22 0.042 

Predator Hunger*** 1 4397.54 55.55 <0.001 

Density x Hunger 5 140.45 1.77 0.119 

Density x Alternate Prey 10 114.93 1.45 0.158 

Density x Type Prey*** 5 923.44 11.66 <0.001 

Hunger x Alternate Prey 2 106.83 1.35 0.261 

Hunger x Type Prey*** 1 2817.24 35.59 <0.001 

Alternate Prey x Type Prey* 2 296.58 3.75 0.025 

Density x Hunger x Alternate Prey 10 58.46 0.74 >0.500 

Density x Hunger x Type Prey** 5 291.28 3.68 0.004 

Density x Alternate Prey x Type*** 10 244.55 3.09 0.001 

Hunger x Alternate Prey x Type Prey 2 86.07 1.09 0.339 

Density x Hunger x Alternate x Type 10 107.01 1.35 0.203 

Within Subgroups 288 79.17 
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TABLE 4 

Analysis of variance of parabolic regressions 

(A. hastatum functional responses - predation rate on density) 

Prey Type x Alternate Prey Combination x Predator Hunger. 

Multiple comparisons among groups of regressions. 

Source (or Comparison) 

Total 

Density*** 
Linear-Zero Intercept*** 
Quadratic* 
Scatter 

Zero Intercept Scatter* 
Residual 

Treatment x Density Interaction*** 

Treatment x Linear-Zero*** 
Prey Type*** 
Predator Hunger*** 
Single Prey vs. Equal Densities 
Single vs. Complementary Densities 1 
Equal vs. Complementary* 

Treatment x Quadratic*** 
Prey Type** 
Predator Hunger** 
Single Prey vs. Equal Densities 
Single vs. Complementary Densit- 

Equal vs. Complementary 

Treatment x Scatter 
Treatment x Zero Intercept 

Prey Type 
Predator Hunger 
Single vs. Equal 
Single vs. Complementary* 
Equal vs. Complementary* 

Treatment x Residual Scatter 
Prey Type 
Predator Hunger 
Single vs. Equal 
Single vs. Complementary 
Equal vs. Complementary 

df MS F £ 

360 470.51 

6 17751.08 224.32 <0.001 
1 103672.06 613.43 <0.001 
1 2158.40 12.77 <0.025 
4 169.01 2.14 >0.05 
1 557.52 14.11 <0.05 
3 39.50 0.50 >0.50 

66 624.33 8.30 <0.001 

11 3014.23 40.06 <0.001 
1 25277.27 319.43 <0.001 
1 4198.61 53.06 <0.001 

* ] 571.32 7.22 <0.01 
es 1 7.40 0.10 >0.75 

1 440.98 5.57 <0.025 

11 423.62 5.63 <0.001 
1 741.20 9.37 <0.005 
1 770.34 9.74 <0.005 
1 39.63 0.50 >0.25 

es*l 330.40 4.39 <0.05 
1 59.47 0.75 >0.25 

44 77.03 1.02 >0.25 
11 81.18 1.08 >0.25 

1 38.03 0.48 >0.25 
1 7.07 0.09 >0.75 
1 1.41 0.02 >0.75 
1 434.33 5.77 <0.025 
1 410.45 5.19 <0.025 

33 75.64 1.00 >0.25 
3 100.72 1.27 >0.25 
3 41.68 0.53 >0.5 
3 19.92 0.25 >0.75 
3 38.84 0.52 >0.5 
3 85.90 1.09 >0.25 

288 75.25 . ——- Error 



Figure 5. Parabolic regressions (with zero-intercept con¬ 
straint) for A. hastatum functional responses within prey type, 
predator hunger level, and alternate prey combination. Each point 
represents a mean of 5 replicates + 1 S.E. In the regression equa¬ 
tions, _S indicates S. vetulus consumed, £ indicates D. magna consumed, 
and X is principal prey density. 
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Figure 6. Functional responses to low densities of single 
prey species. Curves were obtained by parabolic regression with 
zero-intercept constraint. Each point represents a mean of 5 (for 
I. ramburii, 8) replicates ± 1 S.E. 
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gives negative quadratic effects for the I. ramburii data and for 

three A. hastatum experiments, and the quadratic coefficient for the 

fourth A. hastatum treatment is not significantly positive. (Regres¬ 

sion coefficients are presented in Fig. 6, and probabilities are 

listed in Table 5). 

Prey Type 

The difference between rate of predation on 5. vetulus and that 

on D. magna accounts for 27% of the total variation in A. hastatum 

predation raté; (F^ 233 = 274.634, p<0.001). The ratio of overall 

mean predation rates, S. vetulus: D. magna = 0.34, estimates relative 

availability of the two prey. 

Behavioral differences between the often motionless S. vetulus 

and the constantly moving D. magna suggest that the departure of 

relative availability from 1.0 may be a consequence of differing 

effective prey densities. However, the above estimate includes 

potentially prey-specific elements of predator behavior, such as 

digestion rates or preference, as well as prey behavior differences. 

Estimates of handling times, which reflect gut volume per 12 hours, 

do not differ for the two prey (Table 3); this result suggests 

similar rates of digestion. And, although effects of predator pref¬ 

erence are not easily distinguished from those of effective density 

(see Rapport and Turner, 1970, for an experimental method), an in¬ 

dependent estimate of availability suggests that predator preference 

did not significantly affect relative predation in these experiments. 

This second measure of relative availability to predators, the 

ratio of attack rate constants, shows little variation for three 

independent pairs of experiments, including different predator types 
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TABLE 5 

Low-density, single prey functional responses: 
Parabolic regressions with zero-intercept constraint 

Predator A. hastatum 
Predator Hunger Starved 
Prey D. magna 

A. hastatum 
Satiated 
D. magna 

Density Effect df MS £ £ MS F £ 

Linear 1 23938 177.3 <0.001 10795 163.0 <0.001 

Quadratic 1 4331 32.1 <0.001 4 0.0 >0.75 

Scatter 4 115 0.8^>0.50 78 1.2 >0.25 
Zero Intercept 0) 331 T,7. 0.05 126 2.0 >0.25 
Residual (3) 43 0.3:>0.75 62 0.9 >0.25 

Within densities 24 135 —  66 — — 

Regression Coefficients 
Linear 1.95*** 0.517*** 
Quadratic -0.0239*** -0.000554 

Predator A. hastatum A. hastatum I. ramburii 
Hunger Starved Satiated Starved 
Prey S. vetulus S. vetulus S. vetulus 

Effect MS F £ MS F £ MS £ £ 
Linear 7216 94.1 <0.001 2862 85.5 <0.001 29072 117.1 <0.001 

Quadratic 1 0.0 >0.75 43 1.3 >0.25 531 2.1 >0.10 

Scatter 93 1.2 >0.25 18 0.5 >0.50 39 0.2 >0.75 
Zero 209 3.8 >0.10 0 0.0 >0.75 24 0.5 >0.50 
Resid. 55 0.7 >0.50 24 0.7 >0.50 43 0.2 >0.75 

Within 77 --- ---- 33 --- ---- 248 (df = 42) — 

Coeff. 

Linear 0.379*** 0.373*** 1.22*** 
Quadr. 0.000392 -0.00237 -0.0102 
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and hunger levels (Table 3). Therefore, I believe that effective 

densities of prey, rather than prey-specific predator behavior, de¬ 

termined relative availability for this predation system. Furthermore, 

these estimates of effective density nearly equal the ratio of overall 

mean predation rates, 0.34. I conclude that prey-specific differences 

between absolute and effective densities were the primary source of 

the "prey type" effect on damsel fly predation rate. 

Predator Size 

The two predators studied differed primarily in size: mean dry 

weight of A. hastatum naiads was 1.941 mg (S.E. = 0.023), while that 

of I. ramburii naiads was 5.053 mg (S.E. = 0.125). Comparison of 

single-prey disc equation parameters suggests that predator size in¬ 

fluences functional response height (reflected by handling time, be¬ 

cause maximum predation rate = Tt/h), but not the increase in attack 

rate with density (given by the attack rate constant). 

Prey-specific estimates of a^ are similar for starved A. hastatum 

and I. ramburii despite predator size differences. This similarity, 

and the difference between estimates of a^ for the two prey, suggest 

that prey effective density, more than any size-dependent predator be¬ 

havior, determines maximum attack rate. This result might be expected 

for these primarily ambush predators (although Thompson, 1975, and 

Hassell et al., 1976, observed size-dependence of a^ for damselflies 

I. elegans and Lestes sponsa: see Discussion). 

In contrast, values for ji differ according to predator but not 

according to prey. For damselfly naiads, ji nearly equals time spent 

digesting, and therefore reflects gut capacity. Handling time per 

prey for the smaller A. hastatum is about 0.3 hour, corresponding to 



a maximum predation rate of approximately three prey per hour. For 

the larger I. ramburii, handling time is much less. Estimates range 
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from 0.06 hour if wasteful killing is considered, to 0.11 if it is 

ignored. A value of 0.1 hour would refliect a weight/time gut capa¬ 

city for I. ramburii of about 10 standard cladocerans per hour. 

These results lead to the conclusion that increased predator size 

affects the damselfly naiad functional response to cladoceran density 

primarily through increased gut capacity and consequently decreased 

handling time. Compared to those of small predators, functional 

responses of large predators demonstrate higher maximum predation 

rates and broader response ranges (larger values), but similar 

initial rates of increase. 

Predator Hunger 

Satiated A. hastatum consumed a mean of 12.4 cladocerans in 

twelve hours; starved naiads consumed 19.4 (F^ 23s = 55.547, p<0.001). 

Estimates of disc equation parameters (Table 3) and supporting 

comparisons of linear and quadratic components of regression (Table 4) 

indicate the effect of hunger on the functional response. Attack 

rate constants for satiated A. hastatum are one-fourth those of 

starved A. hastatum with either D. magna or S. vetu1us,and a compari¬ 

son of linear components of parabolic regression for the two hunger 

levels gave F-| 233 = 53.059, p<0.001. In contrast, the four inde¬ 

pendent estimates of handling times for satiated and starved A. 

hastatum show remarkably close agreement. However, because of the 

low experimental densities used, these estimates of Ji are unreliable. 

Only starved data yield a statistically significant quadratic effect 

for parabolic regression (starved, F-j 4 = 30.887, p<0.01; satiated, 



57 

F-j = 2.09, p>0.1), and comparison of quadratic effects for the 

two hunger levels shows a significant difference (F^ ggs = 9.74, 

p<0.005). Thus, in these experiments, hunger increased a^, and thus 

maximum discovery rate, but had no clear effect on Ji. 

Significant interactions of hunger with density and prey type 

(Fig. 4 and Table 2) provide insight into another factor affecting 

the relationship between hunger and the functional response. The 

increase in predation due to hunger was much greater with D. magna 

than with S. vetulus (Fig. 4B, hunger x prey type interaction, 

^1 288 = 35.586, p<0.001). As suggested by the hunger-dependence 

of a^ and possible constancy of Ji described above, the increase in 

D. magna predation was limited to low and intermediate densities. 

A much smaller increase in S. vetulus predation rate occurred at inter¬ 

mediate and high densities (Fig.4D, density x hunger x prey type inter¬ 

action, Fg 288 = 3*68, p = 0.004). I believe that this apparent incon¬ 

sistency is a consequence of the low relative effective density of 

S. vetulus. For low abSOÎütêdensities of S. vetulus, even lower 

effective densities over a 12-hour period may have caused increased 

hunger levels (and thus discovery rates) even for initially satiated 

predators. And at high experimental densities, effective densities 

of S. vetulus may not have reached levels of availability comparable 

to those at which the subsequent, satiation-induced decrease in 

D. magna predation was observed. 

In conclusion, predator hunger determines the rate of increase 

in predation with respect to density: increased hunger increases 

discovery rate. No effect of hunger on handling time or maximum 

predation rate was detected. 
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Cycl es 

Preliminary experiments showed slight diurnality and some sea¬ 

sonal change in damsel fly naiad predation rate. These results are 

reported in detail in the appendixes and summarized below. 

Analyzed with respect to diurnality, I. ramburii-D. magna data 

demonstrated a 20% decrease in predation rate from morning to evening 

and night (Appendix D). 

Significant seasonal decline (60%) in numbers of S. vetulus 

completely consumed by I. ramburii was observed between September and 

December. No meaningful pattern of winter-to-spring change was de¬ 

tected in A. hastatum data, and I. ramburii-D. magna data, collected 

in the summer, could not be tested for seasonal change. (Appendix D). 

Alternate Prey and The Functional Response 

For A. hastatum experiments, the average effect over all data of 

the presence of alternate prey was a decrease in the rate of predation 

on the principal prey (F2 233 = 3.224, p = 0.042). Data for S. vetulus 

as principal prey show this decrease clearly, while comparable data 

for D. magna do not (Fig. 4C: alternate prey x type prey interaction, 

^2 288 = 3*746, p = 0.025). However, the following comparison of two- 

prey functional responses to single-prey responses reveals density- 

specific effects of alternate prey for both S. vetulus and D. magna. 

Any consistent effedt of alternate prey on the functional response 

should result in an interaction of alternate prey with density for 

analysis of variance of predation rate. This interaction was not 

significant (F^Q 233 = 1*452, p = 0.158). However, effects of alter¬ 

nate prey specific for prey type are implied by the significant 
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interaction among alternate prey, density and prey type effects 

(Fig. 4E, F-JQ 288 = 3,089* P = 0*001 )• Compared to single-prey 

predation rates, predation on D. magna in the presence of alternate 

prey is lower for low and intermediate densities of principal prey, 

and approximately the same for high densities. For S. vetulus the 

density effects are reversed: the addition of alternate prey causes 

little change in predation on 5. vetulus for low and intermediate 

densities, but significant decrease for high densities. 

The above comparisons indicate combined effects for two unrelated 

alternate prey systems (equal or complementary densities of two prey). 

A detailed understanding of the effects of alternate prey on the 

functional response requires separate analysis of each two-prey ex¬ 

periment. 

Equal Densities Functional Responses 

When alternate prey and principal prey were presented at equal 

densities, the functional response to each prey species remained type 2 

(Figs. 5, 8). Hyperbolic shape similar to that of the single-prey 

response is indicated by analysis of parabolic regressions, with 

zero-intercept constraint. Both single-prey and equal density two- 

prey regressions give small negative quadratic terms which are not 

significantly different (comparison, F^ 288 = 0.501, P>0.25). Because 

of high initial slopes characteristic of type 2 predation, neither 

single-prey nor equal density regressions pass naturally through the 

origin (deviations from zero-intercept for single-prey, F-j 3 = 53.137, 

p<0.01; for equal densities P-j 3 = 7.057, p<0.10; comparison of the 

two, F-j 288 = 0*010» P>0.75). 
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Although the response curves are similar in shape, maximum pre¬ 

dation rate is lower and occurs at a lower prey density when alter¬ 

nate prey are present. Thus the regression for equal density data 

yields a significantly smaller linear component (comparison, 233 = 

7.22, p<0.01). 

To predict the type 2, nonswitching predator's response at equal 

densities of two prey, single-prey estimates of disc equation para¬ 

meters were substituted into the two-prey disc equations. The re¬ 

sulting curves (Fig. 8) show decreased maximum predation rates and a 

slightly lower initial slope, compared to single-prey responses. 

Overall, the response to a primary prey in the presence of equal 

densities of a second prey should, for a type 2 predator with constant 

selectivity, retain its hyperbolic shape. 

Experimental data are compared to these theoretical curves in 

Figure 8. For satiated predators, the general shape and magnitude 

of the response curve is predicted fairly well by the two-prey disc 

model, although random variation about the predicted curves is con¬ 

siderable. However, for starved predators, high-density predation 

rates are greater for D. magna,and lower for $. vetulus, than pre¬ 

dicted. These deviations suggest predator behavior not included in 

the constant preference disc model of the two-prey response. 

Complementary Densities Functional Responses 

When alternate prey were presented at densities such that total 

prey density remained constant, the functional response to principal 

prey density was no longer a simple hyperbolic curve (Figs. 5, 9). 

Comparison of the mean quadratic effect for all single prey regres- 
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sions to that for all complementary density two-prey regressions 

show a significant increase (F-j 2gs = 4.391, p<0.05). Added vari¬ 

ance due to forcing the regressions through the origin also differs 

from that of the hyperbolic response curves for single-prey and 

equal density two-prey data (comparisons of zero-intercept scatter, 

Table 4). Apparently, high initial slopes for single-prey and equal 

density two-prey functional responses are entirely consistent with 

disc equation features, but do not permit parabolic regressions to 

pass through the origin. In contrast, slow initial increase and a 

tendency toward positive acceleration in the complementary density 

functional response are not well described by the disc equation (Fig. 

9), but do allow parabolic regression to pass naturally through the 

origin (Fig. 5, zero-intercept scatter, F-j 3 
= 0.617, p>0.25). 

Predicted curves for nonswitching predators, obtained by sub¬ 

stitution of appropriate single-prey parameters into two-prey disc 

equations, are positively accelerating for the less available S.. 

vetulus, but remain hyperbolic for D. maqna (Fig. 9). 

Experimental data show fair agreement with predictions for S.. 

vetulus as principal prey (Fig. 9). The response curve for starved 

predators is sigmoid, although lower in magnitude than predicted. The 

response for satiated predators shows slight (not significant) negative 

acceleration (F-j ^ ~ 1.018, p>0.25), but individual means do not de¬ 

viate too much from the slightly accelerating predicted curve. 

In contrast, data for D. magna as principal prey depart signif¬ 

icantly from constant preference predictions. For starved predators, 

low-density predation rates are lower, and high-density rates higher, 

than expected. Residual scatter about the parabolic regression (Fig.5) 
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suggests that the satiation effect responsible for the negative quad¬ 

ratic coefficient is partially counterbalanced by a low-density, 

positive acceleration in predation rate. Parabolic regression over 

the three lower densities alone gives a significant positive quadratic 

ter (F.j 12 = 17.89, p<0.025). Thus the actual response of starved 

predators appears sigmoid rather than hyperbolic. A similar though 

less marked pattern is shown by satiated predators with D. magna. 

Again, low-density predation rates are lower and high-density rates 

are higher than those predicted by the constant preference disc model 

(Fig. 9). Parabolic regression shows a small positive quadratic 

coefficient, with little evidence of a satiation plateau (Fig. 5). 

For both satiated and starved predators, the crossover from 

"less than expected" to "more than expected" occurs near the prey 

ratio which represents equal effective densities. S. vetulus: D. 

magna = 0.3, from single-prey Results. Therefore, for a total density 

of 66 1~\ equal availability should occur near absolute densities 

of 50 5. vetulus and 16 D. magna. 

Factors Influencing Predator Selectivity 

Potential effects of predator hunger and total prey density on 

selectivity were studied by measuring the ratio consumed at equal 

densities of two prey (Murdoch's proportionality constant cj. G- 

statistic replicated goodness of fit tests (see Methods) were used to 

analyze relative predation at two predator hunger levels and six total 

prey densities for heterogeneity. 

Predator Hunger 

For equal density data, the overall frequency of 5. vetulus 
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in the diets of starved predators was significantly less than that 

for satiated predators (6^ = 16.202, df = 1, p<0.005). Analysis by 

density indicated that hunger caused significant decrease in relative 

consumption of $. vetulus specifically at intermediate prey densities 

(Table 6). 

Data from complementary density experiments strengthen the con¬ 

clusion that predator hunger affects selectivity. Using an intrinsic 

estimate of £ (0.318, see Methods) to predict frequencies of S. vetulus 

in the diet for specific rations of prey presented, a G-test was per¬ 

formed on all data pooled and on "starved" and "satiated" subsets. 

As expected, the frequency for pooled data did not differ from that 

given by the intrinsic hypothesis (Gpoo-]eci = 3.456, df = 1, p>0.05). 

However, heterogeneity due to hunger was significant (G^ = 28.906, 

df = 1, p<0.005). Pooled data for starved predators gave a frequency 

of $. vetulus less than that predicted if £ = 0.318 (G = 24.128, 

df = 1, p<0.005), and pooled data for satiated predators gave a fre¬ 

quency greater than that predicted (G = 8.232, df = 1, p<0.005). 

Thus, for pooled complementary density data, increasing hunger is 

associated with a decrease in frequency of S. vetulus consumed and, 

consequently, increased selectivity for D. magna. 

A third independent set of data supports hunger-dependence of 

£. Ratios of instantaneous attack rate constants, estimated from 

single prey data by disc equation fits, are presented in Table 1. 

This measure of £, like those for complementary and equal density 

data, is lower for starved predators than for satiated predators. 

These results indicate that for damsel fly naiads, increased 
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TABLE 6 

Hunger-dependence of frequency $. vetulus in prey consumed 

A. Heterogeneity due to hunger: 

Heterogeneity G-test of pooled data for starved predators compared 

to pooled data for satiated predators: 

G** = 16.202 df = 1 p < 0.005 

B. Heterogeneity due to hunger, within densities: 

Heterogeneity G-tests of data pooled within predator hunger levels 

and prey densities: 

Density 

(each prey, number 1"^) 
^H 

(df * 1) 
£ 

3 1.14 >0.1 

15 0.50 >0.1 

27** 21.69 <0.005 

39* 4.49 <0.05 

51** 29.18 <0.005 

63 1.70 >0.1 
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hunger increases selectivity, at least at intermediate prey densities. 

The ratio of consumption of the two prey is not, as assumed in Mur¬ 

doch's model, constant. 

Total Prey Density 

If total prey density does not affect selectivity, each hunger- 

specific group of 30 estimates of £ for equal density data should be 

homogeneous. Values for arcsin /percent S. vetuïïïi~, averaged for these 

groups, give intrinsic hypotheses which predict the frequency of S. 

vetulus for equal density data if selectivity is independent of den¬ 

sity. For satiated predators, the mean frequency consumed was 0.249, 

which corresponds to an estimate of £ = 0.331. For starved predators, 

the mean frequency of S. vetulus was 0.154: £ was therefore 0.182. 

Results of G-tests (Table 7) indicate that within each hunger 

level, at least three densities give frequencies significantly 

different from the hypothesized values. A posteriori STP tests for 

maximally nonsignificant subsets of replicates (see Methods) show a 

general decrease in frequency of S. vetulus consumed with increasing 

density: 

Starved Predators: 

frequency S. vetulus 
density S. vetulus 

Satiated Predators: 

frequency S. vetulus 
density S. vetulus 

0.44 0.37 0.28 0.19 0.18 0.09 
3 27 51 15 39 63 

0.44 0.16 0.14 0.13 0.08 0.05 
3 51 15 27 39 63 

A two-way (hunger x density) analysis of variance of transformed 

data (arcsin /percent D. magna ) confirms the effect of total prey 
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TABLE 7 

Density-dependence of frequency S. vetulus in prey consumed 

Goodness of fit (G-) tests to arcsin /p-mean frequencies S. vetulus: 

Satiated Predators Hq: f$ vetu-|us
= 0.249 (£ = 0.331) 

Starved Predators H : f$ vetu-jus
= 0.154 {ç = 0.182) 

Satiated Starved 

G df £ G df £ 

G ** 
H 50.534 5 <0.005 G ** 

H 55.892 5 <0.005 

Gpooled 2.078 1 >0.1 G * 
pooled 4.40 1 <0.05 

bTotal 52.612 6 <0.005 c ** 
1 Total 

60.292 6 <0.005 

G3 ,-!*« f 9.114 1 <0.005 V* 26.870 1 >0.005 

G15 1.951 1 >0.1 615 
0.134 1 >0.5 

G27** 
6.314 1 <0.025 G27 

0.951 1 >0.1 

G39 
2.894 1 >0.05 639** 8.163 1 <0.005 

G51 
0.739 1 >0.1 G51 0.253 1 >0.5 

G63** 
29.523 1 <0.005 ri ** 

b63 
23.922 1 <0.005 

52.612 6 60.292 6 
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density on selectivity. Orthogonal polynomial regression character¬ 

ized the effect of increasing density (F^ = 2.652, p<0.05) as a 

linear increase in this measure of selectivity (Fig. 3, F^ ^g = 7.67, 

pcO.OOl). Separate regressions for starved and satiated predators 

showed linear relationships between selectivity and prey density for 

both (Fig. 3, starved F^ = 4.58, p<0.05; satiated F^ ^g = 3.04, 

p<0.1). 

In conclusion, the proportionality between the ratio of two prey 

presented and the ratio consumed by damsel fly naiads is not constant 

with respèet to two dynamic determinants of predation rate. Results 

of equal density experiments indicate that selectivity increases both 

with increasing total prey density, and at least at intermediate 

densities, with increasing hunger (Fig. 10). 

Relative Abundance: Predator Switching 

The five replicate numbers of D. magna or S. vetulus eaten at 

each relative density combination were summed, and the resulting 

relative abundances were subjected to a replicated G-test using in¬ 

trinsic estimates of the proportionality constant (see Methods). 

Separate tests using specific estimates of £ were performed for 

"starved" and "satiated" predator data. 

Satiated Predators 

Because the value for £ used for prediction was derived from 

the data itself, the frequency of S. vetulus in pooled data does not 

differ from that predicted by the null hypothesis (^p00ied = 3.467, 

df = 1, p>0.05). However, significant heterogeneity among prey den¬ 

sity combinations (G^ = 13.747, df = 5, p<0.05) suggests that the 
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null hypothesis of constant selectivity does not completely explain 

damsel fly behavior in the presence of two prey. 

The source of heterogeneity is data for two prey density combina¬ 

tions. Presented densities 39 S. vetulus: 27 D. magna resulted in 

a frequency of $. vetulus consumed which was less than predicted (6 = 

4.033, df = 1, p<0.05), while 63 $. vetulus: 3 D. magna resulted in 

a frequency consumed which was greater than predicted (G = 5.755, df = 

1, p<0.025). The direction of these deviations in relative predation 

is toward that of frequency-dependent predation. In addition, the 

apparent switch from one prey to the other occurs between 39 S. vetulus: 

27 D. magna and 63 S. vetulus: 3 D. magna, a range consistent with 

estimated equal availability. However, these results do not provide 

strong evidence for switching. 

Individual frequencies and their arcsin i/p means are compared 

to "no switching" curves in Fig. 11. Variability in measured frequency 

is great, probably in part because of low total numbers eaten. Hetero¬ 

geneity within presented frequency classes is significant for 59% 

and 78% 5. vetulus (G^ = 26.456 and 28.568, respectively , df = 4 and 

p^.OOô for both). Inspection of graphed data reveals that only ex¬ 

treme ratios show selection for the more abundant prey type, even 

over a wide range of estimates for £. Results of both G-tests of 

frequencies and graphical tests of switching lead to the conclusion 

that, except at extreme ratios of prey availability, switching by 

satiated predators was not detected in these experiments. 

Starved Predators 

In contrast, data for starved predators deviate significantly 



Figure 11. Graphical tests of switching. Curves predict 
the responses of nonswitching predators, based on complementary 
density ( ), equal density ( ), and single prey ( , 
but identical to   for satiated predators) estimates of the 
proportionality constant c_. The vertical broken line identifies 
equal effective densities of the two prey. 
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from null hypothesis predictions in the direction of switching. As 

for satiated predators, the frequency of S. vetulus in pooled data'did 

not differ from that predicted by the null hypothesis (Gpoo-jecj = 0.043, 

df = 1, p>0.5), and heterogeneity among prey density combinations was 

significant (G^ = 71.94, df = 5, p<0.005). Frequencies for five of 

six relative abundances differed significantly from the predicted 

values. Three of the four lowest $. vetulus abundances resulted in 

S. vetulus predation frequencies significantly less than expected, and 

the two highest abundances led to frequencies significantly greater 

than expected (Table 8). The switchover point, between 59 and 78% S_. 

vetulus, is consistent with estimated equal availability of prey. 

Individual frequencies and their arcsin v^p”means are compared to 

null hypothesis curves in Fig. 11. Variability within classes is much 

less than for satiated predators, but where densities of the two prey 

are similar, heteogeneity is still significant (for 39% S. vetulus, 

G^ = 15.632, p<0.005; for 60%, G^ = 21.674, p<0.005). In each of 

these two classes heterogeneity was clearly due to a single aberrant 

point. These do not destroy the conclusion that at low relative abund¬ 

ances of S. vetulus, the frequency in the diet was less than predicted 

by the constant preference hypothesis. Frequencies within the 23% S.. 

vetulus class were also heterogeneous (G^ = 13.822, df = 4, p<0.01), 

and this class gave the only group frequency which did not deviate 

significantly from the null hypothesis. 

Despite greater heterogeneity within classes than predicted with 

the assumption of binomial variance, the data lead to the conclusion 

that starved damsel fly naiads may switch their predation effort toward a 

more abundant cladoceran prey. 



TABLE 8 

G-tests of switching 

Density f_ f- £ £ Deviati 

(S. vetulus 1~^) 
—i 

(predicted) 
-5 

(observed) 

Starved Predators H : c = 0.233 

3* 

0 

o.on 0.000 5.1616 <0.025 - 
15 0.064 0.067 0.0398 >0.5 

27** 0.139 0.021 40.9098 <0.005 - 
39** 0.252 0.154 12.9952 <0.005 - 
51** 0.442 0.540 4.8146 <0.05 + 

63** 0.830 0.933 8.0194 <0.005 + 

bTotal 
71.9404 <0.005 

Gpooled 0.043 >0.5 

Satiated Predators H : c = 0.389 

3 

U 

0.018 0.006 2.2555 >0.1 

15 0.103 0.118 0.3958 >0.5 

27 0.212 0.248 0.8608 >0.1 

39* 0.360 0.277 4.0334 <0.05 - 

51 0.569 0.534 0.4465 >0.5 

63* 0.891 0.980 5.7549 <0.025 + 

G * = 
“Total 

13.7469 <0.05 

Spooled 3.467 >0.05 
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DISCUSSION 

Summary of Results 

Functional Response 

1. Damselfly naiad responses to change in the density of a single clad- 
oceran prey were hyperbolic (type 2), and adequately described by the 
disc equation. Prey effective density and predator hunger affected the 
attack rate constant a^ and predator size influenced handling time _h. 

2. Responses to two prey at equal densities were also hyperbolic (type 
2). Compared to two-prey disc equation predictions, which assume type 2 
predation behavior and constant selectivity, 

a. responses for satiated predators showed high variability, but no 
clear pattern of deviation from predictions. 
b. responses for starved predators showed high-density predation 
rates which were higher for D. magna and lower for S. vetulus than 
predicted. 

3. Responses to two prey at complementary densities were sigmoid (type 3). 
Compared to two-prey disc equation predictions, 
a. S. vetulus data showed fair agreement with the predicted posi¬ 
tively accelerating curves. 
b. D. maqna data showed poor agreement with the predicted hyper¬ 
bolic curves. Predation was less than expected at low densities, 
and more than expected at high densities. 

Selectivity 

1. When equal densities of two prey were presented, the frequency of 
D. maqna in prey consumed 

a. increased withiincreasing predator.bunger. 
b. increased with increasing total prey density, at least at inter¬ 
mediate densities. 

2. In switching experiments, 
a. starved predators demonstrated frequency-dependent predation. 
b. satiated predators showed frequency-dependent predation only for 
extreme ratios of prey availability. 

Single-Prey Response 

Data for two predator species with each of two prey species fit the 

disc model of type 2 predation (Figs. 2, 7), indicating that apparent 

discovery rate is gradually reduced as time spent handling prey increases 

with density. Furthermore, effects of predator hunger and size on disc 

equation parameters in my experiments are comparable to published des- 
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criptions of type 2 behavior. 

Dependence of instantaneous discovery rate a^ on predator hunger 

has been described for several type 2 predators. According to 

Hoi ling's (1966) experimental analysis of mantid predation, predator 

reactive distance, a component of £, increased with hunger. Two 

studies of damsel fly behavior suggest that reactive distance may be 

a hunger-dependent component of a^ for zygopterans as well. Johnson 

and Tschumy (in press) observed that hunger increases the reactive 

distance of Lestes disjunctus to a point at which stalking predomi¬ 

nates over ambush behavior. Thompson (1975) mentioned but failed 

to document similar behavior by Ischnura elegans. Thus the hunger- 

dependence of £ observed for A. hastatum (Table 3) might be a con¬ 

sequence of hunger-dependent reactive distance. 

Thompson (1975) cites an increase in a_ with increasing pred¬ 

ator size which was not observed for I. ramburii-A. hastatum ex¬ 

periments (Table 3). However, he also noted that increasing the 

ratio of predator size to prey size above a critical, high value 

did not further increase <a. Both I. ramburii and A. hastatum may 

have been large enough, relative to the small "standard" prey, that 

their size difference did not affect the components of a^ (relative 

speed, reactive distance, and capture success). 

The*size-dependence if ^observed for I. ramburii-A. hastatum 

data (Table 3) is consistent with observations by Thompson (1975) 

for larval damselflies I. elegans and Lestes sponsa. The decrease 

in handling time with increasing predator size probably reflects 

a decrease in digestion time per prey, because other components of ji 
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(pursuit, capture, and eating times) are small relative to diges¬ 

tion time. 

In conclusion, single-prey functional response data and the 

effects of predator hunger and size on disc equation parameters 

indicate that the damsel fly naiad is basically a type 2 predator. 

Alternate Prey and The Functional Response 

Prey Density Combinations 

A predator's laboratory, single-prey functional response 

probably reflects maximum hunger and full-time use of a single 

search behavior. The dominant characteristic of the type 2 response, 

negative acceleration to a plateau, results from the negative effect 

of increasing satiation (or saturation with respect to time) on ap¬ 

parent discovery rate. 

The presence of alternate prey, like an increase in principal 

prey density, decreases predator hunger (or available time) and, con¬ 

sequently, apparent discovery rate for principal prey. Thus specific 

combinations of prey densities can influence response shape; e.g. in 

a competitive system (complementary densities of two prey), the 

negative effect of alternate prey on predation rate is greater at low 

principal prey densities than at high ones. 

Results of A. hastatum experiments illustrate differences in 

response shape determined by prey density combinations. Responses 

within equal density systems were hyperbolic, while those within 

complementary density systems showed positive acceleration (Fig.5). 

These results indicate that certain combinations of alternate prey 

densities can induce regulatory potential in an otherwise destabiliz¬ 

ing functional response. 
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Predator Selectivity 

Alternate prey may also induce regulatory potential through the 

addition of predator selectivity to behaviors determining the function¬ 

al response. Murdoch's (1973) theoretical analysis of complemen¬ 

tary density two-prey, systems showed that for given prey densities 

and relative prey abundances, different selective behaviors may re¬ 

sult in different response types. With constant selectivity, the re--1 

sponse to the preferred prey is type 2, and the response to the less- 

preferred prey is type 3. With predator switching, responses to 

both prey are sigmoid. 

Evidence for type 3 responses to both prey in my experimental 

data suggests that changes in predator selectivity similar to switch¬ 

ing may have contributed to the observed regulatory potential. 

Selectivity Associated With Regulatory Potential 

Results summarized earlier indicate that damselfly naiad selectiv¬ 

ity is not constant. Evidence for variable selectivity and switching, 

and the pattern of deviation of functional response data from constant 

preference predictions, indicate frequency-dependent selectivity. 

However, several points require explanation. 

Variable Selectivity and its Profitability 

Optimization theory states that time or energy benefits to the 

predator underlie changes in behavior (Tullock, 1970, 1971). Changes 

in damselfly selectivity dependent on total prey density, predator 

hunger, and prey ratio may be compared to theoretically optimal changes, 

to establish their profitability to the predator. 

Density-dependence of selectivity 

Emlen (1966) and MacArthur and Pianka (1966) predicted increased 
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numbers of species in the diet (a decrease in selectivity) under low 

productivity conditions (low prey densities). Ross (1971) observed 

changes in larval odonate selectivity which conform to this theory: 

dragonfly gut analysis showed an inverse relationship between diversity 

of prey consumed and total prey density of collection site. In my 

experiments, A. hastatum's increase in selectivity for D. magna with 

increasing total prey density (Fig. 10) can be interpreted as optimal 

predation behavior. 

Hunger-dependence of Selectivity 

In contrast, the hunger-dependence of A. hastatum selectivity does 

not appear to be consistent with optimization theory. High predator 

hunger, like low total prey density, should lead to decreased selec¬ 

tivity (Emlen, 1966). This relationship has been documented for 

predators as diverse as Stentor (Rapport et al., 1972), mites (Fransz, 

1974), and sticklebacks (Beukema, 1968). However, in my experiments 

starved A. hastatum selected D. magna over S. vetulus to a greater 

extent than satiated predators (Table 6 and Fig. 3). I know of no 

other data which shows this positive correlation between selectivity 

and hunger. 

Frequency-dependence of Selectivity 

• Evidence that switching is more pronounced among starved predators 

than among satiated ones (Fig. 11) implies that the tendency toward 

frequency-dependent selectivity also increases with hunger. This 

similarity suggests that the two sets of data (for equal and comple¬ 

mentary densities of two prey) may reflect a single phenomenon: 

hunger-dependent increase in selectivity for the more abundant prey 

species. 
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Analysis of absolute, prey-specific predation rates supports this 

suggestion. In equal density experiments, starved predators, relative 

to satiated predators, show similar rates of predation for $. vetulus, 

but significantly increased rates for D. magna (Fig. 12). Thus what 

appears to be a hunger-dependent increase in predator preference for 

D. magna (which would involve rejection of encountered S. vetulus), 

may instead reflect increased discovery rate specifically for D. magna. 

Complementary density data show that starved predators cto search for or 

discover more S. vetulus than do satiated when this species is the more 

abundant prey. Below the equal effective density ratio of S. vetulus: 

D. magna, satiated predators consumed more S. vetulus than did starved. 

Above this critical ratio, starved predators consumed more S. vetulus 

than did satiated (Fig. 12). 

All of these results taken together indicate that damselfly naiad 

selectivity changes with frequency of encounter, and that the tendency 

toward frequency-dependent predation increases with hunger. The increase 

in selectivity with hunger shown at equal absolute densities of the two 

prey can thus be interpreted as switching toward the prey showing 

higher effective density. 

Profitability of Switching 

The profitability to the predator of frequency-dependent predation 

is not well understood. Emlen (1966) concluded that optimization of 

energy intake per unit time predicts that frequency-dependent predation 

should occur at high total prey densities, because a predator is then 

able to "afford" passing up an otherwise available prey. Rapport (1971) 

linked frequency-dependent predation to weak-preference systems (where 

preference reflects relative energy intake), within which no significant 



Figure 12. The relationship between hunger and selectivity: 
comparison of prey-specific predation rates for starved (0) vs. 
satiated (•) predators. Each point represents a mean of 5 repli¬ 
cates + 1 S.E. For equal absolute densities of the two prey, the 
effective density of D. magna is always greater than that of S_. 
vetulus. For complementary densities, equal effective densities 
are indicated by a broken vertical line. 
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change in energy gain per unit time would result. 

I believe that both of these explanations of switching fail to 

satisfy Tullock's requirement, because they seek to minimize energy/ 

time losses resulting from behavior change, rather than to identify 

positive gain. Although Murdoch (1969) reported training of gastropods 

within weak-preference systems only, Tullock cites this very absence 

of heterogeneity (i.e. prey were superabundant and apparently did not 

differ in cost or value) as a possible reason for the failure of these 

studies to clearly demonstrate switching. Convincing evidence for 

switching is associated with heterogeneity--in prey-specific capture 

techniques for Notonecta (Lawton et al., 1974), and in distribution of 

the two prey for guppy data (Murdoch et al., 1975). 

Heterogeneity among prey species, then, may determine the profita¬ 

bility of switching, as heterogeneity in the distribution of a single 

prey species determines the profitability of area-restricted search 

(Royama, 1970b). Switching does not necessarily imply passing up other¬ 

wise available prey as Emlen (1966) and Rapport (1971) suggest. Ideally, 

a general predator such as the damselfly naiad would be able to main¬ 

tain maximum encounter rates with all prey by sustaining a single 

behavior. However, faced with spatial, temporal, and biotic (physical 

and behavioral) heterogeneity, general predators may profit from 

specialized, alternative search behaviors (Connell, 1970a; Schoener, 

1971; Menge, 1972). For generalists which can neither respond opti¬ 

mally to all prey simultaneously nor depend on a constant supply of a 

specific prey, short-term specialization on temporarily or locally more 

abundant species could result in a higher prey-encounter rate than 

nonspecific search for multiple prey. 
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In a relationship analogous to Royama's (1970b) hypothesis for 

optimal distribution of search time among patches of prey, optimal 

distribution of time among search behaviors would involve no use of 

those resulting in low return, and maximum use of those yielding high 

return. Alternate search behaviors employed repeatedly in response 

to reward might result in an increase in encounter with abundant prey 

which would outweigh the decrease in encounter with rare prey. If so, 

repetition of successful, selective search behavior, and consequent 

switching, would be optimal predation behavior. Optimization of both 

quantity and composition of prey consumed, by appropriate distribution 

of predator time among alternative search modes, has been modeled by 

Marten (1973). His results for certain combinations of prey densities 

included acceleration in the functional response curve. 

That switching may result in increased energy gain for general 

predators explains not only its selective advantage, but also its 

dependence on hunger. Hunger and low prey density should favor 

behaviors which maximize predator energy gain (Schoener, 1971). Although 

specialized behaviors have not heretofore been related to hunger or 

optimal behavior, I believe that the hunger-dependence of switching by 

A. hastatum (Fig. 11) is consistent with optimization theory. If 

specialized search for more abundant prey species yields a greater 

energy gain than general search for multiple prey, starved predators 

should show more intensely frequency-dependent predation. 

Selectivity Indicated by Functional Response Data 

Two-prey functional responses for A. hastatum departed signifi¬ 

cantly from two-prey disc equation (constant selectivity) predictions. 

For equal densities experiments, departure of the data from constant 
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selectivity predictions is consistent with hunger-dependent switching: 

at high prey densities, starved predators showed predation rates which 

were higher for D. magna and lower for S. vetulus than predicted (Fig. 

8). Complementary density data, too, depart from constant selectivity 

predictions in a manner consistent with hunger-dependent switching 

(Fig. 9). Response curves for D. magna show lower predation rates at 

low relative abundances of D. maqna, and higher rates at high relative 

abundances, than the predicted, hyperbolic response curves. Again, 

deviations from constant selectivity predictions are greater for starved 

than for satiated predators. 

In conclusion, studies of damselfly naiad selectivity and func¬ 

tional responses indicate that hunger-dependent switching, rather than 

constant selectivity, may best describe this predator's behavior in the 

presence of two prey, and is probably the source of regulatory potential 

in the functional responses for complementary density experiments. 

Behavioral Mechanism of Switching 

Although the behavioral mechanisms leading to damselfly switching 

were not studied, specific results of selectivity and functional response 

experiments, and elements of experimental design, shed some light on 

the question. 

The absence of a time factor in experimental design eliminates 

two established switching mechanisms as explanations of damselfly 

naiad predation behavior. Because of the relatively short (12-hour) 

period of exposure to experimental densities, training similar to that 

of predatory snails (Murdoch, 1969) could not have occurred. Improve¬ 

ment in prey-specific capture technique similar to that by Notonecta 

(Lawton et al., 1974) could not have occurred for the same reason. 
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Rejection of discovered prey was probably not involved in damselfly 

switching because switching occurred at relatively low total prey 

densities and high predator hunger levels. Therefore, those hypotheses 

which hold discovery rate, rather than attack/encounter or capture/ 

attack ratios, to be frequency-dependent, seem more appropriate to these 

experiments. Holling's U965) hunger-threshold model of vertebrate 

predation holds discovery rate to be frequency-dependent, but because 

invertebrates lack complex associative processes which might link prey 

stimuli to variable, specific attack thresholds, this hypothesis seems 

inappropriate to damselfly behavior. 

Two other published mechanisms of switching relate heterogeneity 

in prey species and predator behavior to frequency-dependent discovery 

rates. Adams and Steele (1969) hypothesized that Cal anus1 feeding 

behavior (filter-feeding or predation) depends on relative abundance of 

food types, and Murdoch et al. (1975) demonstrated that guppy search 

location (within prey-specific subhabitats) depends on reward rate. 

These explanations of switching both imply 1) that prey-specific search 

is associated with heterogeneity in prey physical or behavioral charac¬ 

teristics, and 2) that relative reward rates increase both the amount of 

time spent in search for the more abundant prey and the rate of dis¬ 

covery of that prey. Although distinct predator behavior types and 

separate prey subhabitats were not part of the damselfly-cladoceran 

system, this relatively mechanistic explanation of switching seems more 

appropriate to damselfly behavior than the complex learning postulated 

for vertebrate predator switching. Murdoch and Oaten (1975) have 

suggested that even Holling's (1959a) small mammals may have been con¬ 

centrating on a rewarded behavior pattern rather than learning specific 
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prey stimuli. 

The following hypothesis of damsel fly naiad predation behavior is 

my attempt to explain the observed hunger- and frequency- dependence 

of naiad selectivity. The three assumptions, and their consequences, 

are: 

I. Damselfly larvae exhibit selective search modes which 
determine discovery and reward rates. 

Within a specific search mode, discovery rate would 
be increased for selected prey and decreased for 
others. 

II. Following each successful act of predation, naiads main¬ 
tain a prey-specific search mode during an "expectation 
period". 

At low prey densities, the period between encounters 
would be less than the expectation period; therefore 
no reinforcement would occur, and predation would be 
random. At sufficiently high densities, species- 
specific search behavior would be repeatedly rewarded, 
and predation on the more abundant prey would increase 
disproportionately over that on the rare prey. 

III. The length of the expectation period increases with hunger. 

Thus the extent of the disproportion, or the tendency 
toward switching, would also be hunger-dependent. 

The three assumptions of this hypothesis-selective search modes, 

reinforcement of successful predation behavior, and hunger-dependence 

of this reinforcement—may be compared to published data for other 

species and to what is known of damselfly behavior. 

I. Selective Search Modes 

Prey-specific search behaviors, and behaviors which lead to specific 

measures of selectivity, have been documented for several predators. 

Lawton et al. (1974) found that Notonecta employs separate search and 

capture techniques for Asellus and mayfly larvae. Studying blue-gray 

gnatcatchers, Root (1967) observed a correlation between the relative 
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frequency of three classes of attack maneuvers, and changes in the den¬ 

sity of certain prey species. These results suggest that the birds' 

behavior type determines selectivity. 

Search which is specific with respect to location can also determine 

selectivity. Murdoch et al.'s (1975) guppy data illustrate this relation¬ 

ship. Orians and Horn (1969) reported that apparent differences in pre¬ 

ference among three species of blackbirds actually result from habitat 

differentiation. Within each predator's microhabitat, predation propor¬ 

tional to encounter rate results in a characteristic value for selec¬ 

tivity. Landenberger (1968) observed that starfish orient their search 

according to the location of a prey to which they have been trained, 

and then take all prey as encountered. Thus, for differently distributed 

prey species, choice of search location determined starfish selectivity. 

For damselfly naiads, selective search modes would probably be 

tactile or visual. Studies of larval odonate prey detection (Alverdes, 

1924; Richard, 1960) suggest that search behaviors might form a con¬ 

tinuum with respect to the relative importance of tactile vs. visual 

stimuli, with the former dominating for zygopterans and the latter, for 

anisopterans. Johnson and Tschumy (in press) observed that Lestes 

disjunctus stalks prey detected over a hunger-dependent (visual) reac¬ 

tive distance. Thompson (1975) stated that I. elegans also demonstrates 

stalking behavior, but he unfortunately failed to cite supporting data. 

Lawton et al. (1974) concluded that odonate larvae showing diurnal 

rhythms rely on visual as well as tactile cues for prey detection. 

Because final instar A, hastatum show diurnal predation rates (Appendix 

D) and are very near emergence as highly visual adults, I suggest that 

vision, at least with respect to prey movement, may well be employed for 
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prey detection, especially by hungry predators. 

I know of no evidence that damsel fly larvae exhibit multiple search 

modes which differ for specific prey or lead to different selectivities. 

However, simple modifications of either ambush or stalking technique 

might easily have this result. Antennal orientation (downward or upward) 

could alter discovery rates for surface-associated S. vetulus and 

swimming D. magna. Alternatively, changes in responsiveness to tactile 

(pressure) or visual cues from smooth as opposed to discontinuous 

swimming motion could change selectivity for S. vetulus and D. maqna. 

Reward-reinforcement of a limited number of innate search modes is 

much simpler than Hoi ling's (1965) hunger-threshold model of predator 

behavior, in which external prey-specific cues and encounters must be 

linked to generalized attack thresholds. However, it has the same 

effect, i.e. orienting search behavior (and selectivity) toward more 

abundant prey. 

II. Reinforcement of Successful Predation Behavior 

Although few studies of predator behavior demonstrate reinforcement 

of successful prey-specific or selective search, many illustrate reward- 

reinforcement of generalized search. Insect parasites (Laing, 1937), 

coccinellids (Banks, 1957; Dixon, 1959, 1970), and sticklebacks 

(Beukema, 1968) demonstrate temporarily increased turning rates after 

prey encounter. Similarly intensified search, resulting from taste 

stimulation at high food densities, may be a characteristic of solitary 

insects in general (Dethier, 1957). Hassell et al. (1976) list aggrega¬ 

tion in regions of high prey density as a major component of arthropod 

predation. Studies of response to prey contact in odonates (Hoppenheit, 

1964; Etienne, 1972) describe approximately three minutes of alter- 
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nating motionlessness and localized, stereotyped movement; however, the 

authors were unable to relate this behavior to probability of prey 

encounter. 

Emigration from regions of low prey density, a corollary to inten¬ 

sified search at high prey densities, also effectively reinforces 

successful search behavior. Hunger, a consequence of low prey densities, 

increases activity level or emigration for many invertebrate predators. 

Coccinellids show hunger-dependent change in search activity and search 

area (Dixon, 1959). Blowfly locomotor activity increases with decreasing 

crop volume and blood concentration, both measures of hunger (Barton- 

Browne and Evans, 1960; Green, 1964). Larvae of the dragonfly Anax 

increase both activity level and distance travelled at hungers below 

60% maximum prey consumption (Ross, 1971). For notonectids, low prey 

densities alone are sufficient to increase predator activity (Fox and 

Murdoch, in prep). The crowding-induced gregarious phase of the 

migratory locust shows characteristic emigration from areas of low food 

density (Ellis, 1950; Ellis and Hoyle, 1954). And the spider 

Archaearanea relocates its web more frequently at low prey densities 

(Turnbull, 1964). Such migration in response to low food density has 

been described as the "primitive territoriality" or density-dependent 

behavioral characteristic of insects (Lack, 1954; Huffaker, 1970). 

Each of these low density-emigration behaviors implies relative sta¬ 

bility of search technique or location at high densities, and thus 

reward-reinforcement of generalized search behavior. 

Reward-reinforcement of generalized search behavior effectively 

restricts predation to regions of high prey density. Thus intensified 

search following prey encounter, and low-density emigration, are 
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invertebrate mechanisms for optimization of profitability. Reward- 

reinforcement of prey-specific or selective behavior, which results in 

switching, is also a mechanism for optimization of profitability. While 

Royama's area-restricted search hypothesis holds that predator search is 

seldom random with respect to local prey density, I belive that search 

by general predators is in addition seldom reandom with respect to 

behavior type and therefore prey species. 

III. Hunger-dependence of Reinforcement 

I know of no data which supports increased reinforcement of rewarded 

behavior with increasing hunger. The above studies of hunger-induced 

emigration seem to suggest the opposite, i.e. decreased reinforcement 

with increasing hunger. However, these studies refer to allocation 

of predator time among patches of varying prey density. For this 

response to prey distribution, energy gain is maximized by concentrating 

search in rewarded (high-density) prey patches, rather than searching 

randomly over all patches. Therefore, hungry predators should emigrate 

from regions of low prey density. 

In contrast, the damsel fly hypothesis refers to allocation of 

predator time among selective search modes, within patches. For this 

switching behavior, energy gain may be maximized by concentrating search 

in specifically rewarded behavior patterns, rather than searching 

randomly in all modes (See Discussion: Profitability of Switching). 

Therefore, hungry predators might well lengthen the period of rein¬ 

forced search behavior. 

In conclusion, published data showing alternative, prey-specific 

search modes and reinforcement of successful search indicates that at 

least two assumptions of my hypothesis of damsel fly switching behavior 
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are comparable to documented behavior for other predators. Although 

no data relevant to the hunger-dependence of switching have been 

published, the hypothesized relationship between hunger and reinforce¬ 

ment of behavior does seem analogous to a similar relationship for 

predator response to prey distribution which is supported by the 

literature. 

Prey Density and Predator Hunger in the Field 

Evidence that conditions under which switching would occur do 

exist in nature includes documentation of low cladoceran densities and 

high predator hunger levels in the field. 

Average cladoceran densities reported for field studies range from 

2 to 75 1"^, with most less than 20 1"^ (Hall et al., 1970; Confer, 

1971; Dodson, 1972; Angino et al., 1973; Burgis, 1973). A few 

species showed annual, short-term peak densities from 60 to 250 1"^. 

Hall et al. (1970) reported an average S. serratulus density of 100 T"*, 

and a peak of 600 1“1. Although the authors suggested different 

sampling techniques for these weed-dwellers as the source of the 

surprisingly high densities, the fact that Simocephalus behavior 

decreases its availability to predators may well permit high field 

densities. With the exception of S. serratulus, nearly all cladocerans 

studied showed mean densities well below the total used in A. hastatum 

switching experiments (66 l"^), and also well below satiation densities 

determined by the functional response (Fig. 2). 

Lawton's (1971) careful comparison of field feeding rates to 

laboratory maximum feeding rates demonstrated high field hunger levels 

for larvae of the damsel fly Pyrrhosoma. Estimates of field feeding 

rates ranged from 20% of the maximum possible rate during the first 
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winter, to 70% during summer, but were most often less than 50%. Lawton 

believed that these less-than-maximal field predation rates resulted from 

low prey abundance, and indicate that damselfly hunger levels in nature 

are intermediate or high. 

Switching and Regulatory Potential in Multiple-Prey Systems 

Two-prey Systems: Stabilization of Competition 

If complementary densities of two similar prey are assumed to 

represent a competitive system, the sigmoid functional responses 

observed for damselfly larvae with complementary densities of two 

cladocera are of special interest, because their regulatory potential 

might result in stabilization of an otherwise unstable competitive 

interaction, and thereby increase diversity. 

Predator stabilization of competition among species or subspecies 

has'been hypothesized to explain coexistence of cyclomorphic cladocerans 

(Brooks and Dodson, 1965; Dodson, 1970; Green 1967, 1971; Zaret, 

1969, 1972a,b), and diversity in marine intertidal systems (Paine, 1966; 

Connell, 1970b) and aquatic communities (Hall et al., 1970). However, 

each of these studies emphasize constant predator preference for a 

competitively dominant prey, which itself escapes extinction by means 

of spatial or temporal refuge. The complementary density, constant 

selectivity responses predicted by two-prey disc equations j(Murdoch, 

1973) suggest that these systems might well result in regulation of both 

prey populations, since the functional response for the less-preferred 

prey is type 3. 

Williamson (1957) and Cramer and May (1972) have theoretically 

analyzed predator stabilization of competition. According to William¬ 

son's graphical analysis, two competing prey species are stabilized 
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if the predator demonstrates increased selectivity at a higher density 

of one or the other. Cramer and May, using models of Parrish and 

Sail a (1970), demonstrated that certain unstable competitive systems 

may be stabilized by the addition of predation. Other than the above- 

mentioned field and theoretical studies, which do not consider predator 

switching, I know of no demonstrations of predator stabilization of 

interspecies competition. Theoretical and experimental evidence that 

predator switching results in regulatory functional responses should 

encourage further study of this hypothesis. 

Persistence of competing intraspecies morphs (genetic polymorphism) 

has been attributed to frequency-dependent predation. Clarke (1969) 

reported frequency-dependent predation based on prey color and pattern 

for visual predators. Drickamer (1972) and Soane and Clarke (1973) 

described frequency-dependent predation baséd on prey scent for olfac¬ 

tory predators. Although these examples refer only to vertebrates, 

Soane and Clarke (1973) suggest that because detection of polymorphism 

in stimuli which are less important to ourselves is difficult, condi- 

tionable selectivity in olfactory, nocturnal, or aquatic predators, 

corresponding to prey polymorphisms in scent, sound, movement, or 

electrical properties, may be common yet undiscovered. The contrast 

in movement exhibited by D. magna and S. vetulus might be an "inter¬ 

species polymorphism", evidence that search behaviors specific with 

respect to prey movement have provided frequency-dependent predation 

pressure from damselfly larvae or other aquatic predators. 

Multiple-prey Systems: A Reconsideration of the Functional Response 
Concept 

Documentation of switching and sigmoid functional responses by 
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A. hastatum larvae suggests that the ability to regulate prey population 

size may not be limited to vertebrate predators and invertebrate specia¬ 

lists. However, Murdoch's (1973) theoretical demonstration that 

switching does not necessarily result in regulatory functional responses 

suggests caution in generalizing results of complementary density 

experiments to other combinations of prey. The following discussion is 

an attempt to show that switching may contribute to the regulatory 

potential of general predators for multiple-prey systems as well as 

competitive, two-prey systems. 

In a multiple-prey field situation, predator hunger rarely 

approaches that of either the low-density, maximum increase in discovery 

rate or the high-density saturation described by the single-prey type 

2 response. Lawton's (1971) data suggests that damselfly larvae, at 

least, are rarely satiated by all prey species together, let alone a 

single prey. And, because alternate prey buffer hunger levels, pre¬ 

dators are seldom maximally hungry. If a relatively constant, inter¬ 

mediate hunger level is assumed, hypothetical "field" responses to a 

single prey within a multiple-prey system may be derived from the 

basic, maximum-hunger, single-prey response, as in Fig. 13. 

For the nonswitching predator, with a single search mode (and 

selectivity) for a principal prey, hunger (assumed constant) and prey 

density alone determine discovery rate. Therefore, change in predation 

rate with respect to density is given by a straight line intersecting 

the single-prey response curve at the mean hunger level. The func¬ 

tional response does not show regulatory potential. 

For the switching predator, however, discovery rate may depend 

on the selectivity of the specific search mode used as well as on hunger 
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level and prey density. Specific search rate (a measure of selectivity) 

determines the slope of the line relating change in discovery rate to 

change in density. When the density of a principal prey (A) is low 

relative to the densities of other prey, reinforcement of the search 

mode with high selectivity for A (line a in Fig. 13) does not occur. 

Search is oriented toward other, more abundant prey, and therefore 

selectivity and predation rate for A at low densities are low (line b 

in Fig. 13). Higher densities eventually increase the encounter rate 

until reinforcement of appropriate behavior occurs (period of rein¬ 

forced behavior^» period between encounters), and the proportion of 

time alloted to search mode a, with high selectivity for prey A, 

increases. The consequence of this behavioral switch is acceleration, 

and potential for prey population regulation, in the functional 

response. 

For general predators such as larval damsel flies, the single¬ 

prey response, resulting from density-related changes in predator 

hunger or available time, is misleading if not meaningless. Alternate 

prey can influence functional response shape through prey combination 

effects on hunger level, and through interaction between predator 

selectivity and densities or relative abundances of prey. Frequency- 

dependent selectivity (switching) may be both profitable for the general 

predator with alternate search modes, and stabilizing, through regula¬ 

tory functional responses, for competitive and multiple-prey systems. 

Damsel fly naiads, whose single prey response is hyperbolic, have been 

shown to exhibit both switching and sigmoid functional responses in 

complementary density, two-prey systems. For damselfly naiads, and for 

other generalist predators with intermediate hunger levels, alternate 
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search behaviors, and frequency-dependent selectivity, the functional 

response should be considered a result of changes in selectivity in 

response to changing relative prey densities, rather than changes in 

hunger or available time in response to changing absolute prey densities. 
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APPENDIXES 

A. Experimental error: counting error 
and nonpredator mortality 

As a measure of the amount of siphoning and screen-searching 

involved in counting cladocerans after predation, experimental volume 

was the most important determinant of percentage counting error and . 

percentage nonpredator mortality. Analysis of variance of control 

data showed significant effects of volume on percent missing or "eaten" 

(Fy -jg = 4.02, p<0.01 ) and on percent dying or "killed" (F^ ^g = 6.19, 

p<0.001). 

For percent missing, an a posteriori SS-STP test (Sokal and 

Rohlf, 1969) detected no significant differences among volumes from 

0.3 to 45 1 (Fy g = 1.34, p>0.25), and the mean percentage counting 

error for these seven groups was not significantly greater than zero 

^24 = 0*24» p ^ 0.8). Only the largest volume, 114 1, differed in 

percentage missing (a posteriori SS-STP, F^ ^g = 2.68, p< 0.05). 

Therefore, the only data to receive corrections for counting error 

were those for density =1 1”\ in the second series of experiments 

(I. ramburii-S. vetulus); 1.3% of the number of prey presented was 

subtracted from raw values for numbers eaten. 

Inspection of control percentages dying, corrected for differ¬ 

ences in test time, suggested that large volumes had a distinctly 

greater effect on death rate than did small volumes. Volumes of 45 

and 114 1 had been "concentrated" by siphoning, whereas volumes of 

25 1 and less had been searched in their entirety. Siphoned volume 

death rates were compared to those for non-si phoned volumes, and 

found to be significantly greater (a priori SS-STP test, F^ -jg = 13.26, 
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p< 0.005). Within each of the two "treatments", volume means were 

homogeneous (a posteriori SS-STP test of means for the two siphoned 

volumes, = 0.13, p> 0.75; for the 6 non-siphoned volumes, 

?-j -Jg = 1.33, p>0.25). Corrections for nonpredator death rate were 

therefore made according to whether or not the system had been siphoned 

before counting. If so, 13% (S.E. = 2.6) and if not 6% (S.E. = 0.8) 

of the number of prey presented was subtracted from raw numbers killed. 

B. Predator size as a predictor of predation rate 

For the 360 damsel flies tested in the last series of experiments, 

five measures of naiad size were obtained: head widths and wing pad 

lengths for instars XI and XII, and dry weight for instar XII. Head- 

width XII was the best predictor of all other measures of size 

^rHW12 x HW11 = °*78, rHW12 x WPL11 = 0,4°’ rHW12 x WPL12 = °*68, 

rHW12 x wt = and Prec[ation rate measured as number eaten 

(r = 0.147, p< 0.01). Numbers killed were not significantly cor¬ 

related with any measure of predator size. Multiple regression of 

numbers eaten first on density and Headwidth XII and then stepwise 

on remaining size measures showed that Headwidth XII alone explained 

most of the variance due to predator size. The addition of a second 

measure of size to the regression equation contributed little to re- 
2 2 

duction of variance (Ar = 0.0153; Ar ^pj_i2 = 0.0029). 

The potential effects of prey density, predator hunger, and prey 

type on the relationship between number eaten and predator size (esti¬ 

mated by Headwidth XII) were studied within each group of experiments. 

For I. ramburii-D. magna data, numbers eaten were regressed on size 

within each of the ten densities, and a test of equality of the slopes 
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(Sokal and Rohlf, 1969) gave p<0.001 (Fg 
= 3.47). Two homogeneous 

subsets of slopes were identified by an a posteriori SS-STP test: 

first, the four lowest densities, 5, 10, 20, and 50 l"1 (Fg 13Q = 0.94, 

p>0.25), and second, densities greater than 50 1""* (Fg = 1.68, 

p>0.1). Low-density slopes were not significantly greater than zero 

(b = -6.33, F.| = 1.71, p>0.1 ); hungry predators apparently consume 

prey at rates independent of their size over these less-than-satiation 

densities. For high densities, the overall relationship between pred¬ 

ator size and predation rate was significant (b = 14.87, F-j gg = 8.81, 

p<0.005). Therefore, raw predation rates for densities greater than 

50 l"^ were adjusted to average-size predator rates according to the 

equation: Adjusted Number Eaten = Number Eaten - 14.87 (Headwidth XII- 

16.032). Numbers eaten for low densities remained unchanged. 

For the second series of experiments (I. ramburii-S. vetulus), 

no significant relationship between predator size and predation rate 

was detected, either over all data (b = -0.79, F^ = 0.90, p>.75) 

or within densities. Over the low densities of S. vetulus used in 

these experiments, as for low densities of D. maqna cited above, even 

smaller predators probably did not approach satiation. Consequently, 

predation rate was independent of size. 

For A. hastatum data, numbers eaten were regressed on Headwidth 

XII within 72 "treatment" groups of 5 observations each (6 densities 

x 2 hungers x 6 prey combinations). Because the low number of observa¬ 

tions at this unit level led to high variance.among slopes, the more 

general effects of low (3, 15, 27 1“^) vs. high (39, 51, 63 1“^) den¬ 

sity, satiated vs. starved hunger level, and S. vetulus vs. D. maqna 

prey type were studied in a three-way analysis of variance of the 72 
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slopes. 

Density and hunger significantly affect the relationship between 

predator size and predation rate (density, F1 g4 » 5.25, p * 0.023; 

hunger, g^ = 4.10, p = 0.048). Slopes were greater for high den¬ 

sities than for low ones, for starved predators than for satiated ones, 

and for D. magna than for S. vetulus. 

The fact that high predator hunger and high prey densities re¬ 

vealed the greatest increases in predation rate with respect to pred¬ 

ator size suggests that the filling of a size-dependent gut volume is 

the source of the predator size effect. The effect of prey type on the 

rate/size relationship did not hold for high density, high hunger situa¬ 

tions and thus was not statistically significant. However, if the prey 

type effect is interpreted as a consequence of the difference in effec¬ 

tive densities of the two prey, the absence of an effect at high den¬ 

sities might be expected. 

Regressions for each of the eight groups (45 observations each) 

defined by the above analysis gave slopes (Table 9) which were used to 

standardize the raw data according to predator size: Adjusted Number 

Eaten = Number Eaten - b. (Headwidth XII - 2.589). 

C. Wasteful killing 

For I. ramburii preying on S. vetulus, and A. hastatum preying 

on either D. magna or S. vetulus, numbers killed were not greater than 

numbers eaten. Total numbers killed, corrected for nonpredator death, 

are compared to numbers eaten in Fig. 14. 

For the broader range of densities used in I. ramburii-D. magna 

experiments, numbers killed were markedly greater than numbers eaten 

(Fig. 2). The effect of predation on the prey population, represented 
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TABLE 9 

Slopes for regressions of Predation Rate on Predator Size 

Starved Predators 

Prey S. vetulus D. magna 

Density 

Low (<27 l"1) 3.67 35.55 

High (>39 1"^) 49.73 33.19 

Satiated Predators 

Prey 

Density 

Low 

Hicjh 

S. vetulus D. magna 

1.51 12.71 

12.73 18.12 
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in 
by numbers killed, may be related to predator behavior, governed by 

numbers eaten, through analysis of percentage utilization of prey. 

Although partial consumption of individual prey was not mea¬ 

sured, the fraction of those killed which were completely consumed 

provided an estimate of prey utilization. The five values for "eaten/ 

killed" at each density were subjected to arcsin transformations to 

correct for nonnormality (Sokal and Rohlf, 1969), and a single, ex¬ 

treme observation was excluded from analysis based on the Gap Test 

for Outliers (Bliss, 1970) (R-j = .680, n = 5, p<0.05). Analysis of 

variance of the transformed proportions revealed a significant effect 

of density on prey utilization (Fg 39 = 5.12, p<0.001). A posteriori 

comparison among means (Student-Neumann-Keuls Test, Sokal and Rohlf, 

1969) showed the mean percent utilization for the lowest density 

(5 1"*) to be greater than all other means (significance level, 

p = 0.01). No other differences were detected. 

Fig. 15 compares actual utilization with expected values based 

on disc equation fits for numbers eaten and killed. Although random 

deviation from expectation is considerable, actual proportions do 

follow the general pattern of the predicted curve, in which utiliza¬ 

tion decreases over a range of low prey densities and then becomes 

constant. 

This evidence for the density-dependence of prey utilization 

suggests that the absence of significant wasteful killing in A. 

hastatum and I. ramburii-S. vetulus data may be a consequence of the 

low densities studied. Although the range of densities represented 

in the latter experiments does include densities for which I. ramburii- 

D. maqna experiments show significant wasteful killing, such a 
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quantitative difference might be a result of differences in total 

system volumes used for low densities in the two sets of experiments. 

(For example, nonrandom prey distribution, might have a greater effect 

on apparent density for large volumes than for small ones). The 

qualitative conclusion remains: damselfly naiad prey utilization is 

high for low densities-, but decreases rapidly to a relatively constant 

value for higher densities. 

This pattern of wasteful killing, and the type 2 nature of both 

"eaten" and "killed" functional responses (Fig. 2) suggest that both 

eating and killing behavior are controlled by hunger-induced changes 

in reactive field or discovery rate (hunger may have more than a single 

component; see Johnson et al., 1975). Such hunger-controlled, density- 

dependent prey utilization results in higher predation rates and a wider 

effective density range than gut size or digestion rate would other¬ 

wise allow. 

D. Diurnal and seasonal patterns in predation rate 

Diurnality 

I. ramburii-D. magna experiments were analyzed for evidence-of" 

diurnality in damselfly predation rate. Analysis of variance of num¬ 

bers eaten or killed, repeatedly measured within indiviuals over time 

(Datatext Repeated Measures ANOVA) show time-of-day effects significant 

at p<0.001 (eaten,-F2 8Q = 10.62; killed, F2 8Q = 9.38). For both 

measures of predation rate, a posteriori multiple comparisons among 

means for each time of day over all densities gave the relationship 

ymorn > yeve =yn1ght test, significance level = 0,01). Because 

numbers killed showed a significant density x time-of-day interaction, 



115 

(Fig gg = 2.07, p = 0.015), low and high density means were analyzed 

separately. For densities from 5 to 50 1~\ means for numbers killed 

at different times of day were homogeneous (SNK test, significance 

level = 0.05). For densities from 83 to 2000 l"\ the relationships. 

ymorn> yeve> ynight were si9nifl‘cant for P = °-05- In conclusion, 

damsel fly predation rate varies diurnally: the naiads consume more 

prey during day than during evening or night, and at higher densities, 

killing activity decreases from day to evening to night (Fig. 16). 

The above data were further analyzed for effects of order of 

testing on predation rate, according to the following hypotheses: 

1) At low prey densities, predator hunger increases throughout the 

first experiment periods, and more effective search behavior employed 

during the third period results in higher predation rate. 2) Starved 

predators consume more prey during the first eight-hour period than 

during the last, especially at higher prey densities. 

Analysis of variance of numbers eaten repeatedly measured within 

individuals over "order" showed sequence significant at p = 0.027 

(F2,80 = 3 .796); a similar test of numbers killed gave p = 0.04 

(F2 gQ = 3.377). Density x order interactions were not significant. 

Comparison among means for each eight-hour period showed that for both 

eaten and killed, predation rates during the third period were signifi¬ 

cantly greater than those for the second period. First period preda¬ 

tion rates were intermediate and not significantly different from either 

(LSD test, SokaT and Rohlf, 1969; significance level = 0.05). 

These results are not consistent with either a priori hypothesis, 

and do not appear in themselves biologically meaningful. However, 

correlation between order of testing and time-of-day may explain the 
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observed sequence effect. Although an attempt was made to stagger 

experiment starting times in order to separate diurnal from sequence 

effects, testing was most conveniently begun in the evening. Morning 

is therefore most often the third test period (rtime x or(jer 
= -0*26, 

p<0.01). 

Of the two effects, time-of-day correlates better with number 

eaten (r = 0.150, p<0.05) and number killed (r = 0.179, p<0.05) than 

does order of testing (eaten, r = 0.091, ns; killed, r = 0.059, ns). 

Stepwise multiple regression of predation rate on density, time-of- 

day, and then order shows that time-of-day explains some of the vari- 
2 2 

ability in numbers eaten (Ar = 0.0226), and killed (Ar = 0.0322), 

2 while the subsequent additon of order adds little (Ar eaten 
= 0.0029, 

2 
Ar i^ngd = 0.0002). Therefore, I conclude that diurnal predator be¬ 

havior is the source of observed patterns in predation rate, and that 

apparent sequence effects are a consequence of correlation between 

sequence and time-of-day. 

Seasonality 

Evidence that predation rate depends on season was found in JL 

ramburii-S. vetulus data for fall, 1972. Although this series of ex¬ 

periments was not conducted in a formal "block" design, a definite 

decline in number eaten was observed after an initial group of 30 

damselflies (five at each density) had been tested. Three more re¬ 

plicates at each density were completed between November 15 and 

December 14. A two-way analysis of variance (density x season, where 

season = early or late fall) showed a decrease in predation rate dur¬ 

ing late fall (F-j ^g = 23.07, p<0.001). 

For A. hastatum experiments, five blocks of data were collected 
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from winter through spring, 1973. The last two blocks tested almost 

exclusively naiads whose development had been artificially slowed by 

low temperature (see Methods). Two hypothesized effects of delayed 

development and a single, a priori hypothesis of seasonality in preda¬ 

tion rate were tested: 1) Delayed development led to a change in 

later development rate, measured as the length of instar XII. 2) De¬ 

layed development resulted in a significant decrease in predation rate 

between the first three and latter two blocks. 3) Seasonal changes 

in predation behavior led to a gradual increase (or decrease) in preda¬ 

tion rate over blocks. 

Observation of the duration of instar XII for both normal and 

delayed-development naiads, all kept at 25°C with abundant D. maqna 

under a 14:10 light: dark cycle from mid-XI to emergence, revealed 

no difference in later development time (mean "normal" + S.E. = 

11.0 + 0.28; mean "delayed" + S.E. = 11.75 0.75; t-^ = 1.188, 

p>0.2). 

A five-way (density x hunger x alternate prey combination x 

type prey x time-of-year) analysis of variance of numbers eaten did 

show blocks to significant (F^ = 2.82, p<0.05). However, the 

pattern of change in predation rate over time (Fig. 17A) does not 

support the hypothesized effect of delayed development. According to 

these analyses, then, low temperature treatment did not significantly 

affect later development time or predation rate. 

The differences^ predation rate among blocks also fail to 

support a uniform seasonal change in predation behavior. Instead, the 

significant block effect may be traced through two significant inter¬ 

actions (alternate prey x block, and alternate prey x block x type 
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prey, Table 10) to an apparent source in the numerically dominant J). 

magna data (Fig. 17 B, C). I cannot interpret the fluctuations 

through time in number of D, magna eaten. However, it is clear that 

the gradual increase or decrease in predation rate hypothesized as an 

effect of seasonal (winter to spring) change in behavior is not present 

for any subset of data. 

In conclusion, I. ramburii showed a sharp (more than 50%) decline 

in predation rate from September through December. A. hastatum showed 

no significant change in predation rate from January through March 

(normal end of emergence), and naiads whose development was delayed by 

low temperature demonstrated similar predation rates during April and 

May. 
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TABLE 10 

Analysis of variance of A. hastatum predation rate: 

Prey Density x Prey Type x Alternate Prey Combination x Hunger x Block 

Source df MS F £ 

Prey Density*** 5 3350.16 66.44 < 0.001 
Prey Type** 1 21742.01 154.50 < 0.005 
Alternate Prey Combination 2 255.25 1.19 > 0.25 
Predator Hunger*** 1 4397.54 68.65 < 0.001 
Block* 4 167.73 2.82 < 0.05 

Density x Hunger 5 140.45 1.80 > 0.1 
Density x Alternate Prey 10 114.93 1.60 > 0.1 
Density x Type Prey*** 5 923.43 13.39 < 0.001 
Density x Block 20 50.42 0.85 > 0.50 
Hunger x Alternate Prey 2 106.83 1.11 > 0.25 
Hunger x Type Prey** 1 2817.24 67.68 < 0.005 
Hunger x Block 4 64.06 1.08 > 0.25 
Alternate Prey x Type Prey 2 296.58 1.33 > 0.25 
Alternate Prey x Block** 8 213.84 3.60 < 0.005 
Type Prey x Block 4 140.72 2.37 > 0.05 

Density x Hunger x Alternate Prey 10 58.46 0.95 >0.5 
Density x Hunger x Type Prey* 5 291.28 3.64 < 0.025 
Density x Hunger x Block 20 77.85 1.31 > 0.1 
Density x Alternate Prey x Type** 10 244.55 2.99 < 0.01 
Density x Alternate Prey x Block 40 71.71 1.21 > 0.25 
Density x Type Prey x Block 20 68.95 1.16 > 0.25 
Hunger x Alternate Prey x Type 2 86.07 1.98 > 0.1 
Hunger x Alternate Prey x Block 8 96.20 1.62 > 0.1 
Hunger x Type Prey x Block 4 41.63 0.70 > 0.5 
Alternate Prey x Type Prey x Block** 8 223.15 3.76 < 0.005 

Density x Hunger x Alternate x Type 10 107.01 1.80 > 0.05 
Density x Hunger x Alternate x Block 40 61.68 1.04 > 0.5 
Density x Hunger x Type x Block 20 80.09 1.35 > 0.1 
Density x Alternate x Type x Block 40 81.84 1.38 > 0.1 
Hunger x Alternate x Type x Block 8 43.43 0.73 > 0.5 

Density x Hunger x Alternate Prey x 
Type Prey x Block 40 59.38 — 



Figure 17. Seasonality in A. hastatum predation rate. 
Effect of blocks, and interactions of block, alternate prey 
combination,-and prey type effects. Each graph represents a 
total of 360 observations.  single prey;   — 
complementary densities of 2 prey;  equal densities of 
2 prey. 



PR
ED

AT
IO

N 
RA

TE
 

(p
rey
 

pe
r 

12
 h

ou
rs)

 

123 

SEQUENCE (l block « weeks) 



124 
REFERENCES 

Adams, J., and J. Steele. 1966. Shipboard experiments on the feed¬ 
ing of Calanus finmarchicus (Gunnerus). In Some contemporary 
studies in marine science, ed. H. Barnes. London: George Allen 
and Unwin, Ltd., pp. 19-35. 

Alverdes, F. 1924. Beotachtungen an Ephemerida und Libellenlarven. 
Biol. Zbl. 43: 577-605. 

Angino, E., K. Armitage, and B. Saxena. 1973. Population dynamics 
of pond zooplankton: II. Daphnia ambigua Scourfield. Hydro- 
biol. 42: 491-507. 

Banks, C. 1957. The behavior of individual coccinellfd larvae on 
plants. Anim. Behav. 5: 12-24. 

Barton-Browne, L., and D. Evans. 1960. Locomotor activity of the 
blowfly as a function of feedinq and starvation. J. Ins. 
Physiol. 4: 27-37. 

Beukema, J. 1968. Predation by the three-spined stickleback 
(Gasterosteus aculeatus L.): the influence of hunger and ex¬ 
perience. Behaviour 31: 1-126. 

Bliss, C. 1970. Statistics in Biology: Statistical methods for 
research in the natural sciences. Vol. 2. New York: McGraw- 
Hill, Inc., pp. 1-9, 27-39, 288-309, 556. 

Boer, P,, den. 1969. Spreading of risk and stabilization of ani¬ 
mal numbers. Acta Biotheor. 18: 165-194. 

Brooks, J., and S. Dodson. 1965. Predation, body size, and com¬ 
position of plankton. Science 150: 28-35. 

Burgis, M. 1973. Observations on the cladocera of Lake George, 
Uganda. J. Zool. 170: 339-349. 

Burnett, T. 1951. Effects of temperature and host density on the 
rate of increase of an insect parasite. Am. Nat. 85: 337-352. 

 . 1954. Influences of natural temperatures and controlled 
host densities on oviposition of an insect parasite. Physiol. 
Zool. 27: 239-248. 

 . 1956. Effects of natural temperatures on oviposition of 
various members of an insect parasite (Hymenoptera, Chalcididae, 
Tenthredinidae). Ann. Ent. Soc. Amer. 49: 55-59. 



125 

Chutter, F. 1961. Certain aspects of the morphology and ecology 
of nymphs of several species of Pseudaqnon selys (Odonota). 
Arch. Hydrobiol. 57: 430-463. 

Clarke, B. 1969. The evidence for apostatic selection. Heredity 
24: 347-352. 

Confer, J. 1971. Intrazooplankton predation by Mesocyclops edax 
at natural prey densities. Limn. Ocean. 16: 663-666. 

Connell, J. 1970a. A predator-prey system in the marine inter¬ 
tidal region. I. Balanus glandula and several predatory 
species of Thais. Ecol. Monogr. 40: 49-78. 

 . 1970b. On the role of natural enemies in preventing 
competition exclusion in some marine animals and in rain 
forest trees. Proc. Adv. Study Inst. Dynamics Numbers Popul. 
(Oosterbeek) : 298-312. 

Cramer, N., and R. May. 1972. Interspecific competition, predation, 
and species diversity—comment. J. Theor. Bio. 34: 289-293. 

Croze, H. 1970. Searching image in carrion crows: hunting strategy 
in a predator and some anti-predator devices in camouflaged prey. 
Berlin: Paul Parey, 85 pp. 

DeBach, P., and H. Smith. 1941. The effect of host density on rate 
of reproduction of entomophagous parasites. 0. Econ. Ent. 34: 
741-745. 

Dethier, V. 1957. Communication by insects: physiology of dancing. 
Science 125: 331-336. 

Dixon, A. 1959. An experimental study of the searching behaviour of 
the predatory coccinellid beetle Adalia decempunctata (L.). J. 
Anim. Ecol. 28: 259-281. 

 . 1970. Factors limiting the effectiveness of the coccinellid 
beetle Adalia bipunctata (L.) as a predator of the sycamore aphid, 
Drepanosiphum platanoides (Schr.). J. Anim. Ecol. 39: 739-751. 

Dodson, S. 1970. Complementary feeding niches sustained by size- 
selective predation. Limn. Ocean. 15: 131-137. 

. 1972. Mortality in a population of Daphnia rosea. Ecol. 
537 1011-1023. 

Drickamer, L. 1972. Experience and selection behavior in the food 
habits of Peromyscus: use of olfaction. Behaviour 41 : 269-287. 

Ellis, P. 1950. Marching in locust grasshoppers of the solitary 
phase. Nature, Lond. 166: 151. 



126 

Ellis, P., and 6. Hoyle. 1954. A physiological interpretation of 
the marching of hoppers of the African migratory locust (Locusta 
migratoria migratorioides R. and F.). J. Exp. Biol. 31: 271-279. 

Emlen, J. 1966. The role of time and energy in food preference. Am. 
Natur. 100: 611-617. 

Etienne, A. 1972. Behavior of the dragonfly larva Aeschna cyanea M. 
after a., short presentation of a prey. Anim. Behav. 20: 724-731. 

Flaherty, D. 1969. Ecosystem trophic complexity and Willamette mite, 
Eotetranychus willamettei Ewing (Acarina: Tetranychidae), den¬ 
sities. Ecol. 50: 911-916. 

Fox, L., and W. Murdoch. Unpublished manuscript sent to Dan M. John¬ 
son. Developmental and functional responses in predatory insects 
(Notonectidae): long and short term effects of feeding history 
upon predation rate. 

Fransz, H. 1974. The functional response to prey density in an 
acarine system" Wageningen: Centre for Agricultural Publish- 
ing and Documentation, 143 pp. 

Gibb, J. 1958. Predation by tits and squirrels on the eucosmid 
Ernarmonia conicolana (Hey!.). J. Anim. Ecol. 27: 375-396. 

 . 1962. L. Tinbergen's hypothesis of the role of specific 
searching images. Ibis 104: 106-111. 

Green, G. 1964. The control of spontaneous locomotor activity in 
Phormia regina Meiqen: I. Locomotor activity patterns -in in¬ 
tact flies. J. Insect Physiol. 10: 711-726. 

Green, J. 1967. The distribution and variation of Daphnia lumholtzi 
in relation to fish predation in Lake Albert, East Africa. ÇL 
Zoo!., Lond.- 151: 181-197. 

 . 1971. Associations of cladocera in the zooplankton of 
lake sources of the White Nile. J. Zoo!., Proc. Zool. Soc. 
London 165: 373-414. 

Hall, D., W. Cooper, and E. Werner. 1970. An experimental approach 
to the production dynamics and structure of freshwater animal 
communities. Limn. Ocean. 15: 839-928. 

Hassell, M. 1966. Evaluation of predator or parasite responses. 
J. Anim. Ecol. 35: 65-75. 

 . 1968. The behavioral response of a tachinid fly [Cyzenis 
albicans (Fall.)J to its host, the winter moth [Operophtera 
brumata (L.)]. J. Anim. Ecol. 37: 627-639. 



127 

Hassell, M., J. Lawton, and J. Beddington. 1976. The components of 
arthropod predation. I. The prey death-rate. J. Anim. Ecol. 
45: 135-164. 

Hassell, M., and D. Rogers. 1972. Insect parasite responses in the 
development of population models. J. Anim. Ecol. 41: 661-676. 

Haynes, D., and P. Sisojevic. 1966a. Predatory behavior of Philo- 
dromus rufus Walckenaer (Araneae: Thomisadae). Canad. Entom. 
98: 113-133. 

Haynes, D., and P. Sisojevic. 1966b. The predatory behavior of 
Grammonota anqusta (Araneae: Erigonidae). Forest Research 
Laboratory Internal Report M-15. Fredericton, New Brunswick: 
Department of Forestry, August, 1966. 

Holling, C. 1959a. The components of predation as revealed by a 
study of small mammal predation of the European pine sawfly. 
Canad. Entom. 91: 293-320. 

Holling, C. 1959b. Some characteristics of simple types of pre¬ 
dation and parasitism. Canad. Entom. 91: 385-398. 

. 1961. Principles of insect predation. Ann. Rev. Entom. 
6: 163-182. 

 . 1963. An experimental component analysis of population 
processes. Mem. Entom. Soc. Can. 32: 22-32. 

 . 1965. The functional response of predators to prey den¬ 
sity and its role in mimicry and population regulation. Mem. 
Entom. Soc. Can. 45: 60 pp. 

 . 1966. The functional response of invertebrate predators 
to prey density. Mem. Entom. Soc. Can. 48: 86 pp. 

Hoppenheit, M. 1964. Beobachtungen zum Beutefangverhalten der Larve 
von Aeschna cyanea M. Zool. Anz. 172: 216-232. 

Huffaker, C. 1970. The phenomenon of predation and its roles in 
nature. Proc. Adv. Study Inst. Dynamics Numbers Popul. 
(Oosterbeek): 327-343. 

Huffaker, C., and C. Kennett. 1969. Some aspects of assessing effi- 
of natural enemies. Canad. Entom. 101: 425-447. 

Ivlev, V. 1961. Experimental Ecology of the feeding of fishes. New 
Haven: Yale University Press. 

Johnson, D. 1973. Predation by damselfly naiads on cladoceran popu¬ 
lations: fluctuating intensity. Ecol. 54: 251-268. 



128 

Johnson, D., B. Akre, and P. Crowley. 1975. Modeling arthropod 
predation: wasteful killing by damselfly naiads. Ecol. 56: 
1081-1093. 

Johnson, D., and W. Tschumy. (in press). Simulating the functional 
response of damselfly naiads. Bull. Ecol. Soc. Amer. 

Krebs, J. 1973. Behavioral aspects of predation. In Perspectives in 
ethology, eds. P. Bateson and P. Klopfer. New York: Plenum 
Press, pp. 73-111. 

Lack, D. 1954. The natural regulation of animal numbers. Oxford: 
Clarendon Press, 343 pp. 

Laing, J. 1937. Host-finding by insect parasites. I. Observations 
on the finding of hosts by Alysia manducator, Mormoniell a 
vitripennis and Trichogramma evanescens. J. Anim. Ecol. 6: 298- 
317. 

Landenberger, D. 1968. Studies on selective feeding in the Pacific 
starfish Pisaster in southern California. Ecol. 49: 1062-1075. 

Lawton, J. 1970. A population study on larvae of the damselfly 
Pyrrhosoma nymphula (Sulzer) (Odonata: Zygoptera). Hydrobiol. 
36: 33-52. 

 . 1971. Maximum and actual field feeding rates in larvae of 
the damselfly Pyrrhosoma nymphula (Sulzer) (Odonata: Zygoptera). 
Freshwat. Biol. 1: 99-111. 

Lawton, J., J. Beddington, and R. Bonser. 1974. Switching in in¬ 
vertebrate predators. In Ecological Stability, eds. M. Usher 
and M. Williamson. London! Chapman and Hall, pp. 141-158. 

MacArthur, R., and E. Pianka. 1966. On optimal use of a patchy 
environment. Amer. Natur. 100: 603-609. 

Manly, B., P. Miller, and L. Cole. 1972. Analysis of a selective 
predation experiment. Amer. Natur. 106: 719-737. 

Marten, 6. 1973. Optimization equation for predation. Ecol. 54: 
92-101. 

Menge, B. 1972. Foraging strategy of a starfish in relation to actual 
prey availability and environmental predictability. Ecol. Monogr. 
42: 25-50. 

Miller, C. 1959. The interaction of the spruce budworm, Choris- 
toneura fumiferana (Clem.) and the parasite Apanteles fumiferanae 
(Vier.). Canad. Tntom. 91: 457-477. 



129 

 . 1960, The interaction of the spruce budworm, Choris- 
toneura fumiferana (Clem.) and the parasite Glypta fumiferanae 
(Vier.), Canad, Ehtom. 92: 839-850. 

Murdoch, W. 1969. Switching in general predators: experiments on 
predator specificity and stability of prey populations. Eco!. 
Monogr. 39: 335-354. 

 . 1971. The developmental response of predators to change 
in prey density. Ecol. 52: 132-137. 

. 1973. Functional response of predators. J. Appl. Ecol. 
10: 335-342. 

Murdoch, W., S. Avery, and M. Smyth. 1975. Switching in predatory 
fish. Ecol. 56: 1094-1105. 

Murdoch, W., and J. Marks. 1973. Predation by coccinellid beetles: 
experiments on switching. Ecol. 54: 160-167. 

Murdoch, W., and A. Oaten. 1975. Predation and population stability. 
Adv. Ecol. Res. 9: 1-131. New York: Academic Press. 

Murton, R. 1971. The significance of specific search image in the 
feeding behaviour of the wood-pigeon. Behaviour 40: 10-42. 

Nicholson, A., and V. Bailey. 1935. The balance of animal populations. 
Part I. Proc. Zool. Soc. London 1935: 551-598. 

Oaten, A., and W. Murdoch. 1975a. Functional response and stability 
in predator-prey systems. Amer. Natur. 109: 289-298. 

Oaten, A., and W. Murdoch. 1975b. Switching, functional response, 
and stability in predator-prey systems. Amer. Natur. 109: 299- 
318. 

Orians, G,, and H. Horn. 1969. Overlap in foods of four different 
species of blackbirds in the potholes of central Washington. 
Ecol. 50: 930-938. 

Paine, R. 1966. Food web complexity and species diversity. Amer. 
Natur. 100: 65-75. 

Parrish, J., and S. Saila. 1970. Interspecific competition, pre¬ 
dation, and species diversity. J. Theor. Bio. 27: 207-220. 

Pearson, 0. 1966. The prey of carnivores during one cycle of mouse 
abundance. J. Anim. Ecol. 35: 217-233. 

 . 1971. . Additional measurements of the impact of carnivores 
on California voles (Microtus californicus), J. Mamm. 52: 41-49. 



130 

Rapport, D. 1971. Optimization model of food selection. Amer. Natur. 
105: 575-587. 

Rapport, D., and J. Turner. 1970. Determination of predator food 
preferences. J. Theor. Bio. 26: 365-372. 

Rapport, D., J. Berger, and D. Reid. 1972. Determination of food pre¬ 
ference of St^ntor_coeruljJ£. Biol. Bull. 142: 103-110. 

Richard, G. 1960. Contribution à 1*étude ithologique des Odonates. 
Proc. XI Int. Congr. Entom. 1960 (1): 604-607. 

Richman, S., and J. Rogers. 1969. The feeding of Calanus helgolandi- 
cus on synchronously growing populations of the marine diatom 
Pity!urn brightwellii. Limn. Ocean. 14: 701-709. 

Root, R. 1967. The niche exploitation pattern of the blue-gray 
gnat-catcher. Ecol. Monoqr. 37: 317-350. 

Ross, Q. 1971. The effect of intraspecific interactions on the growth 
and feeding behavior of Anax junius (Drury) naiads. Unpublished 
PhD. Thesis,. Michigan State University. 

Royama, T. 1966. Factors governing feeding rate, food requirement, 
and brood size of nestling great tits Parus major. Ibis 108: 
313-347. 

 . 1970a. Factors governing the hunting behavior and select¬ 
ion of food by the great tit (Parus major L.). J. Anim. Ecol. 
39: 619-668; 

 . 1970b. Evolutionary significance of predators' response to 
local differences in prey density: a theoretical study. Proc. 
Adv. Study Inst. Dynamics Numbers Popul.(Oosterbeek) : 344-357. 

 . 1971. A comparative study of models for predation and 
parasitism. Res. Popul. Ecol. (Suppl. 1). 91 pp. 

Salt, G. 1967. Predation in an experimental protozoan population 
(Woodruffia-Paramecium). Ecol. Monoqr. 37: 113-144. 

Sandness, J., and J. McMurtry. 1970. Functional response of three 
species of Phytoseiidae (Acarina) to prey density. Canad. Entom. 
102: 692-704. 

Sandness, J., and J. McMurtry. 1972. Prey consumption behavior of 
Amblyseius largoensis in relation to hunger. Canad. Entom. 104: 
461-470. 

.Schoener, T. 1971. Theory of feeding strategies. Ann. Rev. Ecol. 
Syst. 2: 369-404. 



131 

Smith, F. 1972. Spatial heterogeneity, stability, and diversity 
in ecosystems. In Growth by intussusception: Ecological essays 
in honor of G. Evelyn Hutchinson,ed. É. Deevey. New Haven: Conn. 
Acad. Arts Sci., pp. 309-335. 

Soane, I., and B. Clarke. 1973. Evidence for apostatic selection 
by predators using olfactory cues. Nature 241: 62-63. 

Sokal, R., and F. Rohlf. 1969. Biometry: The principles and practice 
of statistics in biological research. San Francisco: W. H. Free¬ 
man and Co., 776 pp. 

Solomon, M. 1949. The natural control of animal populations. J^. 
Anim. Ecol. 18: 1-35. 

Steele, J. 1972. Factors controlling marine ecosystems. In The chang¬ 
ing chemistry of the oceans, eds. D. Dryssen and D. Jagner. New 
York: John Wiley & Sons, Inc., pp. 209-221. 

Takahashi, F. 1968. Functional response to host density in a para¬ 
sitic wasp, with reference to population regulation. Res. Popul. 
Ecol. 10: 54-68. 

Thompson, D. 1975. Towards a predator-prey model incorporating age 
structure: the effects of predator and prey size on the predation 
of Daphnia magna by Ischnura elegans. J. Anim. Ecol. 44: 907-916. 

Tinbergen, L. 1960. The natural control of insects in pine woods. 
I. Factors influencing the intensity of predation by songbirds. 
Arch. Neer. Zool. 13: 259-343. 

Tullock, G. 1970. Switching in general predators: comments. Bull. 
Ecol Soc. Amer. 51: 21-24. 

. 1971. The coal tit as a careful shopper. Amer. Natur. 105: 
77-80. 

Turnbull, A. 1964. The search for prey by a web-building spider 
Archaearanea tepidariorum (C. L. Koch) (Araneae: Theridiidae). 
Canad. Entom. 96: 568-579. 

Ullyett, G. 1949a. Distribution of progeny by Che!onus texanus 
Cress (Hymenoptera: Braconidae). Canad. Entom. 81: 25-44. 

 . 1949b. Distribution of progeny by Cryptus inornatus 
Pratt (Hymenoptera: Ichneumonidae). Canad. Entom. 81: 285-299. 

Williamson, M. 1957. An elementary theory of interspecific competi¬ 
tion. Nature 180: 422-425. 



132 

Woolf, B. 1955. On estimating the relationship between blood group 
and disease. Ann. Hum. Genet. 19: 251-253. 

Zaret, T. 1969. Predation-balanced polymorphism of Ceriodaphnia 
cornuta Sars. Limn. Ocean. 14: 301-303. 

 . 1972a. Predator-prey interaction in a tropical lacustrine 
ecosystem. Ecol. 53: 248-257. 

 . 1972b. Predators, invisible prey, and the nature of 
polymorphism in the cladocera (Class Crustacea). Limn. Ocean. 
17: 171-184. 


