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Dear Dr. Behnke:

I am writing to inform you that Larry Zuckerman has not yet 
completed his master’s thesis. This has developed into a larger 
project than either of us had envisioned/ it also lagged a bit 
because of Larry’s need to work 40 hr/wk to support himself this 
term. I have read parts of the thesis and would say it could be 
a publishable document, certainly of interest beyond upstate New 
York. As I have explained to Larry, I am willing to have him leave 
for Colorado as scheduled. However, this might not be an ideal situa
tion either for him or for you. Unless his not entering would dis
rupt your program, I hope you will consider holding his admission 
until Fall 1979. I believe he plans to come to Fort Collins by early 
summer, perhaps to establish some kind of employment. Larry has had 
several quite original ideas during the preparation of his thesis.
He still has some growing up to do, but I will miss his intellectual 
input to our program— I think he will be worth waiting for.

Archer & Anna Huntington 
W ildlife Forest

Adirondack Ecological Center

TULLY CAMPUS 
TULIY, N. Y, 11119

Heiberg Memorial Forest 
Genetic Field Station

W ANAKINA CAMPUS 
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Forest Technician Program

WARR1NSIURG CAMPUS 
WARRiNSIURO, N, Y, 1 I I I I

Charles Lathrop Pack 
Demonstration Forest 

Summer Field Program

Enclosed are some items (in press) that may help indicate the 
direction of our program, particularly for prospective graduate 
students interested in fish ecology. Surprisingly, Upstate New York 
possesses a rich fish fauna, and the opportunities for<*study of 
stream communities(tMsr excellent. Naturalized population of Pacific 
salmon and other salmonids provide more ecological material than I 
can handle/ we also have access to centrarchid populations in the 
Adirondack study lakes, which are ideal in tests of resource 
partitioning.

If it sounds like I am ”pushing” our program— I am’. This 
seemed to be an opportunity to advertise a bit— evidently most 
students envision NY state (as I did) as a huge city; actually I 
can think of few places whose aquatic resources surpass those of
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upstate New York. So— if you have any solid prospects, please 
send them along. Also, feel free to call or write if Larry's 
delay will cause a problem— I can be flexible. My phone 
number is (315) 473-8619*

Sincerely

Neil H . Rincfljer 
Assistant ProfessorNHRzrtp
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Optimal foraging theory has provided a framework for predicting responses to 
prey that should be adaptive. In contrast to other vertebrate groups, however, few 
kinds of fishes have been examined to test these model predictions. Furthermore, 
available models are restricted to visual predators, despite the potential role of 
other sensory modalities (acoustico-lateralis, tactile, gustatory, olfactory). A 
fundamental knowledge of predation processes, for both visual and non-visual feeders, 
is essential in predicting the consequences of perturbation of aquatic systems.

This project would examine prey selection by two species of presumed olfactory/ 
gustatory feeders held in a simulated stream. Direct observation of behaviors would 
be tape-recorded from an electronic organ and decoded by computer. Immediate ob
jectives are to examine the role of prey size, distribution, and abundance in the 
selection of food by non-visual feeders, and to compare the "rules"of prey selection 
with those known in sight-feeders. Future work would examine responses of visual and 
non-visual predators to shifts in environmental complexity and resource availability. 
The proposed research complements field analyses of predation, resource partitioning, 
and competition being carried out under natural conditions.
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GRAND TOTAL REQUESTED *3,783.00
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Question 27

Project Description: Prey Selection by Non-Visual Feeders

Introduction

Predator-prey relationships in fish communities have been studied for 
more than a century, but the details of prey selection are unknown for most 
of the 20,000 species of fishes (Ringler 1978a). Optimal foraging theory 
(Schoener 1971; Pyke 1977) has provided a framework for predicting responses 
to prey that should be adaptive. In contrast to other vertebrate groups, 
however, only two fish species (bluegill sunfish: Werner and Hall 1974; 
brown trout: Ringler 1975, 1978h) have been examined to test these model 
predictions. Furthermore, available models are restricted to 
visual predators^ despite a rich literature on the potential role of other 
sensory modalities (acoustico-lateralis, tactile, gustatory, and olfactory).

Studies that address the interrelationships of sensory physiology, 
behavior, and trophic ecology (e.g. Miller 1978) provide a fruitful field 
of research in basic biology. From a pragmatic standpoint, an understanding 
of these interrelationships would appear essential in predicting the con
sequences of perturbation of aquatic systems. For example, the consequences 
of environmental change depend, in part, on the sensory mode(s) employed in 
detecting and locating prey. Some kinds of change (e.g. increased turbidity) 
may be expected to select for non-visual feeders, and prediction of such shifts 
in community structure would belreal value.

Even for visual predators a lack of information on how spatial and 
temporal variation in prey abundance affect predation rates has been 
recognized as a bottleneck in developing models of population and community 
stability (Murdoch and Oaten 1975). A recent study in a simulated stream 
(Ringler 1975, 1978b) showed that trout altered the area (depth) searched in 
response to prey density. Size-selective predation approximately tripled energy 
intake relative to fandom feeding, although several days and hundreds of 
encounters were required to learn the appropriate responses. Disproportionate 
predation on an abundant prey type ("switching") was a temporary phenomenon,
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Question 27 (continued)

which was evidently masked by the effect of prey size during most of the 
experimental period. Brown trout ultimately achieved 54-91% of an 
hypothetical diet in which prey are ranked in order of energy content.
Deviations from an optimal diet were explained in terms of a feeding 
strategy that deals with heterogeneous distribution of prey, as well as 
with the behavior capabilities of the predator.

Current work, pursued under a UAC grant, is revealing details of 
the predation process that had been little recognized by aguatic ecologists. 
Brown trout apparently have individual "tastes" in their diet selection 
(Ringler 1978c)f so that fish may reject a prey type that is preferred by another 
individual. Such tastes appear to persist for at least three weeks and can 
markedly alter energy intake. Furthermore, short-term reversals in diet 
selection of trout are now evident, suggesting that motivational changes 
associated with distasteful prey may be comparable to those recently discovered 
in sticklebacks by Thomas (1977) .

Individual differences also have become evident in attempts to 
measure a (hypothetical) threshold of prey density, below which trout responses 
are either absent or qualitatively different (Ringler and Bradowski 1978). In 
fact, if such a threshold exists, it may have meaning only at the individual 
level. Social facilitation of. feeding (e.g. 011a and Samet 1974) evidently 
occurs in brown trout, since . observation of one individual feeding reduces 
the time required for a second fish to attack prey (Ringler and SQntapaga 
1978). This phenomenon is still under investigation in the laboratory, and 
we are a long way from understanding its role in nature.

Methods and Objectives of The Project

As elements of the natural environment (e.g. variation in prey 
palatability, social interactions) have been added to the investigation of 
brown trout, their flexibility as aquatic predators has become increasingly 
clear. We can now explore the way in which factors such as turbidity, sub
strate complexity, or water temperature influence such a visual predator. For 
species relying heavily on other sensory modes, such as taste or smell, how
ever, the "rules" governing prey selection are unknown.

The proposed research will employ two presumed olfactory/gustatory 
predators, both of which are stream dwellers equipped with barbels. These 
fish are the madtoms (Noturus spp.) and the burbot (Lota lota) . Madtoms 
forage principally from stream substrates utilizing barbels (Scott and 
Crossman 1973), whereas burbot presumably can employ either gustatory or 
visual cues depending on environmental conditions, as has been described in 
a marine relative (Brown 1969). Thus, the work provides a logical link 
with an analysis of brown trout feeding currently in progress,

The experimental facility will be a plexiglass—enclosed stream channel 
similar to that used for brown trout, but equipped with a variable—velocity 
control. (Much of the present facility, e.g., holding tanks and filtration; 
apparatus, can serve both projects simultaneously.) Behaviors associated with 
foraging on bottom particles (e.g. "probe", "tilt", "eat") and responses to 
drifting prey (e.g. "fixate", "approach", "drift-back") will be encoded with 
a modified Dawkins (1971) electronic organ whose output is recorded on tape 
and later decoded by computer. The data are to be analyzed with the aid of 
techniques described by Slater (1973) and Hazlett (1977) using APL and SPSS 
routines.



Question 27 (continued)

The immediate objectives of the project to examine the role of 
prey size, distribution, and abundance in the selection of food by non-visual 
predators, and to compare the "rules" of food selection with those known 
in sight feeders. Future work in the experimental facility would examine 
responses of visual and non-visual predators to shifts in environmental 
complexity and resource availability. This would entail analysis of 
behavioral interactions, including social facilitation and competition.
A long-term goal is the development of a flexible model that is applicable 
to a variety of feeding types, and which can be used in prediction or 
assessment of perturbations in fish communities.

Context of the Project in an Overall 
Aquatic Ecology Program

This project complements and supports a broader program in trophic 
ecology currently in progress in the Department of Environmental and Forest 
Biology. The feeding ecology of five species of salmonids in the Salmon River 
system has recently been examined as part of a master's student program 
(Johnson 1978). Another student (Zuckerman 1978) is completing analysis of 
resource availability and life history strategies of white suckers in two 
Adirondack stream-lake systems.A new student (Baldigo) plans to examine 
resource partitioning between two naturally-occurring sunfish species. These 
and future studies are being coordinated with those of Dr. Robert Werner, who 
is studying feeding ecology of redbreast sunfish, distribution and ecology of 
fish larvae, and ultimately primary production in these same systems. We have 
obtained Federal funding (U.S. Fish and Wildlife Service) for related work in 
the St. Lawrence River (Ringler 1977; Werner 1977) and plan to seek state and 
federal funding for our Adirondack studies during 1979.

The experimental stream and recording facility complements research 
under natural conditions, permitting detailed analysis of hypotheses difficult 
or impossible to test in the field.
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Question 28

Biographical Sketch

I was born and raised in Long where I developed
an interest in marine biology through direct contact with the Pacific coast, 
and in aquatic biology through hiking/camping trips to the Sierra Nevada 
Mountains. I graduated from Lakewood High School and California State 
University at Long Beach (Biological Science) and moved to Corvallis, Oregon 
in 1967 to begin a graduate degree program. Following a year of classes 
tl}ere I married Beatrice Nicolen De Mille, and spent a year in the Oregon 
Coast Range studying the effects of logging on salmon spawning beds. This 
led to a Master of Science degree (Fisheries) and ultimately to a publication 
in Transactions of the American Fisheries Society.

Following two years in the U.S. Army Signal Corps, and a tour of 
duty in Vietnam, I entered the University of Michigan tq pursue the Ph.D.
This institution was chosen because of its program in aquatic ecology, and 
also because of the opportunities in teaching, which I had long regarded 
as a career goal. As a Teaching Fellow in ichthyology, fishery biology, 
and aquatic entomology I acquired some basic instructional skills, as well 
as a genuine commitment to this profession. Prior to undertaking disserta
tion research I participated in an interdisciplinary study of Michigan's 
Au Sable River, which resulted in several publications and some recommenda
tions for future use that have been implemented. My thesis research, which 
entailed analysis of feeding behaviors of brown trout from an ecological 
point of view, provided a nucleus for both teaching and research endeavors 
at the College of Environmental Science and Forestry.

My present position is a challenging one. I teach population 
fishery biology and (alternate summers, at Cranberry Lake Biological Station) 
ecology of Adirondack fishes. I have also taught ichthyology during a 
sabbatical leave and share responsibility with G. Werner for con
ducting an Aquatic Ecology seminar. These courses relate directly to my 
research interests in aquatic ecology and fisheries, which have been detailed 
elsewhere in this proposal. I currently have five graduate students pursuing 
Master's degrees in aquatic ecology and fisheries under my direction.

Aside from career matters, we have had two children, Justin 2h yrs 
and Scott 8 mo., since arriving in New York. We have found both upstate New 
York and the College of Environmental Science and Forestry a productive place 
in which to live and work.



STATE UNIVERSITY COLLEGE OF ENVIRONMENTAL 
SCIENCE AND FORESTRY

Department of Environmental and Forest Biology

FBL 522 Course Outline
POPULATION ECOLOGY

N. Ringler 
Spring 1978

I. Description and Analysis of Populations
:• No* Date
i 1/18/77 Introduction to population ecology
2 1/23 Life tables

(Lab: Discussion of research papers)
3 1/25 Intrinsic rates of natural increase (r)
4 1/30 Euler equation for calculation of r; stable 

and stationary age distributions; relationship 
of r to body size
(Lab: Life tables and calculation of rates 
of increase)

5 2/1 Birth rates, death rates, and the population 
consequences of life history phenomena

6 2/6 Population consequences of life history 
phenomena (continued); development and use 
of models in ecology
(Lab: Logistic model of population growth)

7 2/8 Time lag and stochastic models of population 
growth

8 2/13 Stochastic models (continued); projection 
matrices
(Lab: Projection matrices)
f e  'MX$L 1 ® » )9 2/15 QUIZ ("Study Encourager": 50 points)
Lectures 1-7



Population Genetics, Natural Selection, and Evolution
Lect. No. Date

10 2/20 Fitness and selection coefficients; rates 
of evolution
(Lab: Research paper - topic evaluation)

11 2/22 Rates of evolution (continued); genetic load; 
Individual, kin, and group selection

12 2/27 Evolution of sexual reproduction and sex ratios 
(Lab: Estimating the size of animal populations)

13 3/1 Survivorship and senescence; reproductive 
value; life history strategies and tactics

— 3/6 EXAM (150 points) Lectures 1-13
14 3/9 Reproductive strategies and tactics: models of 

clutch size
— 3/13 SPRING RECESS
— 3/15 SPRING RECESS

Regulation and Interaction in Populations
15 3/20

16 3/22

Processes that limit population growth, and their 
relation to population density 
(Lab: Tests of density dependence)
The role of behavior in population regulation

17

18

19

3/27 Role of behavior in population regulation
(continued); oscillations vs. fluctuations in 
abundance; role of survival and fertility rates 
in oscillating populations 
(Lab: Presentation of research papers)

3/29 Oscillations in abundance related to time lags,
and to predator-prey interactions

4/3 Lotka-Volterra model of predator-prey interactions
examples from experimental and natural populations 
of protozoans, mites, and snails 
(Lab: Presentation of research papers)

4/5 Leslie-Gower model of predator-prey interactions;
some sobering realities and considerations for 
ecologists

20
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Regulation and Interaction in Populations (continued)
Lect. No. Date

21 4/10 Role of learning In predation; functional 
response to prey density; searching images 
(Tinbergen); Individual variation In feeding 
behavior
(Lab: Presentation of research papers)

22 4/12 Profitability hypothesis (Royama)
23 4/17 Experimental components approach (Holling) 

(Lab: Presentation of research papers)
24 4/19 Experimental components (continued)
25 4/24 Experimental components (continued); 

optimization models
26 4/26 Optimal foraging and size-selective predation 

(Werner and Hall; O'Brien, et al.; Pyke et al 
MacArthur and Planka)

27 5/1 Predation, switching and population stability 
(Murdoch and Oaten)
(Lab: Predation, switching and population 
stability continued)
EXAM (200 points)

Required texts:

Pianka, E.R. 1974. Evolutionary Ecology. Harper & Row, N.Y. 356 pp.

Wilson, E.O. and W.H. Bossert. 1971. A Primer of Population Biology. Slnauer 
Associates, Inc. Sunderland, Massachusetts.*-

Recommended for grad« students;

Emlen, J.M. 1973. Ecology: An evolutionary approach. Addison Wesley 
Publishing Co., Reading, Massachusetts. 493 pp.
Additional reading material in the form of dittos, reserve books, and 

journals will be assigned throughout the course. One of the following texts 
may prove useful, but their acquisition is entirely optional:

Emmel, T.C. 1976. Population Biology. Harper & Row, N.Y. 371 pp. ;
Krebs, C.J. 1972. Ecology: The Experimental Analysis of Distribution and 

Abundance. Harper & Row, N.Y. 694 pp.
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McNaughton, S.J. and L.L. Wolf. 1973. General Ecology. Holt, Rinehart, 
and Winston, Inc., N.Y. 710 pp.

Rlcklefs, R.E. 1973. Ecology. Chiron Press, Portland, Oregon. 861 pp.

Wilson, E.O. 1975. Socloblology. Belknap Press of Harvard University Press. 
Cambridge, Massachusetts. 697 pp.

Dobzhansky, T., F.J. Ayala, G.L. Stebblns, and J.W. Valentine. 1977. 
Evolution. W.H. Freeman & Co., San Francisco. 572 pp.

t



STATE UNIVERSITY COLLEGE OF ENVIRONMENTAL 
SCIENCE AND FORESTRY

Fishery Biology - FZO 440 Lee. MWF 8:30 - 9:35
4 cr. hr. Lab. F 1:55 - 4:55

Required Text: Principles of Fishery Science by

Sept. 8 F

Everhart, Eipper and Youngs 
Cornell Univ. Press. 1975 
(at Orange Book Store)

COURSE OUTLINE 
N. Ringler

Introduction to fishery biology 
LAB: Discussion of field trips and term project

ASPECTS OF THE ASSESSMENT OF FISH POPULATIONS

Sept. 11 M Biology of selected North American fishes: characteristics 
and ecological features

13 Biology of Salvellnus spp.

15
15-17

Biology of Salmo spp.
LAB: Wolf Lake Field Investigation (1st half of class)

18 M Biology of Oncorhynchus spp.

20 Population identification; introduction to statistical inference

22
22-24

Estimation of population density 
LAB: Wolf Lake Field Investigation (2nd half of class)

25 M Estimation of population density (cont'd)

27 Estimation of population density (cont'd)

29 Analysis of age and growth; Von Bertalanffy growth model 
LAB: Age determination

Oct. 2 M NO CLASS (ROSH HASHANAH)

4 Von Bertalanffy (cont'd) and Ricker growth models; introduction 
to mortality

6 Survivorship and mortality
LAB: Tioughnioga River Field Investigation (1st half)

9 M EXAM I (100 Points)

11 NO CLASS (YOM KIPPUR)

13 Return and review exam
LAB: Tioughnioga River Field Investigation (2nd half)
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Oct. 16 M Survivorship and mortality (cont'd)

18 Production

20 Limits on production
LAB: Age and Growth I

DYNAMICS OF EXPLOITATION

23 M Behavioral Interactions and their role in fish production

25 Behavioral interactions and their role in fish production

27 Behavioral Interactions; effects of exploitation on a fish population 
LAB: Salmon River Field Trip

30 M Exploitation (cont'd); Optimum breeding density: Spawner-recruit-
ment curves

Nov. 1 Spawner-recruitment curves (cont'd); introduction to models of 
exploitation

3 Surplus production model (Schaefer)
LAB: Age and Growth II

6 M Dynamic pool model (Ricker)

8 EXAM II (150 POINTS)

10 Dynamic pool model (Beverton and Holt
LAB: Age and Growth II (cont'd)

APPROACHES TO THE MANAGEMENT OF FISHERIES

13 M Goals and approaches to fishery management; on the ecology 
of humans and fishes

15 Evaluation of restrictions on size, season, bag, and method of 
capture

17 Evaluation of restrictions on size, season, bag, and method of 
capture
LAB: Simulation models: SALMON, TUNA, OR PLAICE (Li, Adams, and Kao)

20 M Removal of presumed competitors

22 Basis and evaluation of regulations in N.Y. State
(GuestLecture: Mr. Leslie Wedge, Sr. Aquatic Biologist, NYDEC)

24 No class, No lab (THANKSGIVING HOLIDAY)
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Nov. 27 M 

29

Dec. 1

Habitat manipulation _ /, -\
G>MpeT< 'rCPe*'5T- wSrteuH W  IH R ) 
Utilization of predator-prey studies 
TERM PROJECT DUE BY 8:30 A.M.

Diversity, stability, and the assessment of impacts on aquatic 
communities
LAB; Feeding ecology of fishes

4 M Making a living from knowledge of fishes: The role of the 
biological consultant (GuestLecture: Mr. Jeffrey Barnes, 
President, Terrestrial Environmental Specialists)

6 The role of hatchery introductions

8 Fish pathology (Guest Lecture/Lab: Dr. John Schachte, Jr., 
Associate Fish Pathologist, NYDEC)

LAB: Fish Pathology

11 M Fish toxicology (Guest Lecture: Dr. Hank Appleton, Research 
Scientist, Syracuse Research Corporation)

13 Relationship of watershed management to fishery biology: 
An example from Oregon streams

15 Introduction to aquaculture; Review

19 EXAM III (200 POINTS)



Chapter In: Clep er, ni (ed#)* 1978. Predator-Prey bystems in Fish 
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PREY SELECTION BY BENTHIC FEEDERS 

NEIL H. RINGLER

INTRODUCTION

Biologists have shown a strong inclination toward describing diets 

of fishes that feed on or near the bottom, and general patterns can*of ten 

be inferred from these descriptions. The details of the prey selection 

process, however, have been examined in relatively few species, and much 

remains to be learned. Predicting variation in feeding patterns of 

benthic foragers, e.gr. with species, life history stage, season, and 
habitat presents a challenge not only to fishery biologists, but to all 

ecologists interested in testing the generality of ecological principles•
The information currently available suggests one basis for evaluating the 

effects of perturbations in prey communities. At the same time, additional 

investigations of feeding behavior, which are required to fulfill this and 

other goals, provide almost limitless potential for future research.
The goals of this chapter are to review what is known of prey 

selection in benthic feeders, and to suggest future studies that may con

tribute to our understanding and use of aquatic resources. The chapter 

will begin with a brief introduction to modes of detection, acquisition, 

and handling of benthic prey. Processes that lead to diet selection will 

then be examined, with a view toward providing general principles•



MODES OF DETECTIONACQUISITION AND 
L

HANDING OF BENTHIC PREY
A

Prey selection by fishes Is governed, in part, by their abllit 

detect and locate prey, and these processes may involve different ^  

modalities under varying environmental conditions. Once located, 

must be captured, manipulated, and in some cases sorted (e.g. by 

taste, or texture) prior to entering the alimentary canal.

Sensory Modalities

Vision, smell, taste, and touch are commonly employed in detr 

of benthic food, and in some species acoustico-lateralls and electn. 

receptors also play a significant role. Rainbow trout (Salmo gaircr 

in shallow streams and lakes (Jenkins 1969a; Ware 1972) and floundez 

(Platichthjjs flesus)in estuarine environments (Moore and Moore 1967 

appear to locate prey visually, and for such predators prey movemen:_ 
been shown to be a major factor in detection. Considerable variatir ̂ t8 

in retinal sensitivity of fishes (Muntz 1975), but at least in 

food can be located visually at night (Jenkins 1969b; Tanaka 1970). 

fish (Carassius auratus) can discriminate between different colors - 
brightness cues are eliminated (Muntz and Cronly-Dillon 1966). 

species that possess visual pigments sensitive to different wavele*._ 

probably also have color vision, but this has not been investigatec  ̂

the standpoint of predator-prey interactions. Although visual fie^-f
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few species have been studied in detail, fields in the shape of spheres, 

truncated spheres, or hemispheres have been hypothesized (Ware 1973;

Werner and Hall 1974; Obrien et. al. 1976).

Olfaction may play an important role in guiding fish to areas of 

food abundance. Blinded bluritnose minnows {Hyborhynchus (-Pimephales) 

notatus) can discriminate odors of some aquatic invertebrates (Hasler 

1957), and cod (Gadus morhua) appear to be attracted to odors of intact 

marine invertebrates (Brawn 1969). Exploratory and feeding behavior of 

juvenile sockeye salmon (Oncorhynchus nerka) can be evoked by aqueous ex

tracts of food (McBride et. al. 1962) . Electrical stimulation of the 

olfactory lobes elicits feeding activity in goldfish indistinguishable from 

that observed under normal conditions. This response is not evoked by 

stimulation of the taste centers (Grimm 1960). Habituation to new odors 

seems to occur within 15 minutes in a variety of benthic fishes including 

rays (Raja battis), eels (Anguilla anguilla), sturgeon (Acipenser 

ruthenus), and soles (Solea vulgaris) (Bateson 1890). For most species 

the ecological significance of olfaction in prey detection has not been 

assessed. Presumably, odors associated with molting, metamorphosis, and/or 

emergence of prey organisms could act to stimulate benthic foraging, 

whether or not such odors permit orientation to the food.

Taste buds in the mouth, pharynx, gill cavity and on the gill arches 

aid in judging the palatability of food once contact is made. In some 

fishes, e.g. bullheads (Ictalurus), this contact may occur before food



- 4 -
enters the mouth, by means of thousands of taste buds distributed over 

the body, as well as on tactile barbels. Such fish are capable of using 

the sense of taste to guide them to chemical eludes (Bardach, Todd and 

Crickmer 1967). Sensory papillae on the lips of suckers (Catostomidae) 

also permit assessment of food prior to capture, and in hake (Urophycis 

chuss) and searobins (Prionotus carolinus and P. evolans) taste buds are 
located on specialized fin rays that serve as feelers (Bardach and Case 

1965). In cod small benthic prey can be located in complete darkness 

with the aid of a barbel and pelvic fins equipped with taste buds, but 

large or pelagic prey are ordinarily located visually (Brawn 1969). The 

significance of tactile receptors has been little examined in fishes/ 
presumably these aid in judging texture, which may provide a cue to prey 

composition.

Water displacement acting on the lateral line receptors permits 

localization of prey in at least one surface feeding species (Aplocheilus 

lineatus) (Schwartz 1965). Benthic feeders are presumed to use the lateral 

line in locating active prey (Alexander 1970), but behavioral experiments 

have not yet provided thresholds in terms of the size, distance, and fre- 
quency of stimulating objects (Dijkgraaf 1966). Modified lateral line 

organs serving as electroreceptors are found in sharks and rays, elephant 

fishes (Mormyridae), knife fishes (Gymnotidae), electric eels (Electrophoridae), 

and some catfish (Amiurus; Kryptopterus) and possibly certain other fishes 

(Bennett 1971). These receptors are capable of detecting prey movement,

and may act in concert with ordinary lateral line receptors, particularly
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in turbid water or when prey are buried in bottom sediments. The gnash

ing sounds of feeding should be within hearing range of many fishes, and 

individuals detecting the sounds of other fish feeding may learn to 

orient to the source (Tavolga 1971)•
Adaptations for Prey Capture and Handling

Feeding behavior and ecology are closely related to morphological 

adaptations for capturing and handling prey. These processes are facili

tated by various modifications, particularly of the jaws, teeth, gill 

arches, and fins. A modified dorsal fin in goosefish (Lophiidae) is used 

to attract prospective prey near the mouth, which is rapidly opened to 

engulf the prey. Pacific electric rays (Torpedo californica) utilize an 

electric charge to immobilize prey, which may be moved toward the mouth by 

undulatory movements of the pectoral fins, or by a suction created by lifting 

the body from the substrate (Bray and Hixon. 1973) . In most fishes food acquisition 

involves a sucking action, in which prey are engulfed whole. Suction may be 

increased in teleosts through the action of motile maxillary bones that close 

off the sides of the mouth (Alexander 1970)* Additionally, protractile 

premaxillary bones in the upper jaw of minnows and suckers (Cypriniformes) 

and in a different form in perch relatives (Perciformes), permit the mouth 

opening to be extended into crevices; this adaptation probably also facilitates 

foraging while holding the body nearly horizontal (Alexander 1970) +

Variously modified teeth in the jaws, ntonguen, palate, and inner 

surface of the gill arches aid in securing the prey, and their rearward
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orientation directs food toward the throat. Certain cichlid fishes of 

African lakes have highly specialized jaw teeth that permit scraping of 

benthic organisms, including algae, from rocky substrates (Fryer 1959).

In suckers and minnows jaw teeth are replaced by pharyngeal teeth borne 

on the last gill arch, which operate against each other or against a 

bony pad at the base of the skull. In most fishes the gill arches are 

equipped with taste and touch receptors, as well as gill rakers that vary 

from short and blunt to long and fine. Thus, the gill arches and associated 

musculature create a branchial sieve that can manipulate and sort food 

from inorganic bottom materials. Specializations of the remainder of the 

gut will not be considered here, except to point out that variation in 

diameter, length, and structural details of the gut can often be corre

lated with diet composition.

PREY SELECTION

Patterns of benthic prey selection are the outcome of characteris

tics of fishes, characteristics of their prey, and the interaction of 

both with their environment. Such features are all clearly interdependent, 

but are discussed separately here for the sake of convenience. 

Characteristics of Fishes

One determinant of prey selection is the spatial distribution of 

the predator, although to some extent morphological and behavioral adapta

tions for prey handling govern the kinds of habitats searched.

Mendelson (1975) found broad similarities between the diets of two species 

of shiners (Notropis) observed to feed in midwater and the invertebrate
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¿xift fauna, whereas the diet of a largely bottom feeding species was 

closely correlated with benthos composition. The considerable overlap in 

diet (69-84%) among four species was explained in terms of relatively 

indiscriminate feeding in particular habitats rather than predation on 

certain kinds of prey. In small lakes, pumpkinseeds (Lepomis gibbosusj 

and longear sunfish (Lepomis megalotis) both searched bottom sediments 

methodically, but pumpkinseeds tended to feed nearest to shore, and 

relied heavily on molluscs. There seemed little doubt that the crush

ing, molariform pharyngeal teeth of pumpkinseeds played a role in their

diet selection (Werner efc. al 1977).
Distributions of fish may shift seasonally, e.g. as water level 

drops or vegetative cover expands, and diets may be expected to reflect such 

shifts. Zaret and Rand (1971) found little diet overlap among four bottom 

■dwelling species (Aeguidens coeruleopunctatus, Eleotris picta, Rhamdia 

wagneri, Synbranchus mormoratus) in a Panama stream during the dry season, 

when prey were scarce. Overlap between four (of. five possible) pairs of 

these species increased during the wet season, when prey were abundant.

Yet where significant overlap occurred, foraging patterns were separated 

by day vs. night feeding. Thus we can expect temporal, as well as spatial, 

variation in foraging to influence patterns of prey selection.

Turning to patterns of prey selection within a single species, or 

population, fish size has been shown to markedly influence the diet.

Werner et al (1977) found that small size classes of sunfish and shiners
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were restricted to shallow, vegetated areas of a lake, probaby by preda
tion pressure. Jenkins (1969a) and others have demonstrated the 

importance of size in gaining a feeding station within salmonid hierarch

ies, although resulting differences in diet could not be detected. In 

channel catfish (Ictalurus punctatus) nswimways" to and from a feeding 

station are related to fish size, and small fish must wait until large 

individuals complete feeding (Randolf and Clemens 1976b). Large fish tend 

to take larger prey (Keast 1965; Cadwallader 1975a; Kislalioglu and 

Gibson 1976a), and this broadens the size range and usually the diversity 

of items consumed. Such differences have been explained on the basis of 

mouth (gape) size, but swimming speed and/or manuverability may sometimes 

be important (e.g. in flounders, Moore and Moore 1976a) . The age of 

fishes seems to have little effect on diet patterns (apart from its 

correlation with size). Diets have also been shown not to differ appreci

ably between sexes of the same species (Atmar and Stewart 1972; Cadwallader 

1975a; Ringler 1975; Randolf and Clemens 1976a), although differences might 

be expected to develop under some circumstances, such as prior to spawning 

activity or when males and females select different habitats.

Prey selection by individuals is highly dependent on hunger level 

and experience, both of which have been analyzed in detailed laboratory 

studies. Although stomach fullness appears to be only one component of
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hunger (Rozln and Mayer 1964), bulk of food In the stomach has often been 

used to define hunger state (Brett 1971; Ware 1972). Rates of stomach 

evacuation may prove useful in describing hunger in these terms (e.g.

Elliott 1972). Where feasible a better approach may be an operational 

definition of hunger in terms of the quantity of food that would be eaten 

if a fish were fed ad_ libitum. Thus, a schedule of food deprivation time 

(Beukema1968) can be developed to define hunger state. The effects of 

hunger on predation rates are well documented in some species. In rainbow 

trout predation rates declined at low hunger levels, apparently because 

the fish took progressively longer to manipulate food (Ware 1972).

Handling time in sticklebacks (Spinachia spinachia) also increased with 

declining hunger (Kislalioglu and Gibson 1976a). Beukema (1968) found 

thathungry sticklebacks (Gasterosteus aculeafcusj captured the most prey 
because 1) they grasped and ate a greater proportion of discovered prey 

and 2) they swam more actively than satiated fish and thus had more prey 

encounters. One is tempted to suggest that this latter phenomenon might 

regulate the rate of movement among microhabitats.

Much remains to be learned of the effects of hunger on diet selection. 

Ivlev (1961) concluded that satiation was the controlling mechanism behind 

.increased prey selection by carp (Cyprinus carpio) among chironomids, 

amphipods, and molluscs. In a detailed model of vertebrate predation 

Rolling (1965) proposed that when a palatable prey species was eaten the 

predator "learned a lesson", which was gradually extinguished in the absence
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of reinforcement. Hunger was considered of critical importance to this 

learning process, in the sense that capture of palatable food operated 

to lower the level of hunger required before a subsequent attack would 

occur• The model predicted that reaction distance to a prey item would 

increase ("improve”) with experience. Yet Beukema (1968) found that food 

deprivation did not alter reactive distance in sticklebacks. Ware (1971) 

discovered this same phenomenon in rainbow trout; he therefore suggested 

that experience can modify reactive distance directly, rather than in
directly through hunger as proposed by Holling. Ringler (1975) found that 

considerable changes in hunger (stomach fullness) were not reflected in 

changes in prey selection by brown trout (Salmo trutta). Thomas (1977) 

proposed that, in addition to satiation effects, short-term positive and 

negative motivational after-effects occurred following "eat" and "reject" 

encounters, respectively• In sticklebacks these effects appeared to change 

both the subsequent search path and the probability of eating a particular 

item.
Experience has been dealt with in terms of familiarity with particu

lar kinds of prey. However, there is almost no information on learning to 

forage in particular regions of prey abundance, or on the mastery of specific 

kinds of foraging behaviors. Surprisingly little is known of the rates at 

which various fishes learn to respond to prey, but one finding seems clear: 

learning is not instantaneous• Failure to attack prey upon first encounter 

appears to be a general phenomenon (Ivlev 1961; Springer and Smith-Vaniz 

1972; Curio 1976). Yet mosquitofish (Gambusia affinis) and goldfish

apparently had to taste highly unpalatable food items before rejecting them
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(Russell 1966). Rainbow trout averaged 24 exposures to artificial prey 

(chicken liver) over a 4-day period ("latent phase") before approaches 

were observed, and some fish required up to 11 days (Ware 1971). Brown trout required 

50-150 exposures to crickets and mealworms during 15 minutes before signi

ficant numbers of attacks occurred. These fish required 1200-1800 exposures 

during 4-6 days before responses stabilized (Ringler 1975).

Repeated successful encounters with a prey species may result in a

"searching image" (Tinbergen 1960) for a particular species, a phenomenon
|  #

in which the ability to respond, and probably to detect (Krebs 1973), other 

kinds of prey is markedly reduced. A major criterion in the establishment of 

a search image in rainbow trout is an increase in the reactive distance to 
prey with successive encounters; the time delay between prey recognition and 

approach to prey, as well as the development of a complete feeding sequence, 

is also involved. The effects of this kind of learning apparently last 

more than2 weeks but less than 3 months in rainbow trout (Ware 1971). Al

though comparative data are few, these results seem to parallel those ob

tained for sticklebacks by Beukema (1968). Exactly how, or whether, search 

images are formed in other benthic feeders is difficult to say, particularly 

in those species that search other than visually.

Social facilitation of feeding may also be impor

tant. 011a and Samet (1974) found that mullet (Afugil cephalus) are more 
likely to feed when within sight of another feeding individual, and cod 

appear to recognize and respond to actions of other individuals associated 

with feeding (Brawn 1969). Presumably many fishes have the ability to re

spond to feeding behaviors; if so, this could reduce the time required for 

habituation to novel prey, and for development of a search image. A related
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phenomenon has been described by Frick (1970) and Hobson (1968), in

which members (fat least eight marine families follow the foraging

activities of goat fish (MulJLoid^£hth}is dent The follower species

apparently associate the sand cloud raised by the foraging goatfish with

prospective meals flushed from cover• M

There is some indication that considerable variation in prey 
selection may occur among individuals. Bryan and Larkin (1972) found that 

individual trout in a small stream and in experimental ponds exhibited 

small but significant differences in their selected diet, and that these 

differences persisted to result in "food The results 

evidently were not attributable to heterogeneous distribution of prey.

Their explanation for specilization was that individuals differ in the 

probability of detecting a particular kind of prey, because of differences 

in searching technique, capturing technique, and feeding rhythm. From the 

search image point of view, these behavioral differences could result from 

initial learning by individuals of different prey species encountered by 

chance. Interactions among individuals may also have promoted 

tion, as the authors did observe frequent agonistic encounters. In a 

laboratory stream where visual communication was eliminated, brown trout 

exhibited little individual variation in prey selection (Ringler 1978). 

Characteristics of Prey

Prey characteristics influencing diet selection include those that 

govern prey recognition (e.g. form, contrast, and and those that

determine encounter frequency (e.gz size, distribut and Prey move
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ment appears to be an i m p o r t a n t ,and particularly for young fishes an 'j 
e s s e n t i a l , criterion of prey recognition by visual predators. In - 
benthic communities this may involve movement of the prey over the sub

strate (Ware 1972/ Moore and Moore 1976a/ Rimmer and Power 1978) and/or 

subtle motions of structures such as -gill lamellae in an otherwise 

stationary mayfly (Stuart 1 9 5 3 ) .  Motion provided by downstream drift 

may elicit attacks even on inedible debris (Kalleberg 1958), and many 

fishes are known to prey on benthic organisms brought into suspension 

through disturbance of the substrate by foraging (Mundie 1969/ Hobson 

1953). A model incorporating the visual mechanics of teleosts has been 

developed by Ware (1973). The model showed that prey activity accounted 

for the greatest fraction (19%) of the variation in diets of rainbow trout, 

the remainder being accounted for by degree of exposure (16%), density 

(11%), and size (1%).Experimental evidence also points to the impor

tance of prey movement in increasing predation rates in rainbow trout 

(Ware 1973) and sticklebacks (Kislalioglu and Gibson 1976b), although 

this effect was not important for cod (Brawn 1969). Analysés of the effect 

of prey behaviors on risk of predation have been performed on few species. . 

Stein and Magnuson (1976) showed that crayfish may successfully "threaten” 

smallmouth bass (Micropterus dolomieui) with their chelae. Nyberg (1971) 

found that attack velocity in largemouth bass was adjusted to the location 

(substrate vs. water column), kind (worm, fish, or and mobility

of prey to be captured. One might anticipate that behaviors peculiar to

certain classes of prey, such as respiratory, or preemergence may be

come a part of the search image of benthic fishes.
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Form and contrast have proved significant determinants of prey 

risk in avian predators (Curio 1976), but much less is of their

significance in fishes. Hester (1968) demonstrated a positive relation

ship between visual acuity end target contrast in goldfish. Ware (1971) 

found that reaction distance of rainbow trout was related to contrast of 

artificial prey (colored chicken liver) with a dark background. Further

more, trout that were trained on white food and then provided with black 

food responded as if they had never experienced this kind of whereas

the fish did exhibit "transfer of learning" to light grey and dark grey 

food. Presumably, prey of very different shape or form would also require 

a latent period before attacks were initiated. Sticklebacks, for example, 

appeared to respond to stimuli associated with mysids in the order 

movement^  length> color> shape. Attacks on the head region were 

attributed to its greater thickness, presence of appendages, and darker

color. Limited data suggested that color and shape stimuli were additiveimi
in their effect on fish predation (Kislalioglu , and Gibson 1976b)*

Prey selection based on palatability has been little studied in an 

ecological context. We do know that rainbow trout, trained to operate a 
trigger to obtain food in the laboratory, can discriminate among prey 

(food pellets) on the basis of taste (Adron ejt al. 1973). Cod attack but 

reject formalin-treated mussels (Brawn 1969), and bluegills reject or fail 
to attack fire ants in the laboratory (Prather 1960). Yet the role, or

\)
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even the frequency, of truly distasteful prey in natural aquatic systems 

has not been assessed. Moderately distasteful prey may be accepted when 

alternate prey are unavailable, or early in a feeding period when hunger 

levels are high (Holling 1965).

The role of prey size, distribution^ and abundance in diet selection 

has been investigated intensively in fishes. This is in part because 

these parameters are easiest to measure, but also because of their potential 

contribution to an understanding of changes in prey communities associated 

with fish predation (Murdoch and Oaten 1975; Vince et 1976). The 

aquarium experiments of Ivlev (1961) with benthic feeding carp and bream 

(Abramis brama) showed how feeding preference was related to total and 

relative prey abundance and to spatial distribution of prey. He employed 

an "electivity" index, E, which describes whether a prey item is eaten in 

proportion to its abundance in the environment (E=0), in numbers exceeding 

this abundance (1£ E> 0 ) ,  or in numbers fewer than this abundance 

(~1< E< 0). Many recent investigators have used this descriptive index to 

summarize their results. Yet, useful information about ration size is 

thereby obscured, and variation in electivity may result from differences 

in prey exposure (availability), a characteristic that varies seasonally, 

daily,or even from hour to hour. Although electivity indices may prove 

useful in describing deviations from random feeding, such indices seem - 
tined to play a minor role in genuine understanding of prey selection.

A growing literature on optimal foraging theory (Emlen 1966,

MacArthur and Pianka 1966; Pyke e% al_. 1977) provides us with general 

predictions of how fish should feed, assuming that individuals with the most 

efficient feeding strategies will tend, over the long term, to contribute
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most to future generations . One prediction of optimal foraging theory 

is that a fish should add new species to its diet as long as the reduc
tion in energy (or time) expenditure per prey item is greater than the 

increased energy (or time) required to pursue, attack, and eat the new 

prey species. A second prediction is that fish should have the capacity 

to "rank" prey species by energy content or search time, i.e. they 

should be able to respond differentially to different kinds of prey. A 

third prediction is that when prey are scarce, they should be consumed 

as encountered (feeding should not be selective), but as prey abundance 

increases the lowest ranked (most costly) prey should be the first to be 

dropped from the diet. Optimal diets may not represent a maximum possible 

food intake, because fish must not only feed but must avoid predators, find 

mates, build nests, etc. Griffiths (1975) suggested that strategies 

employed by larval and adult vertebrates may be different, because of the 

time required for a complex neural apparatus to develop. One might also ex

pect strategies to_ differ because of differences in the size and distribution 

of prey available to larvae and adults, but available data

for fishes seem too few to test this hypo.:r 

Predictions based on optimal foraging theory are proving increasingly 

valuable in framing hypotheses for the proximate, or short term, basis of 

prey selection. Studies of how fish actually discriminate among prey, can, 

in turn, contribute to future theoretical formulations. Two major 

hypotheses for proximate prey selection can be identified, although they 

need not be considered mutually exclusive. The first is that the selected
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diet results from a differential response to stimuli characteristic of 

the prey. Shifts in diet are explained in several ways, including the 

development of a searching image (Tinbergen 1960), and the development 

of a preference for certain kinds of prey through an active choice pro

cess (Krebs 1973). The second hypothesis is that the selected diet 

results from variation in prey distribution. Shifts in diet are brought 

about largely by changes in the area searched, so that fish move toward 

regions of maximum "profitability" in terms of number of prey encountered 
(Royama 1970; See also Charnov 1976). Predation by brown trout has been 

examined in the context of these ideas (Ringler 1975, 1978). Although capable 

of foraging directly from the substrate, the fish in these experiments were 

subjected to three species of drifting prey, which simulated aquatic inverte

brates dislodged or emerging from the substrate. The trout diets changed 

daily and during 5-minute intervals; responses to the prey species tended to 

stabilize after 4-6 days and 800-1200 prey captures. Selection (electivity) 

was greatest at high total prey densities, yet no prey species was completely 

excluded from the diet. Although the fish tended to move into regions (depths) 

of high prey density, the diet was not explicable solely on the basis of this 

movement. Size-selective predation was a dominant characteristic of the response. 

This seemed to involve development of a preference for large prey, rather 

than a change in the ability to detect the prey. Some evidence suggested 

that high relative abundance could result in selection of prey species;
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this effect was evidently masked by that of size during most of the 

experimental period. Similarly, the differential response leased on 

size obscured any influence of prey shape or palatability during these 

experiments. Prey selection resulted in as much as a 3-fold increase 

in caloric intake relative to a random diet (prey taken as encountered). 

Brown trout ultimately achieved 54-91% of an hypothetical optimum diet 

in which prey were ranked in order of size (caloric content). It was 

suggested that deviations from the hypothetical optimum may be éxplained in 

terms of a feeding strategy that deals with variation of prey abundance 

in time and space, as well as the behavioral capabilities of brown trout.

The significance of prey size does not seem to be limited to 

laboratory systems, as Metz (1974) demonstrated a close correlation between 

body length of drifting insects and their electivity in a natural trout 

stream. Ware (1972) found a strong correlation (r « 0.98) between prey 
size and reaction distance in rainbow trout, and concluded that this 

property of foraging behavior contributes to, and may explain, size 

selective predation. He also discovered that for prey of a given size pre

dation rate increased linearly with density, but that substrate-oriented 

search waned when the trout captured fewer than 3.5 prey items/minute.

Ware suggests that foraging behavior may be controlled by a critical rate 

of food capture, thus providing a mechanism by which Royama9s (1970) "profit

ability” hypothesis may operate.

Size^selective predation has been reported for a number of other 

fishes capable of bottom foraging, e.g. bluegill (Werner and Hall 1974)*
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sticklebacks (Kislalioglù and Gibson 1976a), and black bullhead

(Repsys et al. 1976), and it appears to be a very general phenomenon. 

Obrien et al. (1976) have shown that in bluegill selective predation is 

based on a judgement of "apparent size" (prey to predator)

rather than absolute s i z e .This mechanism has yet to be examined in 

other species/ for predators foraging at a fixed distance above the sub

strate, apparent and absolute prey sizes may be identical. Large size 

classes of prey are sometimes excluded from the diet, because of 

difficulty in successfully attacking them. Thus large crayfish appear 

able to defend themselves from smallmouth bass, so that small indi

viduals are most vulnerable (Stein and Magnuson 1976). Large decapods 

and mysids exhibit a rapid escape that prevents their capture by sprats 

(Sprattus sprattus) (Moore and Moore 1976b). Mouth gape and/or the size 

of the buccal cavity probably limit ingestion of large sizes of prey in 

many benthic foragers. Presumably, handling time and energy ultimately 

exceed the gain for large prey, although this tradeoff can depend on 

hunger level (Werner 1974; Kislalioglù and Gibson 1976a), and thus in

directly on prey density.

Environmental Influences on Prey SelectionI
Environmental factors such as temperature, dissolved oxygen con

centrationt turbidity, and substrate composition can be expected to influ
ence the behavior of both fish and their prey. Such influences will be
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treated elsewhere In this Symposium, but a few pertinent results should 

be presented here. Rising temperatures may stimulate activity and 

emergence of benthic invertebrates, thereby promoting foraging activity 

of fishes. Warm temperatures also Increase rates of gastric evacuation 

in fishes (e.g. Elliot 1972). Although this could reduce the extent of 

feeding selectivity, concurrent increases in prey availability probably 

act to ameliorate this effect. Randolf and Clemens (1976a) have shown 

that individual channel catfish become acclimated to feed within a 
relatively narrow range of temperature (±2°C) and dissolved oxygen (±4 mg/1), 

but that the population as a whole fed within much broader limits. One 

result of acclimation to different ranges of these environmental factors 

was that small fish did not feed when large fish fed, and vice versa.

The degree to which individual acclimation schedules explain "specializa

tion" (Bryan and Larkin 1972) in feeding remains to be examined for other 

fishes.
%

Increasing turbidity under laboratory conditions from 2-3 JTO to 

85-90 JTU cut the reaction distance of flounders in r. - \
half, and doubled the time required in prey capture• For highly mobile 
decapods the fraction of successful escapes increased from 55% in clear 

water to 100% in turbid water (Moore and Moore 1976a). Deposition of 

sediment is known to markedly alter benthic communities.
Less well studied, however, are the effects of changes in substrate com

position on foraging efficiency• Brawn (1969) carefully documented the 

foraging behavior of cod, which utilized olfactory and taste cues in
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locating bits of mussel buried up to 3 cm in gravel. These fish,were in-
j

capable of detecting prey burled under sand, even in layers as thin as 

1.5 mm, presumably because odors could not penetrate the fine spaces be
tween sand particles.

Habitat complexity has been shown to influence predation rates and 

diet selection. Vince et. al. (1976) compared killifish (Fundulus heterlitis) 

predation on amphipods in aquaria simulating low marsh habitats (where 

Spartina stalks are spread out) with predation in simulated high marsh 

habitats (where Spartina stalks are close together). They found that killi

fish exhibited size-selective predation only in the low marsh, apparently 

because of the greater ease of detecting prey there. Field experiments 

showed further that killifish predation could regulate the abundance and size 

distribution of amphipods and snails, through differential predation in 

habitats of varying complexity.

On a finer scale, Ware (1972) found that, in rainbow trout, both the 
feeding rate and total prey consumption were inversely re- : „ '

lated to substrate (litter) complexity. These effects were attributed to 

increased cover within which prey (amphipods) could escape predation, as there were no 

conspicuous changes in fish behavior in response to different substrates.

Field and laboratory data have suggested major increases in the proportion 

of amphipods exposed as temperature increases (Ware 1973), and presumably 

this effect interacts with that of substrate complexity in governing prey 

selection. Future analyses of environmental interactions are almost certain 

to contribute to our knowledge of prey selection in benthic feeders; these 

analyses should be of considerable utility in assessment of perturbations 

of prey communities.
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SUMMARY

Predicting variation in feeding patterns requires an understanding 

of the processes of prey selection, but relatively few detailed studies 

of benthic feeders have been made. Available knowledge of morphological 

and behavioral adaptations reveals varied modes of prey detection, 

acquisition, and handling among benthic fishes. Much remains to be learned 

of fishes that locate food using taste, smell, or electric receptors, particu

larly in those that manipulate bottom sediments.

Patterns of benthic prey selection are the outcome of characteris
tics of fish and their prey, and the interaction of both with their environ

ment. Spatial and temporal variation in habitats searched lead to major 

differences in diets among benthic fishes. Such differences are related, 

in part, to fish size, but this factor also influences prey selection 

within specific habitats, and it appears to be of far greater importance 

than age or sex. Hunger levels influence prey handling time and may 

regulate the rate of movement among microhabitats; the extent of selectivity 

is not a simple function of hunger. Surprisingly little is known of the 

rates at which fishes learn to respond to prey. In visual feeders learning 

appears to involve an increased distance of reaction, a reduced time delay 

between recognition and approach, and an increased proportion of completed 

feeding sequences. Both social facilitation and individual variation in 

feeding behavior merit attention in future studies.

Prey characteristics influencing diet selection include those that 

govern prey recognition and encounter frequency. Movement is an important
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criterion for prey recognition in visual feeders, but the significance of 

specific prey behaviors remains to be examined. Distance of reaction 

is directly related to target contrast,and limited data suggest that 

the effects of prey color and shape stimuli may be additive. The ecological 

significance of taste in benthic feeders cannot presently be assessed.

Prey size, distribution, and abundance play a central role in diet 

selection. Optimal foraging theory provides general predictions of prey 

suitability in terms of time or energy, and such predictions provide guid

ance in studies of proximate mechanisms of prey selection. Considerable 

evidence suggests that benthic feeders are size-selective. They also appear 

capable of locating areas of prey abundance, and foraging,behavior may be 

controlled by a critical rate of food capture. Selective predation has been 

shown to increase food intake relative to random feeding, although several 

days may be required to learn the appropriate responses.

Environmental factors influence prey selection by benthic feeders.

Rates of gastric evacuation and foraging activity increase with temperature 

in fishes, as does the degree of exposure of aquatic invertebrates. Individual 

fish may become acclimated to feed within narrow limits of temperature and 

dissolved oxygen, which acts to partition their feeding in time and space.

By altering rates of prey discovery, the complexity of benthic environments 

has been shown to influence both predation intensity and the extent of size 

selectivity. Analyses of interactions among environmental factors seem 

destined to contribute importantly to our understanding of prey selection.
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Deviations from an optimal diet may be explained in terms of a feeding 

strategy that deals with heterogeneous distribution of prey, as well as with 

the behavioral capabilities of the predator.

Key words: Behavior; fish; invertebrate drift; optimal foraging; predation; 

prey size and abundance; Salmonidae; search.image; streams.

1 Present address
--SeWUAiro/oy/, CWsfr
: S.U.N.Y. College of Environmental Science and Forestry,

Syracuse, New York 13210.



INTRODUCTION

1 A voluminous literature on diets 1n fishes demonstrates the

2 kinds and abundances of food Items captured under natural conditions.

3 Many, and perhaps most, fishes forage selectively at least part of

4 the time. Yet the details of the prey selection process are largely

5 unknown, except in a few species that have been studied under simulated

6 lentlc conditions (e.g. Beukema 1968} Ivlev 1961; Ware 1971, 1972;

7 Thomas 1977). Available data also provide little understanding of

8 the consequences of prey selection 1n terms of optimal foraging

9 theory. A notable exception (Werner and Hall 1974) has been the &

iends to max1-

11 mize return with respect to time spent foraging.

12 Investigations of predation by drift-feeders have lagged behind

1 3 those of littoral-or pelagic-feeders. This seems surprising 1n view

14 of a continuing interest 1n Invertebrate "drift" and Its role 1n

1 5 community stability (e.g. Waters 1972; Allen 1975). Field studies 

1 5 have detected selective predation by stream-dwelling fishes (Relmers

17 1957; Metz 1974; Griffith 1974), but these do not provide a means

18 of evaluating the pattern of prey selection. Controlled studies of

19 predation by stream-dwelling fishes should broaden our understanding

20 of predation processes 1n aquatic systems, and may prove of value 1n

21 evaluating perturbations of prey conrnunitles in streams.

22 The objectives of the present study were to describe predation
t ( So Ao )

23 by brown trout/1n a laboratory stream; to evaluate the effects of

24 prey size, relative and total abundance, and spatial distribution on

25 the fish's diet during a realistic interval of time; and to determine
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1 the extent to which the diet maximizes energy Intake. I hypothe-

2 sized that changes 1n the diet would be brought about through the

3 formation of a searching Image (Tinbergen 1960), the development

4 of a preference for specific kinds of prey (Krebs 1973),and/or

5 by altering the area searched (Beukema; Royama 1970). It was

6 anticipated that the feeding behavior o.f brown trout might lead to

7 the selection of an optimal diet (MacArthur and Pianka 1966;

8 Schoener 1971).
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^ ty d ^ ^ tm a l^ rn < i^ th g ^ iIx f> £ rLim e irfc a ^

Wild brown trout (Salmo trutta) were electroflshed from B1g 

Creek, a tributary of the North Branch of the AuSable River,

Crawford County, Michigan. Individuals were removed from the same 

1.2-km stream section at 4-to 7-wk intervals between 4 April 1974 

and 7 January 1975. The fish were transported 1n oxygenated stream 

water to the laboratory, where they were placed 1n holding tanks 

adjusted to the stream temperature. Based on a scale analysis, all 

but 3 of 50 fish studied were 24-33 mo old; the others were 39-42 

mo old. The length and weight of the experimental fish were as 

f ol 1 ows:

Mean + SE (Range)

Total Length (mm) 244 ¿  11.6 (229-269)

Weight (g) 122.12 + 21.73 (103.54-162.59)

There were 22 females (3 mature) and 28 males (3 mature).

The prey species were adult brine shrimp (Artemia salina), 

subadult house crickets (Acheta domestica), and mealworm larvae 

(Tenebrio mol 1tor). All prey were preserved by freezing but were 

thawed before use. Samples were drawn from a single large batch of 

brine shrimp. Crickets and mealworms were sorted to obtain two 

size categories (Table 1). Samples of each category were dried for 

48 h at 65°C, weighed, and burned in a muffle furnace at 600°C. 

Ash-free dry weights were used to convert wet weight to caloric 

content, based on published data (Table 2).
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A
Fig. 1 
near here

mfi, t

1 Following transport from the stream, the fish were placed in

2 800-L tanks and acclimated by 1° daily increments to 15°C (+1.0°).

3 A 15-h photoperiod, representative of midsummer light conditions,
0

4 was maintained throughout the study. While in these tanks, the

5 fish were provided 1.25 brine shr1mp/L twice daily. The fish

6 began eating brine shrimp within 4 to 7.d, but detailed observa-i
7 tions were not made for a period of at least 3 wk.

8 A "holding stream" (3.0 x 0.45 x 0.30 m) was used to condition

9 the trout to feeding on drifting brine shrimp. About 15% of the

10 individuals showed little or no feeding response after 3 d and were

11 returned to the holding tanks for a later trial. Fish that fed

12 actively were transferred to an "experimental stream" 2 to 3 d prior
'a ;

13 to an experiment. The stream was an essentially square 1350-L

14 fiberglass trough, 50 cm wide, 12 m in circumference, and filled to

1 5 a depth of 25 cm (Fig. 1). Continuous circulation of the water was

16 provided by means of an electric pump. The bottom of the stream

17 was covered with gravel 1.5 - 2.5 cm in diameter. The straight

18 sections of the tank were provided with windows, and each section

19 was bounded by two 20 x 20-mm-mesh screens. One fish was placed

20 in each section; the arrangement of screens prevented visual con-

21 tact between individuals. A 20 x 35-cm piece of styrofoam sus-

22 pended above the lower end of each stream section provided overhead

23 cover, and refuge from the current was supplied beneath the cover

24 in the form of a rectangular (10 x 12 x 20 cm) rock. The water

25 surface was smooth, and eddies were eliminated by placement of fine
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1 mesh screens above and/or below each section. Mean current velocity,

2 13.5 cm/s, did not vary significantly among sections. Light Intensity

3 was maintained at 18 + 2 lx Incident to the stream surface.

4 All experiments were run at 17+0.5°C, because feeding was most

5 active at this temperature. Water quality was maintained by filtra-

6 t1on with activated charcoal and glass wool, and by periodic addition

7 of aged tap water. Dissolved oxygen levels remained near saturation,

8 pH varied between 7.8 and 8.0, and total alkalinity ranged from 46

9 to 68 mg/L.

10 Methods

11 The fish were fed once a day while in the experimental stream;

12 the time of day of feeding varied from 1000 to 1800 h but was always

13 the same (+15 min) for a given Individual. Automatic feeders,

14 similar in design to the conveyor belt described by MacPhee (1961),

15 were used to introduce the prey. Crickets and mealworms floated

15 (mealworms were injected with a small quantity of air), whereas brine

17 shrimp were distributed throughout the water column, including the

18 surface. Nylon nets downstream from the fish ensured that each prey

19 item was encountered only once.

20 The hunger states of the fish were maintained at a similar level

21 by allowing 24 h between trials. Elliott (1972) showed that brown

22 trout evacuated about 95% of the digestible organic matter in a meal

23 of Tenebrio molitor in 24 h at 17°C. Examination of the gut contents

24 of four fish fed 25 large mealworms, and four fish fed 50 small 

crickets, confirmed that Elliott's results were applicable to the25
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1 present study.

2 Feeding sequences were recorded by means of a hand-keyed,

3 20-channel Ester!1ne-Angus events recorder. As each prey item

4 drifted by, I recorded the prey species, and whether the fish

5 approached, attacked, missed, or rejected the item. In certain of

6 the experiments, the vertical distribution of prey and the position

7 of the fish during each attack recorded with respect to a grid

8 marked on the back wall of the stream channel.

9 Although some fish rejected prey, this was a rare event.

10 Similarly, approaches not followed by attack were relatively rare,

11 and 1t was often difficult to distinguish approaches to two items

12 in close proximity. Therefore, the analysis in this paper is based

13 on the number of prey actually eaten.

14 In the preliminary phase of the study, several drift rates,

15 prey sizes, and exposure times were used to establish realistic con- 

15 ditions for the major experimental phase. The major phase of the

17 study, which employed 27 fish, was carried out from 14 October to

18 9 February 1975. Following transfer to the experimental stream, the

19 trout were exposed to brine shrimp for 2-3 d prior to the recording

20 of their behavior ("Day 1"). During Days 2-7 each fish were exposed

21 to one of two drift rates (5/min and 10/min) and three ratios (1:1,

22 2:1, 5:1) of small:large Jibvel prey. Responses were analyzed during

23 short (5 min) intervals and daily. This design permitted analysis of

24 the role of total and relative prey abundance, as well as prey size,

25 in diet selection. Responses to small crickets-.large mealworms vs
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1 small mealworms:large crickets were also examined to evaluate the role

2 of species of prey as opposed to Its size. This effect was examined

3 only at the high drift rate. Three fish, randomly assigned with

4 respect to time (date), were used 1n each treatment.
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1 RESULTS

2 Prey Selection

3 Brown trout appeared to detect prey visually. Prey were

4 approached from downstream and briefly fixated before being sucked

5 into the mouth. An account of the feeding behavior is given in

6 Ringler (1975).

7 Differences were evident among individuals in level of feeding

8 activity, as measured by the number of brine shrimp eaten on Day 1.

9 I found no correlation of Day 1 feeding activity with the length,

10 weight, or sex of the fish. At the high drift rate individual

11 variation in timing of the response to novel prey was surprisingly

12 small. Brine shrimp consumption declined abruptly when alternate

13 prey were introduced on Day Z\ 5-25 min were required before many

14 novel prey were attacked. The numbers of prey eaten on Days 6-7 were

15 ranked in order of prey size by all three trout, and all maintained 

1g some response to brine shrimp throughout the experiment.

17 Variation in the response attributable to temporal variation

10 in prey availability was removed by calculating the percentage of 

ig available prey eaten during each 5-min interval (Fig. 2A). Experi-

20 ments at the same drift rate but at Ratios 2:1 and 5:1 revealed a

21 similar pattern. Except for Day 5 at Ratio^:!» there was little

2 2 indication that selection of crickets over mealworms increased within

23 a given feeding period. In contrast, the response to brine shrimp

24 generally decreased within each period. These features were also

25 evident from examination of data from individuals and were not an
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F1g. 2A-2B 
near here

I

1 artifact produced by pooling the results from three fish*

2 When the species combination was changed to large mealworms,

3 small crickets and brine shrimp, the general pattern was retained

4 (F1g. 2B), although the fish seemed slightly more selective. At

5 the 5:1 ratio the response to large mealworms continued to increase

6 during Days 5 and 6, while that to small crickets decreased. The

7 only major deviation from parallel for the first series of experl-

8 ments also occurred at Ratio 5:1 (Day 5). These departures from

9 the general pattern evidently were not the result of limitations

10 on prey handling time or stomach capacity, since one would expect

11 that once these began to exert an effect, it would be evident

12 throughout the remainder of the experiment. The pattern on Day 5 also
13 did not suggest development of a search image, since the probability

14 of encounter of large prey was least at Ratio 5:1.

15 At the low drift rate (5 alternate prey/min), individual

16

17

18

19

20 

21 

22

23

24

25



-11 -

variation 1n the feeding response appeared to be more marked than 

at the high drift rate, particularly at ratio 1:1. One fish,

XC-2, never attacked the alternate prey, and another, XB-2, con

sumed none until Day 4 The rate of encounter, rather

than initial differences 1n the fish, evidently influenced 

individual variation, since no significant difference was found 

between experiments in feeding activity on Day 1 (Student's t,

8 d$ = 0.71; P ̂  0.50).

* Effect-s-of Prey Size, Relative Abundance,
C/yyJ

¿¿fry Drift Rate prLtrie'’ lyjtesponse /

The experimental design permitted two layouts of the data.
* |

Layout 1 tested the effect on the selected diet of 1) the species 

combination (1.e., small mealworms:large crickets versus small 

cricketsrlarge mealworms), 2) the ratio of smalltlarge alternate 

prey, and 3) time (day). Three-way analysis of variance provided 

the basis for the following conclusion«

The mean percentage of brine shrimp eaten decreased signifi- 

cantly over time ^40^)1), reaching a minimum by Day 6 (Fig^j&f.

The shift away from brine shrimp was evidently not affected by any 

differences in stimuli from different combinations or relative abundances of 

alternate prey. The daily decrease in brine shrimp consumption was 

virtually identical for both species combinations. The prey ratio 

also had no significant effect on the mean response to brine shrimp.

The response to crickets and mealworms increased significantly with 

time and appeared to reach a plateau by Day 6. Differences in
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1 response to large mealworms compared to large crickets were not

2 statistically significant. Similarly, comparison of the mean

3 response to small crickets and small mealworms revealed no signi-

4 fleant differences between species. Although cases were fouiid-4-n-
V)a

5 which- fish seemed to show greater selection for large prey when they

6 , this effect was evidently overridden by

7 that of size and/or abundance In—fehes-c exporIments.

8 Prey ratios appeared to affect the response to large prey.

9 Multiple pairwise comparisons (Tukey's T) showed that the mean response

10 at Ratio 1:1 was significantly lower than the others (P <  0.01).

11 The response to small prey was also lowest at Ratio 1:1, although

12 the difference was not statistically significant in the ANOVA model.

13 The biological significance of differences 1n response among ratios

14 will be considered in a subsequent section.

15 Of major interest was the comparison of responses among available

16 prey types. The daily response to brine shrimp ( F i g . d a s h e d  curve)

17 clearly differed from the response to the alternate prey. Because

18 brine shrimp were superabundant (about 20% could be captured

19 ii% » analysis of the percentage eaten exaggerates the

20 difference in response to brine shrimp and alternate prey. This

21 effect was eliminated by assuming that the mean number of brine

22 shrimp eaten on Day 1, when no alternate prey are present, is one

23 estimate of "effective availability". When the response is calculated

24 on this basis (Fig.^, solid curve) brine shrimp appear to be

25 selected on Day 2, but by Day 3 or 4 the alternate prey receive the
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1 greatest response.

2 The percentage of large alternate prey eaten averaged higher

3 than that of small alternate prey. Considerable variability was

4 evident among Individuals in the extent of the difference» particu-

5 larly early 1n the experiments when the fish were first exposed to

6 the novel food. A profile analysis (Morrison 1967) indicated that

7 the difference between mean response levels was significant ( ^ 3 4

8 11.69; P < 0.01); the profile segments did not diverge signifi-

9 cantly from parallel lines (P ̂  0.54). The results of profile

10 analyses for each ratio were substantially the same as those for the

11 lumped data; 1n each case the percentage of large prey eaten was

12 greater than that of small prey (Ratio 1:1» F-j ̂-jq * 3.50;

1 3 P 4 0.05» Ratio 2:1, F ^ q » 4.52; P 4 0.05, Ratio 5:1, F1 1 0  |

14 10.48, P 4  0.01)

15 Separate analyses for Days 2-4 and 5-7 showed no evidence that

16 the profile segments diverged from parallel lines. Thus, although

17 the trout became increasingly selective of the alternate prey rela-

18 tive to brine shrimp, their response to crickets and mealworms tended

19 to increase together. This suggests that the fish were not forming

2 0 a searching image for large prey to the gradual or complete exclusion

21 of small, but simply exhibited a preference for large prey. As they

2 2 became increasingly familiar with the new and larger prey, the

23 number eaten gradually increased at the expense of brine shrimp

24 captures. Some of the fish during Days 6-7 approached but* -* •

25 did not attack brine shrimp; such behavior occurred only rarely prior
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to experience with alternate prey. This points to an active 

selection process rather than the "visual filtering" (Tinbergen 

1960) characteristic of the formation of a searching Image. 

Whatever its internal basis, the selection process permitted the 

capture of at least some brine shrimp throughout the experi

mental period.

Layout 2 tested the effect on the diet of two drift rates of

alternate prey (5 and 10/mln), as well as the Ratio and Time 

effects. A 3-way ANOVA provided the basis for the following inter

pretation of the results#(Ta-ble 4)« ■ Brine shrimp consumption de-
(c

c r e a s e dsignificantl^during the experiment at both drift rates of 

alternate prey (Fig.^f. At the high rate the response to brine

shrimp seemed to decline more rapidly and to a lower level than at

the low rate, but this effect was not statistically significant«
(P >  0.10).

The percentage of large mealworms eaten increased signifi

cantly over time at both drift rates, reaching a plateau by Day 5 

or 6. The mean response {61.9%) at the high drift rate was greater 

than the response (53.2%) at the low drift rate, but the difference 

was not statistically significant (P >  0.25). The mean percentage 

of small crickets eaten also increased significantly with time; the 

response averaged over 6 d was virtually identical at both drift 

rates.

As the ratio of small cricketsrlarge mealworms was increased

at the low drift rate from 1:1 to 2:1 to 5:1, consumption of small
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1 crickets Increased from 24. 5% to 54.5% to 61.8%, respectively.

2 The number of alternate prey eaten averaged 42.72, 84.28 and 94.07

3 at the respective ratios. I found a similar ranking 1n the response

5 combined stimulus from the crickets and mealworms. For example,

6 -summ4fi§*the visible surface area (Table !) for crickets and mealworms

8 ratios; the number of alternate prey eaten was ranked in opposite

9 order. Possibly the trout respond Initially to the most abundant novel

10 P»*ey, because of the greater probability of encountering them. The

11 response, however, 1s soon generalized to the preferable large prey, and -

12 these are ultimately selected. This conjecture 1s supported by the

13 finding that on Day 2 at Ratio 5:1 (low drift rate) small crickets were

14 selected over large mealworms for the first 20 min. Initial selection

15 of small prey at Ratio 5:1 also occurred at the high drift rate

16 (Fig. ); this phenomen lasted about 10 min.

18 difference in mean response to crickets and mealworms approached

19 statistical significance at the high drift rate (F̂  -jg = 3.44;

20 P 4  0.10); this was due to the significantly greater (p < 0.05)

21 response to mealworms during Days 5-7. Since profiles were parallel

22 (P> 0.50), the trout evidently did not increase their response to

23 large mealworms at the expense of small crickets. Use of an

24 electivity index (Ivlev 1961) suggested that the trout were most

25 selective when alternate prey were most

4 to large mealworms. Evidently the fish did not simply respond to the

7— §4ves=d€rHtT^ & 2820, 2406, and 1991 mnr for the respective

17 When data from each drift rate were treated separately the
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abundant ( F l g . j f y This pattern agrees qualitatively with the

mathematical predictions of Emlen (1966), and the empirical results 

of Ivlev (1961). A 3-way ANOVA demonstrated that the mean differ

ence in electivity between drift rates was significant for brine 

shrimp (F] u  • 11.88; P 0.01), though not for mealworms (F]>12 =

1:83; 0.15). i

It appeared that the Inflection point in the percentage of 

prey eaten ( F i g ^  occurred later at the low drift rate for both 

large and small prey. This result may explained in terms of a .

cumulative learning process (Holling 1965): each time a prey item 

is captured the fish "learns a lesson", which is gradually extin

guished in the absence of reinforcement. At the low drift rate the 

time between encounters provides longer intervals during which ex

tinction can occur, as well as fewer opportunities for learning.

The limits to the response (asymptotes) during the later days of the 

experiments may also have been influenced by the learning process. 

Consumption of alternate prey species reached an asymptote, for both 

drift rates, at about the same percentage level (70-75% for large 

mealworms; 51-57% for small crickets). If limits were related only 

to physical constraints (e.g., minimum prey handling time or stomach 

capacity), one would expect the fish to capture similar absolute

numbers, (no.t percentages) of prey at the two drift rates.

Response limits were also determined by the time rer

quired to approach, attack, and swallow a prey item. Thus, some 

prey invariably were missed as others were, captured. Since prey con
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1 sumption declined markedly within certain feeding periods (Figy.

2 satiation effects were also evidently involved. One

3 may Infer that by Day 4 (high drift rate) or Day 5 (low drift

4 rate) a substantial reduction 1n hunger level occurred within the

5 feeding period. Contrary to Ivlev’s (1961) predictions, the trout

6 did not become increasingly selective as they approached satiation,

7 at least in terms of their response to crickets versus mealworms.

10 throughout the water column. Analysis of variance showed that s1g- ,

11 nificant differences (F^ ĵ q * 321; P <  0.01) existed in brine

12 shrimp availability among the five depths studied. More than 40«

13 of the brine shrimp were found at the surface, and 70« were in the

14 upper half of the water column. A difference in brine shrimp

18 shrimp was greatest in the surface layer. This change in avan-

19 ability, however, probably had little influence on the pattern of prey

20 selection previously described. Even during the first 5 min brine

21 shrimp were 2 to 4 times as abundant as both alternate prey species

22 combined; thereafter, the number of brine shrimp remained nearly

23 constant.

25 showed that the main effects of time (F5j51q * 10.23; P <0.01) and

8
9 Unlike the other prey types, brine shrimp were distributed

15 abundance also existed between the first two time intervals (Fg^g-jQ - |

24 Analysis of the trout's response to brine shrimp on Day 1
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1 of depth (F^ 51q = 8.13; P ̂  0.01) accounted for most of the

2 variation in number of brine shrimp eaten. Availability evidently

3 influenced consumption rate. For example, at Depth 5 (19-25 cm)

4 a relatively small but constant number of brine shrimp was eaten,

5 but this represented a large and increasing fraction of those

6 available at this depth. The percentage of brine shrimp eaten

7 was ranked in approximately reverse order of the number available

8 at each depth, a result suggesting that brine shrimp were super-

9 abundant.

10 A more satisfactory measure of changing responses among depths

11 was the fraction of all brine shrimp in the diet captured at each

12 depth. The mean contribution of brine shrimp to the diet varied

13 significantly among depths (F^ ,^q - 30.33; 0.01), but a

14 more important finding was the significant interaction of depth

15 with time (F2Q 51Q - 1.88; P-< 0.05). At the surface and at Depths

16 2 and 3 an increase occurred in the contribution of brine shrimp,

17 whereas in the lower depths (4 and 5) a decrease occurred. These

18 data document a tendency of the fish to move from lower to higher

19 depths; an upstream movement toward the point of prey delivery was

20 also documented (Ringler 1975). These results suggest that within

21 relatively short (30-min) periods brown trout can concentrate their

22 attacks in areas of highest prey density.

23 The upward movement of the fish continued when alternate prey

24 Were introduced on Days 2-7. Data on the vertical distribution of

25

I
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1 feeding were available from experiments 1n which brine shrimp and

2 one species of alternate prey were presented on Days 2-7. The

3 number of brine shrimp eaten decreased, but the fraction attribut-

4 able to surface captures greatly Increased. This effect was

5 demonstrated by all five fish presented 150 small crickets for 15

6 m1n, along with 500 brine shrimp. The experiment also showed that

7 more than 6 times as many crickets as brine shrimp were attacked at

8 the water surface, where brine shrimp were 1.33 times as abundant

9 as crickets. A difference existed, therefore, 1n trout responses

10 to prey species, apart from that resulting from different spatial

11 distributions. Differential predation rates appeared to be largely

12 attributable to the size discrepancy among species.

13 I tested this hypothesis by employing tiny crickets (mean

14 length = 2.4 mm; wt = 0.0043 g) with approximately 802 of the visable

15 surface area of brine shrimp. The crickets were introduced (5/min)

16 with brine shrimp (33-min) during 6-d experiments. The mean response

17 of five brown trout to brine shrimp remained nearly constant.

18 Attacks on crickets increased gradually over time, but when the

19 superabundance of brine shrimp was taken into account, predation on

20 brine shrimp (the larger prey) was 2.1 times that on crickets after 6 d.

21 Selective Predation and Energy Content

22 The trout in the experimental system fed selectively. As long

23

24

25
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1 as 4-6 d and 800-1200 successful attacks were required before

2 responses to prey seemed to stabilize. The abundance and spatial

3 distribution of prey affected the outcome, but prey size appeared

4 to be the overriding factor in the selection. Based on the
' 3U

5 caloric differences among prey species (Table,«), size selective

6 predation should lead to Increased energy intake. I calculated,

7 for an observed daily ration, the energy content of a diet obtained

8 by feeding at random (prey consumption in proportion to abundance

9 in the drift). The energy content of an hypothetical diet was

10 also calculated, where the largest prey is taken first; if the

11 total number of captures exceeds the number of large prey, the

12 fish takes the next largest item, and so on. This method assumes

13 that the time taken to attack and eat different species was

14 identical. Because the total number of prey eaten was very similar

1 5 during Day 1 (brine shrimp only) and Days 2-7 (brine shrimp,

16 crickets, and mealworms), this assumption appears valid fcwe-the-prey

17 sizes used-fn~^m-study.

18 Comparison of the observed energy intake with the "random"

19 and "optimal" values provided one measure of the consequences of

20 selective predation (Fig.^). Variation in random and optimum

21 values resulted from changes in the number of prey eaten, and

22 to a small extent from daily fluctuation in mean prey weight.

23 Initially, the observed energy gain differed little from that

24 predicted by random feeding. By Day 7, however, selective preda-

25 tion had more than tripled average energy intake relative to a
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i'Fig .X  
near here

1 random diet. The "optimum" was approached but never reached, the

2 peak response averaging 8735 of optimum by the end of the experl-

3 ment.

4 Considering the prey ratios separately, there was no mean

5 difference between observed and random on Day 2 for Ratio 1:1. In

6 fact, in some individuals the energy content of the diet on Day 2

7 was considerably below the random value. These instances corre-

8 spond to a continued consumption of large numbers of brine shrimp.

9 A positive departure from random almost always occurred by Day 3,

10 however, and all of the trout tended to increase their energy intake

11 toward the hypothetical optimum value.

12 Comparisons among ratios, as well as other analyses can be

13 made by expressing the data in the form of an "optimization index":

14 0 1 =  Observed Energy Intake x 100. The peak value ranged from 
Optimum Energy Intake 

15 54.30 to 9120, depending on drift rate and prey ratio. At the

16
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f r i t  23
F i g . t f r t ó  24 
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high drift rate (Fig.^A), significant differences occurred among 

the ratios (F,, || = 8.98; P <  0.01). Pairwise multiple comparisons 

(Tukey's T) showed that the 0 I . at Ratio 1:1 was significantly less 

than at Ratios 2:1 and 5:1, but these latter were not significantly 

different from each other. The time effect was significant 

(Fr = 67.12; P < 0.01), but the Ratio X Time interaction was 

not. The outcome at the low drift rate (Fig.^B) showed a similar 

pattern, with the 0 I averaging significantly lower at Ratio 1:1 

than at Ratios 2:1 or 5:1.

When averaged over all ratios, the extent of optimization at
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the high drift rate (73.80) was considerably greater than at the 

low drift rate (57.38). This overall difference was significant 

at the 10% level (F, = 3.23). Drift rate appeared to have its
’ • 7 §

greatest effect at Ratio 1:1 (cf. Flgs/j&A and/9B). The optimiza

tion index appeared to reflect the combined patterns of predation 

on the three prey species (Fig.^f, particularly the greater mean 

response to large mealworms, earlier peak response to small 

crickets, and smaller contribution of brine shrimp at the high 

drift rate.

25
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d i s c u s s i o n

Selective predation in brown trout appeared most directly
1 related to prey size, distribution, and total abundance. Bisson
2 (1978) found that prey size was the most important factor affect-
3 ing‘prey "vulnerability in drift-feeding rainbow trout. A
4 simulation by O'Brien et al. (1976) suggests that, given more than

5 one visable prey item, active selection by "apparent size" (prey

6 1ength/distance to fish) provides the best explanation for predation

7 by sunfish on Daphnia. This model would appear to require modifica-

8 tion where significant opportunities for learning exist. -For

t^the distance from which rainbow9 example,
a/so/b/c^cci^e & fi/ot p*f !y m T —  .

10 trout attack p r e y w i t h  prey size, but that- it->nereases—
U *.<C T^J •

11 with experienced I was unable to record reaction

12 distances/^to-prey , but 1t seemed clear that these were not constant.

13 'Ear yCir/the experiments thr moved several cm to capture brine

14 shrimp; later I observed instances 1n which actual contact of brine

15 shrimp with the snout failed to elicit a response.

16 Differential responses among prey species required several

17 days to stabilize, and no prey were excluded from the diet. The

18 learning processes considered in analyzing shifts in diet were 1)

19 formation of a searching image ("learning to see", Tinbergen,1960),

20 2) development of a preference for specific kinds of prey (active

21 "Choice" among species, Krebs 1973), and 3) alteration of the

22 area searched (movement Into areas of "profitability" in terms

23 of prey consumed/t1me (Royama 1970). The evidence did not

24 suggest that sudden changes occurred in the predator's ability to

25 detect the prey, i.e., search images were not apparent. Yet the
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experimental conditions probably minimized the role of detection. 

The three prey species were readily visible, edible, and 

necessarily passed through the fish's visual field. In natural 

streams where cryptic prey, turbid water and constantly changing 

light conditions present a more demanding feeding situation, prey 

detection might become a significant, or even dominant, factor.

My results do not refute the search-image idea; they simply show 

that prey selection in trout can also result from an active, 

differential response to the characteristics of the prey.

Variation in diets among individual trout was small, 

although differences in foraging behavior (e.g., feeding activity, 

body position) were sometimes evident. Bryan and Larkin (1972) 

have shown that individual trout may exhibit differences in their 

diet, evidently because of differences in searching technique, 

capturing technique, and feeding rhythm. Interaction among 

individuals may have pla^a role in bringing about specialization^ 

as the authors observed frequent agonistic displays among fish. In 

my study little specialization was evident^wfee** interactions with 

conspecifics were eliminated.

25
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Brown trout apparently altered the area searched in re-

2 sponse to prey density, which seems to support Royama's (1970)

3 "profitability" hypothesis. Their continued capture of at

5 prediction of periodic sampling of all "niches". Ware (1972)

6 suggests that rate of capture serves as an internal signal to

9 provide a test of this idea in the context of drift feeding, but

• • » K |  J i______s«<*rvt-itv»A av let  K^\/AnH

12 (prey concentrations).

14 effect on community structure of "switching", which is defined as

15 disproportionate predation on the most abundant prey species.

16 Although brown trout were not actually subjected to changing prey

17 ratios over time, comparison of their responses at Ratios 1:1,

18 2:1, and 5:1 suggested that switching did not generally occur.

19

20 

21 

22

23

24

4 least a few brine shrimp at all depths also supported the

8

13 Murdoch and Oaten (1975) have considered the stabilizing

25



1 Therelationship between the proportion prey types consumed 

J!jl4 NT/fl2T~and the proportion available il*b,fl2T*was roughly linear,K-4. ' *' j J  '**

3 fee.• preference (c) remained constant. Murdoch et al. (1975)

4 examined data from a number of studies in terms of three general-

5 izatlons about switching. The present study seems to support their

6 second generalization, which is that if. preference when prey are

7 equally common 1s weak, but consistent among predators, then the

8 predator should not switch. Of significance here is that, in

9 brown trout, the preference "at equality" (Ratio 1:1) was evidently

10 based on prey size differences, rather than on differences in

11 palatability or catchability.

12 An apparent exception to the general failure to switch was

13 the initial (Day 2) disproportionate response to small crickets

14 when these were five times as abundant as large mealworms. This

15 phenomenon was most pronounced at the low drift rate, perhaps

16 because preference was weaker at reduced levels of prey abundance

17 (Murdoch et al. 1975). For most of the experimental period,

18 large size discrepancies may have minimized the effect of prey

19 abundance. While the available data do not rule out the signifi-

20 cance of switching by brown trout, they do suggest that within a

21 given area prey size may be more important than abundance in prey

22 selection. If trout predation stabilizes prey communities, this

23 may result mainly from movement into areas containing disproportion

24 ately high numbers of a prey species. In fact, the clearest docu-

25 mentation of switching in fishes (Murdoch et al. 1975) has involved
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1 predation by guppies (Poecil1a reticulata) on two spatially

2 separated species. As yet nothing 1s known of the ability of

3 fishes to "anticipate" predictable patterns of prey availability

4 (emergences), and the role of temporal heterogeneity in switch-
, - *

5 ing has not been investigated.

6 I did not attempt to quantify hunger within feeding periods,

7 although this could be done in terms of gut capactly (e.g., Ware

8 1971). My observation of parallel shifts in response to the two

9 larger prey types suggests that considerable change in stomach

10 fullness may fail to be reflected in greater selectivity. The

11 results seem to contrast with those of Ivlev (1961), who concluded

12 that satiation was the mechanism that increased selectivity of

13 carp (Cyprinus carpio). The apparent lack of effect of hunger on

14 prey selectivity of brown trout, however, could have been caused

15 both by an absence of differences in palatability between the prey 

types, and by the short duration of the daily sessions.

17 That experience can modify reaction distance (and thus prey

18 selection) directly has been proposed by Ware (1971) to explain

19 feeding behavior in rainbow trout. Similarly, Thomas (1977) proposed

20 that, in addition to satiation effects, short-term positive and

21 negative changes in motivation occur following "eat" and "reject"

22 episodes, respectively. In sticklebacks these motivational effects

23 appear to change both the search path and the probability of eating

24 a particular item. Recent (unpublished) data suggest that short-

25 term effects may also characterize brown trout feeding, particularly
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when prey species differ in palatabillty.

Ware (1972), Hansen (1972) and others have shown that pre

dation rates can be stimulated by depriving fish of food for 

varying lengths of time. In systems where prey distributions 

are spatially discontinuous, a major role of hunger might be to 

regulate the rate of movement among microhabitats. Thus,

Beukema (1968) found that, in addition to Increasing the number 

of complete responses to prey, higher hunger levels Increased

the swimming activity of sticklebacks. Presumably, nearly 

satiated trout would be least likely to move within the water 

column, and this could contribute indiSl^ly to selective preda

tion in drift feeders.

Brown Trout as Optimal Foragers 

A basic hypothesis in most studies of optimal foraging is 

that net rate of energy intake will be maximized (Pyke et al.

1977). I assumed, provisionally, that equal energy expenditure was 

required in capturing the three prey species, and therefore, that 

total energy intake was an appropriate "currency" (Schoener 1971) 

to be maximized. Brown trout ultimately achieved as much as 91% 

of an hypothetical optimum diet in the laboratory. This required 

a relatively long period, during which familiarity was gained with 

new food types. The period was probably exaggerated by the short 

duration (30 min) of the feeding sessions. Although such brief 

periods of availability do occur in natural streams, this is the 

lower end of a spectrum extending to at least 5 h. Another factor
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that may have prolonged the approach to an optimum diet was 
the 3-wk exposure to brine shrimp prior to the sudden intro
duction of (energetically) more desirable prey. Nevertheless, 
the results suggest that models of prey selection need to incorp-

1 orate the behavioral capabilities of predators, since the
2 time i;© acquire an appropriate response can be appreciable.
3 ’ . -Jl'vi ' - , • -
4 Even after 800-1200 prey captures during 6 d the trout

5 periodically sampled areas of low density, as well as species of

6 low energy content. Such sampling appears to represent a "cost".

7 Yet, leaving areas of high density permits sampling of areas

8 where density may have recently become even higher. Within a

9 given area, periodic sampling of even the least desirable prey

10 (e.g., brine shrimp) may function to maintain the ability to re-

11 spond rapidly to subsequent changes in abundance. Because of

12 constraints imposed by the distribution of the prey and the be-

13 havioral capabilities of the predator, therefore, an optimal

14 feeding strategy need not be directly reflected in a maximum
V

15 energy intake. This generalization seems to complement the 

15 theoretical treatment by Pulliam (1974).
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TABLE 1

Mean Weight and Linear Dimensions of Prey Species

Visible

- surface area

Weight Length Width (length x width)

(g) (nr.) (mm) (mm^)

Brine Shrimp 0.0070 2.69 — *•

Small Crickets 0.0127 5.71 1.84 10.51

Small Mealworms 0.0128 7.74 1.21 9.37

Large Crickets 0.0296 9.30 2.98 27.71

Large Mealworms 0.0282 13.48 2.01 27.09



TABLE 2

Estimates of Energy Equivalents of the Prey

Joules/g.. Best Estimate Ash-Free Calculated

Ash-Free Source Derived from Dry Weight/ Jouies/g ,

Dry Weight Available Data Wet Weight Wet Weight

mean +_ 2 SE • (N)

^/Shrimp 23218

22510

Mealworms 26418

277992

29234

Von Hentig 1971 22862

Calculated from 
chemical compo
sition of commercial 
product 
Slobodkin and 
Richmann 1961 

Englemann 1961 27816

Kitchell and

0.09159 + 0.00053 (18) 2093.9

0.29442 + 0.00129 (2*) 8189.5

Windell 1970



TABLE 2 (continued)

Joules/g Best Estimate Ash-Free Calculated

Ash-Free Source Derived from Dry Weight/ Ooules/g

Dry Weight Available Data Wet Weight1 Wet Weight

mean + 2 SÊ (N)

Crickets 24669 Cummins and
Wuycheck 1 9 7 1 24669 0.32840 + 0.00345 (28) 8101.4 -

^ No significant differences (P<0.05) were detected in moisture content of small as 

compared to large prey of a given species.

2 The published value was 6579 calories/g (* 27527 J)dry weight; the figure here 1s corrected for 

ash weight.



Estimated Energy Content Per Prey Item

Estimated -

Mean Weight (g) +. 2 SE Joules/g Joules

Wet Weight Per

1
(From Table 2) Prey Item

Brine Shrimp 0.0070 + 0.00000 2093.9 14.64

Small Crickets 0.01276 + 0.00002 8101.4 103.39

Small Mealworms 0.01284 + 0.00003 8189.5 105.14

Large Crickets 0.02957 + 0.00006 8101.4 239.53

Large Mealworms 0.02813 + 0.00005 8189.5 230.37
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Number of prey eaten as a function of time at prej^Ratio^l:1.

Each point represents the response to a prey species during a

5-min interval of the daily feeding period. As in all

experiments, only brine shrimp (34/min) were available on

Day 1. Prey on Days 2-7 were brine shrimp (34/min), small

mealworms (5/min) and large crickets (5/min).

Mean percentage of prey eaten as a function of time (n = 3
X  ^ r u L i

fish at each prey ratio,). Drift rate of brine shrimp *
r

34/min; drift rate of mealworms + crickets = 10/min. Species 

combinations were A. brine shrimp, small mealworms and large 

crickets; B. brine shrimp, small crickets and large mealworms. 

Percentage of each prey species eaten as a function of time 

at prey Ratio 1:1. Drift rate of brine shrimp3 34/min; 

drift rate of mealworms + crickets = 5/min.

Comparison of the mean daily response to three prey types.

Data are averaged over three prey ratios and two species 

combinations (n # 18 fish). Drift rate of mealworms + crickets 

* 10/min. Dashed brine shrimp curve was calculated on the basis 

of 1021 available brine shrimp; solid curve was calculated by 

assuming an "effective availability" of 200 brine shrimp.
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Figure j i Comparison of the mean daily response among all prey 

species. Data are averaged over three prey ratios (n =*

9 for each drift rate). Brine shrimp curve was 

calculated by assuming an "effective availability" of 

200 brine shrimp. H = high drift rate; L = low drift 

rate.

Comparison of "electivity" (Ivlev 1961) at high and low 

drift rates (n = 9 fish at each drift rate). Solid lines 

Indicate electivity for large mealworms; dashed lines show 

electivity for brine shrimp.

Daily changes in the mean energy content of an hypothetical 

optimum diet (OPT) based on a ranking of prey in order of 

size, the observed diet (OBS), and a random diet (RND) 

obtained by feeding on prey in proportion to their abundance 

in the drift. Mealworms + crickets = 10/min; brine shrimp 

= 34/min. Data are averaged over both species combinations 

(n = 6 fish for each ratio).

Comparison among prey ratios of the daily optimization index. 

Data are averaged over both species combinations (n * 6 fish 

for each ratio). A. High drift rate (brine shrimp = 34/min; 

mealworms + crickets = 10/min). B. Low drift rate (brine 

shrimp = 34/min; mealworms + crickets = 5/min).
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