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ection by Freshwater Predators with Different 
Foraging Strategies 

Scott D. Cooper, Daniel W. Smith, and James Re Bence 
Department of Biological Sciences, University of California, Santa Barbara, CA 9.3 106, USA 

Cooper, S. D., D. W. Smith, and 1. R. Bence. 1985. Prey selection by freshwater predators wi th different 
foraging strategies. Can. J. Fish. Aquat. Sci. 42: 1720-1732. 

We observed several freshwater predators, including the odonate larvae Pachydiplax longipennis and 
Anax jednius, the hemipterans Notdsnecta unbfasciab and Buensa scimitra, the dytiscid larva AciBius semi- 
sesdcatess, and juvenile Cambusba aftinis, feeding on  a variety of microcrustacean prey and determined the 
frequency of the component parts of predator-prey interactions (encounter, attack, capture, ingestion). 
Encounter rates were the most important determinant of predator selectivity when predators were 
presented with a variety of microcrustacean prey. When only copepod species were used as prey, 
however, both encounter rates and capture success were important in determining predator diets. We 
used our data to  test hypotheses concerning relationships between predator foraging mode and patterns 
of prey selection: mobile predators exhibited stronger sefection for sedentary prey than did sit-and-wait 
predators; our own and literature data also indicated that macroinvertebrate sit-and-wait predators are 
better able to  capture, and have higher selectivity for evasive prey than do mobile predators. A predator's 
attack acceleration, however, may be a better predictor of its selectivity for evasive versus wonevasive prey 
than its mean swimming speed. 

Les auteurs ont observe5 plusieurs predateurs dulqaquicoles, y compris les lames drOdonates Pachydip8ax 
Bongipennis et Anax juniads, les Hemipteres Notoneeta esnitasciata et Bbsensa scimitra, la larve de Dycti- 
scides AciBs'us semisulcatus et des jkave5niles de Gambusba adfs'nis, se nourrissant d'une variete de micro- 
crustac6s et ont  determint2 la frc5quence des composantes des interactions pr6dateur-proie (reneontre, 
attaque, capture, ingestion). Les taux de rencontre determinaient principalernent le ckoix des pr6dateurs 
quand ceux-ci etaient en prksence d'une varikte de proies. Toutefois, quand seulement des copepodes 
etaient utilises comme proies, les taux de rencontre et le succ$s de capture deterrninaient en grande partie 
le regime des predateurs. Les auteurs ont utilise leurs donnees pour verifier des hypotheses sur les 
relations entre la m6thode de recherche de la nouraituae observee cher le predateur et les systemes de 
choix des proies : les predateurs mobiles choisissaient plus souvent des proies sedentaires que ceasw qui  
ktaient A I'affdt. De plus, leurs donnt2es et celles qui sont deja publiees revelent que les predateurs 
rnacroinvertebr6s A I'aff0t ont plus de succes pour la capture et rnontrent une selectivitc-5 plus elevke des 
proies fuyantes que les predateurs mobiles. La vitesse d'attaque de la part du predateur peut toutefois 
donner une meilleure pr6vision de sa s6lectivite pour %es proies fuyantes par rapport aux proies sedentaires 
que la vitesse natatoire moyenne. 

Received ju8y I ? ,  1984 
Accepted ju ly 23, 198.5 
(.I78666 

n extensive literature is devoted to patterns of prey 
se?ection by planktivores (see reviews in Hall et al. 
1976; Zaret 1980a; Hurlbert and Mulla 198 1 ; Greene 
1983). Much of this work, however, relies on inference 

and speculation from gut analyses and predation trials to explain 
patterns in predator diets. Dissection of a predation event into its 
component parts (encounter, attack, capture, and ingestion), on 
the other hand, provides direct infomation about the mecha- 
nisms under1 y ing patterns of prey selection (Holling 1966; Swift 
and F e d o ~ n k o  1975; Pastorok 1981; Greene 1983; Riessen et 
al. 1984; Wright and B'Brien 1984). Specifically, observations 
of predator and prey behavior permit a better understanding of 
why and how predators select prey. In addition, direct observa- 
tion contributes to the testing and refinement of general models 
of predation (07Brien 1979; Greene 1983; Riessen et al. 1984; 
Wright and O'Brien 1984), and may identify the characteristics 

of prey and predator that allow or preclude their coexistence in 
nature (Kerfoot 1 982 ) . 

The specific goals of our work were twofold: (1) to determine 
the relative importances of various behavioral components (i.e. 
encounter, attack, capture, and ingestion) to the prey prefer- 
ences shown by common freshwater predators; (2) to use these 
behavioral data to test two predictions: (a) Sedentary prey will 
compose a smaller proportion of the diets of sit-and-wait 
predators than of the diets of cmising predators. This prediction 
arises from considerations of the frequency of predator-prey 
encounter; sit-and-wait predators will only rarely contact and 
eat sedentary prey (Schoener 1971; Gemitsen and Strickler 
1977; P i aka  1982; Greene 1983). (b) Evasive prey will 
compose a smaller proportion of the diets of active foragers than 
of the diets of sit-and-wait predators, because evasive prey 
should be able to detect the approach sf a cruising predator and 

Can. J .  Fish. Aquat. Sci., Vol. 42, 1985 

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
Sa

nt
a 

B
ar

ba
ra

 (
U

C
SB

) 
on

 0
1/

20
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



TABLE B . Sumaargr of predation experiments. "Predator stmation" is the amount of time predators were stmed, and 
"vvolme" is the volume of water in which trials were run. TE is the total number of encounters obsewed md TI is the total 
number of ingestions obsemed. NR = not recorded. 

Predator No. of No. No. 
stanation prey ind. /prey reg. Volume Duration 

Exp. Redator (d) types type bids (L) (min /rep. ) TE TI 

Series I 
1 
2 
3 
4 
5 
6 
7 

Series II 
8 
9 

10 
1 1 
12 

Gambusia 
PachydH'ghx 
Buensa 
Gambusia 
Pachydipkax 

take evasive action before or early in an attack. Ambush pred- 
ators do not produce such early-warning signals and should, 
therefore, more successfully capture evasive prey. 

We used several locally available microcrustacean prey in 
these predation trials, including Daphnia pule:, Ceriodaphnia 
reticulata , Sida crystaljina, Simocephalkas vetulus, Scapho- 
leberis kingii, Pbeursxecs denticulatus, Diqtomus pallidus, 
~ i a p t o m u s f r ~ n c i ~ c a n u ~ ~  Cyclops vernalis, and ostracods. The 
predators studied were the larvae of the odonates Pachydiplm 
iongipennis and Anm junirss, the larvae of the beetle Acilius 
sernisulcatus, the hemipterans Notoneeta un$ascia&a and Buenoa 
scirnitra, and the teleost Garnbusia aflais. 

Methods 

With the exception of Acilius larvae, predators and prey used 
in these experiments were collected from ponds and lakes in 
Santa Barbara County, California. Acilisas l m a e  were collected 
from North Hnyo Crater Pond in Mono County, California. Bre- 
dation trials were conducted in the laboratory in small aquaria 
(25.5 x 6.4 x 15.2 cm, internal I x w X h) under constant 
illumination from fluorescent light sources. Water temperatures 
ranged from 2% to 27'C. Other experimental conditions are 
listed in Table I .  

We introduced equal numbers of each of 2-14 prey types 
into a q u k a  containing filtered (52 pm) pond water. Container 
volumes and prey densities were manipulated so that we could 
observe a number of interactions in 1 h. Predators were added at 
the start of the experiment, and the behavior of the animals was 
watched for either a predetermined time (8.5-2 h) or until a 
predetermined number of prey had been eaten (usually 10). We 
introduced a different predator individual for each replicate 
trial, and individual predators were never reused. 

We noted the number of encounters (E) , attacks (A), captures 
(C), and ingestions (I) and measured handling times (HT) for 
each prey type, and then calculated the number sf predator-prey 
encounters per hour, attack probability (proportion of encoun- 
ters resulting in attack = AIE), capture success (proportion of 
attacks resulting in capture = CIA j ,  ingestion efficiency (pro- 
portion of captures resulting in ingestion = IIC), and a, a 

selectivity index (Chesson 1978, 1983). We could not, how- 
ever, count both encounters and attacks for two predatom, 
Pachydiplax and Gambtdsia. Pachydiplm showed no obvious 
behavioral responses to prey prior to attack, and in the Gam- 
busia trids we could score only predator attacks on prey, but not 
encounters, because of the high rate of predator-prey interac- 
tions. In most trials, prey were replaced as they were eaten; 
however, in the Gambusia trials, prey were consumed too 
rapidly for replacement. In the Gambusia trials, we estimated 
prey preferences with formulae that take prey depletion into 
account (Chesson 1983). 

Two sets of experiments were conducted. In the first series 
of predation trials, individuals of each of six predator species 
were presented with a prey assemblage composed of a variety 
of cladoceran, ostracod, and copepod species. In the second 
series of trials, a mixture of two or thee  copepod species was 
presented to individual predators. Thee  different predator 
species were used in these trials (Table I). 

Swimming speeds of prey were measured after experiments 
1,4 ,  m d  12 (Tables 1, 2) under the same conditions as used in 
those experiments ( i s .  predators present). The back and bottom 
of the aquarium were marked with a grid composed of 1 x 1 crn 
cells, and two observers traced swimming paths on similarly 
gridded paper. Hndividud prey were watched for 1 min, swim- 
ming paths were monitored for at least five individuals of each 
prey type, and traced swimming paths were measured with a 
map wheel. With the exception of Acildus l m a e ,  swimming or 
crawling speeds of predator individuals were determined, 
immediately after predation trials, using the techniques outlined 
above. Prey lengths (exclusive of the tail spine in Daphnia and 
the caudal furca in copepods) and predator head widths were 
measured with an ocular micrometer at X 6 to x 25, and lengths 
of predators were measured with a rnillimetre rule. 

We used sign tests to detemine if there were consistent 
differences in encounter rate, attack probability, capture suc- 
cess, ingestion efficiency, and a among prey types for each 
predator species (Conover 1982). Statistical analyses for trials 
using Acilkus are not shown because there was insufficient 
replication in these trials for statistical testing. We used the 
Kmskal-Wallis test to determine if there were significant 
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TABLE 2.  Characteristics of predators and prey used in predation trids. Numbers in parentheses under life history stages of some predators 
are predator head widths in millimetres. h e y  swimming speeds (SS) measured after experiments 1,4,  and 12 are presented separately because 
prey speeds differed significantly among trials. Numbers in parentheses under prey and predator speeds are standard errors. For cornpaison, 
we have listed swimming speeds reported in the literature for these prey or similarly sized species in the s m e  genus. 

Predators 

Life Total Foraging 
history length Foraging speed 
stage (mm) mode (mmls) Microdistribution Code Species 

Bachydiphhuc bngipennis Lava 
(4 - 2 )  

Notoneeta unifiaseia&a Adult 
P$n~~%juptius Lava  

(4 9) 
Bucnoa scimitm Adult 

19 Ambush 0 Rests on bottom P 

10 Ambush 
25 Slow stalk or 

ambush 
7 Continuous 

swimming - 
stroke - glide 
stroke 

22 Continuous 
swimming 

0 Rests at surface 
0.9 On bottom 

4.9 Water column; does B 
(1.1) not forage at sudace 

or bottom 

- Water column; Ac 
sometimes at surface, 
not at bottom 

18.8 Thoughsut water G 
(2 6 )  co lum 

Garnbusqgia afinis Juvenile 24 Continuous 
swimming 

Prey 

Size Length SS I SS4 S S I ~  SS lit 
Species class (mm) ( m i s )  (mmls) (warmais) (mmis) Microdistribution Code 

Ccrksdaphnia reeiculata 

6.  reticulata 

Daphnia p u l a  

D. pule: 

D. p u l a  

Scapholebeais kingik 

Pheursxus denticuiaeus 

Large 
40 

Small 
(s) 

Large 
(1) 

Medium 
(m) 

Small 
(s) 

Large 

- 0.8-1.5" Water column, but 
tends to be in comers 

- - Water column, but 
tends to be in comers 

- - Throughout water 
co lum 

- 1.3-3.3"1"e Throughout water 
column 

- 0.5-1 -2"'" Thoughout water 
column 

- - Associated with 
surface film 

- - Attached to or crawling 
on sides or bottom, 
especially in corners 

- - Moving slowly or 
stationary on bottom 

- - Attached to sides or 
bottom 

- - Attached to sides or 
bottom; s w h s  into 
water column very 
infrequently 

- - Attached to sides or 
bottom; swims into 
water column very 
infrequently 

- - Attached to sides or 
bottom; swimns into 
water column very 
f nfrequently 

9.2, 0.4~ 1 . 5 - 3 . 0 ~ ~ ~  Usually resting, 
(2.8,0.2) occasionally 

swimming on 
bottom; sometimes 
on sides. 
occasionally in 
water column 

Small 

Large 

Large 
(1) 

Medium 
(m> 

Small 
(s) 

Cyclops aternahis 
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TABLE 2 .  (Concluded) 

Prey 

Size Length SS I SS4 SS12 ss li t  

Species class (mm) (mmls) (mmls) (mmls) (rnmls) Microdistributican Code 
- - 

Diapbomus pallidus Small 1.00-1.48 0.5 1.0 1 . 1  , 1 -2' 0.2- 1 .5 " ~ C ~ 4 f ~ V h o ~ g h ~ ~ t  water Di 
(0.1) (8.2) (0.5,O. 1) c o l u m  

Diapbomusfrancisc(~nus Large 1.6'7-2.02 0.7  - 1.9, 4.3h 2.4-3.2g Throughout water Di 
(0.1) (0.6, (9.6) column 

aLi and Li 1979. 
'~epriitsen 1978. 
'Gedtsen 1980a. 
"erritsen 1980b. 
'Pastorok 1980b. 
f ~ w i f t  and Fedoredo 1975. 
gGigu6re et al. 1982. 
h ~ d u e s  for Expairnewt 12. The first value is m a n  swimming speed for the first five replicate t r ia ls  and the second is mean swimming s p e d  

for the Bast thee  trials. 

effects of predator species on the encounter probabilities, attack 
probabilities, capture successes, ingestion efficiencies, and a s  
for each prey type. If this test indicated significant differences 
among predator species for a given behavioral parameter for a 
given prey species, we applied the multiple comparisons pro- 
cedure (Conover 1982). An encounter probability, p(E), for a 
given prey type is the encounter rate for that prey type divided 
by the total encounter rate for all prey types under consideration. 
For c o m p ~ s o n s  among predator species we only used data for 
the prey types common to all experiments, i.e. large Daphnia 
pulew, large Simocephalecs vetulus, adult Biaptornus pallidus 
femaies, and adult Cyclops vernalis females in the series I trials 
and adult Diaptomus palkidus females, adult D. francischzplus 
females, and adult Cyclops vema&is females in the series HI trials. 
Other statistical methods were taken from Conover (1982). 

Results 

Characteristics of Predators and Prey 

The characteristics of predators and prey used in these experi- 
ments are s u m m ~ z e d  in Table 2. The predators can be ranked 
along a gradient of average speed as Paehydiplax < Notonecta 
< Anax < Buenoa < Acilius < G~mbusia. Although Pachy- 
d i p l a  and Notonecta are both sit-and-wait predators, Noto- 
necta changed its perch site more often than Pachydiplr. A n a  
larvae used a mixed strategy, alternately crawling and remain- 
ing motionless, while Bueno~,  Acilius, and Gambusia moved 
more or less continuously. Notoneeta and BachydipIax gener- 
ally respond only to very close prey, but the other predators 
responded to and stalked prey over distances of >2 cm. 

The prey used in these predation trials display a variety of 
behavioral characteristics (Table 2). The pelagic zooplankton 
(Daphnia, Ceriohphnia, and the calanoid copepods) swim 
continuously, and swimming speeds increase with increasing 
body size. The ostracods , littoral cladocerans (Sida , Skrnoeeph- 
a h ,  Scapko&eberis, Pleuroxus) , and cyclopoid copepods are 
more sedentary. The copepods exhibit much more vigorous 
escape responses than the cladocerans or ostracods (Drenner et 
al. 1978). 

Prey Preferences and Behavioral Observations 

In the first series sf predation trials, we simultaneously 
exposed each predator to a variety of microcmstacean prey 
(Table 1). Encounter rate was, by far, the most important deter- 
minant of predator diets in these trials (Fig. 1, 2, 3, 4). For 
all predator species, there were significant positive conelations 
between encounter rate and selectivity (a) among prey types 
(Spearman rank correlation coefficients (r,) = f 0.70 to +0.98, 
P < 0.10-0.00 1). For the invertebrate predators, there were no 
significant differences in capture success among different sizes 
and species of csstracsd or cladoceran prey (Table 3; Fig. 2-4). 
All predators ingested virtually all prey that they captured; con- 
sequently, there were also no significant differences in ingestion 
efficiency among different sizes and types of prey. Thus, pat- 
terns of prey selection among cladocerm and sstracd prey were 
determined almost entirely by encounter rates. All invertebrate 
predators preferred large over small Daphniw! because encounter 
rates increased with increasing daphnid size (Fig. 1, 3). En- 
counter rates and selectivity indices were generally Tow for 
small littoral cladocerans (Skda, small Simocephalus, Pkeur- 
owus, Scapholeberis) compared with large pelagic cladocerans 
(i. e. Daphnia, Fig. 1, 4). The low encounter rates for small 
littoral cladocerans can be attributed to at least three factors: (1) 
these prey were small and, consequently, inconspicuous to the 
large-size selective predators used in these experiments; (2) 
these prey moved slowly or infrequently, thereby reducing 
encounter rates with sedentary predators such as Pachydipla; 
(3) these benthic or surface prey were microspatially segregated 
from predators which foraged in the water column. An excep- 
tion to the latter pattern was Notonecta9s relatively high a for 
Scapholeberis, but Notonecta occurred in the surface stratum 
where Scaphsleberis was found, and often encountered and ate 
this small cladoceran. For most predators, capture success for 
cladocerans was generally high, compared with coppods, and 
did not vary much among species or prey sizes (Table 3; Fig. 2, 
3,4).  Capture successes for copepods, on the other hand, were 
often low and differed among copepod species (see below, 
Table 3; Fig. 2, 4, 5). 

A second series of experiments (series II) was conducted to 
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PREY PREY 

FIG. 1 .  Encounter rates (encounters per how, stippled bars) and selectivity indices (as, open bas) for prey types presented to each of four predator 
species. Numbers under each prey type are prey lengths in mi%limetres. Solid circles denote pelagic eladocerms, open circles denote littoral 
cladorcerms and oseacds, solid triangles signify cyclopoid copepods, and open triangles denote calanoid coppods. Prey code is presented in 
Table 2. The horizontal line represents the value if selection were random. Vertical bars = + 1 SE. 

f h e r  study predation by Cambusia, Buenoa, and Pachydip- 
lax ow evasive, copepod prey. In these experiments, the relative 
importance of encounter rate and capture success in determining 
predation rates was dependent on the particular combination sf 
predator and prey. When Gwrnbusia was used as a predator 
(experiment 8), electivity indices for D kagtomus gallidus and 
similarly sized (1.25 mm) Cyclops vernalis were not signifi- 
cantly different @ + 1 SE = 0.43 r 0.15 vs. 0.57 5 0.15). In this 
experiment, higher encounter rates for Diaptmus were effec- 
tively balanced by higher capture success for Cyclops (Di AIh = 
117.3 2 36.9, CIA = 0.09 2 0.83 vs. Cy Alh = 48.0 + 12.5, 
CIA = 0.38 + 0.12; P < 0.05, Wilcoxon signed ranks test). 
With Pachydipla as the predator, encounter rates and a s  for 
Cyclops were significantly higher than those for Dkaptomurs 
(I? + B SE = 68.0 2 19.9 Alh, a = 0.72 + 0.09 for Cj7clops vs. 
24.7 + 7.3 Alh, a = 0.28 + 0.09 for Diqtomus, P < 0.05, 
Wilcoxon signed ranks test). There were no differences in 
Pachydiph  capture success for these two prey species (Cy CIA 
= 0.57 +- 0.07, Di CIA = 0.53 2 0. f 3, experiment 9). Thus, 
these results support the hypothesis that ambush predators can 
more efficiently capture evasive prey, such as Diqtomus, than 
can mobile predators (see below). 

M e n  presented with three cspepod species (experiments 
10- 121, all three predators had low capture successes and elec- 
tivity values for the large diaptomid (Diaptomusfranciscanus) 
in spite of high encounter and attack rates for this prey type 
(Fig. 5). Gambusia preferred Cyclops over both diaptomids, 

p k m ~ l y  because of the fish's higher capture success for cyclo- 
poids (Table 3; Fig. 5). Buenoa, on the other hand, selected 
the smaller diaptomid, Diaptsmus pallidus over the other two 
cspepods , because this predator rarely encsaantereed the seden- 
tary, benthic cyclopoids and could not capture Diaptomus 
j?-anciscanus. 

In the Pachydiplax trials, there was an abrupt change in 
cyclopoid behavior between the fifth and sixth trials (Table 2). 
During the first five trials, cyclopids were quite active, swim- 
ming at an average speed of 9.2 mmls , while in the last three 
trials, the cyclopoids became more quiescent (average swim- 
ming speed sf 0.4 mmls). As a result, encounter rates and 
electivity indices for cyclopoids were much higher in the first 
five trials than in the last three (trials 1-5: Cy Alh = 3 1 .4 + 5.9, 
a = 0.75 * 0.07; trials 6-81 Gy Alh = 2.9 -t- 1.0, ax = 0.15 + 
0.08, P < 0.05, Mann-Wkitney U-test). Encounter rates and 
capture success for both species of Diaptocamus, and capture 
success for Cj~clops, did not significantly differ between the 
first five versus the last three trials. Because Cyclops became 
much r m r  in the diet of Pachydiplax in the last thee  trials, 
electivity indices for Dkaptomus pallidus increased (trials 1-5: 
a = 0.17 + 0.05; trials 6-8: a = 0.72 + 0.17; P < 0.85, 
Man-Whitney U-test). These results emphasize the importance 
of prey activity and consequent encounter rates in determining 
the diets of ambush predators. In the series I and II trials, 
ingestion efficiency was similar for all prey types and did not 
influence patterns of predator selectivity. 

1724 Can. J. Fish. Aquat. Sci., Vol. 42, 195 
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W 
\ 5 s! Q 

\ 

Q 0 Q g> 

0.5 0.5 0.5 8.5 

0.8 1.4 2.3 0.6 1.2 1.9 1.7 1.5 2.1 0.7 1.8 1.4 
PREY PREY 

PREY PREY 

FIG. 2. Attack probabilities (AIE, stippled bars) and capture successes (CIA, open b m )  for grey types 
presented to each of four predator species. Other designations as in Fig. I .  

PREY SIZE 
FIG. 3 .  Encounter probabilities (p(E)s, open triangles), capture successes (CIA, open circles), and 
selectivity indices (as, solid circles) for different sizes of Daphreia pulex presented to Notonecta 
(experiment 7). For comparison we included data on Gambuska size selectivity taken from Bence and 
Murdoeh (1 985). Vertical bars = r l SE. 
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Ba Srn Cy Bi 
PREY 

FIG. 4. Left: encounter rates (encounters per hour, stippled bus) and selectivity indices (as, open bas) 
for prey types presented to Notonecta and Gambusia. Right: attack probabilities (AIE, stippled bus) and 
capture successes (CIA, open bars) for prey types used in these trials. Other designations as in Fig. 1 .  
Mean lengths of prey used in these trials were as follows: Nofonecb trials: Da = 1.52 m, Sm = 
1.51 m, Sc = 0.58 m, Di = 1.21 m, and Cy = 1.18 m; Gambusia trials: Da = 1.68 m, Sm = 
I . 6 9 m 9  Di = %.35rnrn, m d C y  = 1 . 3 7 m .  

Test of the Hypotheses 

We first tested whether selection for sedentq  prey is stronger 
by cmising than by ambush predators. To do this we examined 
selectivity for Simocephalus ( sedentq  prey) over similarly 
sized Daphnda (mobile prey) by using data for only these two 
prey types. The results support our hypothesis: there was a 
significant positive comlation between average predator forag- 
ing speed and the electivity index for Simocephalus (Spearman 
rs = +0.83, P 6 0.05). This result was the product of a positive 
comlation between encounter probability for Sirnocephakus 
and predator foraging speed (Spearman rs = 4- 0.60, P 6 0. 1 0). 
There was no relationship between predator foraging speed and 
capture success for Simocephalus (Spearman rs = -0.43, P > 
8.10). Encounter rates a d  electivity indices for large Sims- 
cephlus were generally low for B~senoa and the ambush 
predators (Notonecba , Pachydiplm) , but were higher for visual 
cmising predators (Acikins, Garnbusia, Anax) (Table 4; Fig. I ,  
4). Although they sometimes adopted an ambush foraging 
mode, we classified A n a  naiads as cmising predators because 
they were often observed staking large Simscep/mbus over 
distances of several centimetres. 

Second, we tested whether selection for evasive prey is 
stronger by ambush than by cmising predators. We did this by 
c o m p ~ n g  our results for evasive prey (the copepod Diap- 
tomus) with those obtained for comparably sized, wonevasive 
Daphnia. Adult eopepods have much stronger escape responses 
than Daphnia (Drenner et al. B978), while other important 
characteristics jrnicrodistributions and swimming speeds of 
Daphnia and Diaptorn~s) were comparable in our experimental 
containers. Although d1 predators consurned more Daphnia 
than copepods, the relative rates at which these two prey types 
were eaten corresponded to our prediction. Among invertebrate 

predators, there was a significant negative correlation between 
predator foraging speed and a for Dkapeomus ( rs = - 0.93, B 6 
0.01), a d  between predator foraging speed and capture success 
for Ddapeomus jrs = -8.83, P 6 0.05). There was no relation- 
ship between predator foraging speed and encounter probability 
for Diap%omus (rs = -0.20, P > 0.10). However, when the 
vertebrate predator, Gambusia, was included in the analyses, 
there were no significant correlations between predator foraging 
speed and as ,  encounter probabilities, or capture successes for 
copepods (rs = -0.50 for predator speed vs. @/A, rs = -0.39 
for predator speed vs. a). This change can be attributed to 
Gam&usia9s slightly higher capture success for copepds when 
compared with cmising invertebrate predators (see Discussion). 
With one exception, capture successes and electivity indices for 
copepods were significantly higher for our most sedentary 
predator, Pachydiplax, than for other predator species in the 
first series of trials (Fig. 1, 2,4;  Table 4). 1n the one exception, 
capture success for Diaptomur; was not significantly different 
for Pachydipia versus Anax. Capture success for Da'aptomus 
was, however, generally low and variable in the Anax trials 
(Fig. 2). 

There was a significant positive correlation between attack 
probability and capture success across prey types for Buenoa 
and A n a  (Bucnm = +8.99, P 6 0.001; Anax = 4-0.88, P 6 
0.05; Spearman rank correlation analysis). Although these 
correlations could be interpreted as active predator choice of 
nonevasive prey, our observations suggest that these comela- 
tions were a consequence of prey flight from approaching 
predators before an attack was launched. 

To test the generality of our hypothesis regarding the relation- 
ship between the foraging mode of macroinvertebrate predators 
and selectivity for evasive prey, we combined our data with 
literature data. In our survey we examined results from Habora- 
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TABLE 3. Summary of significant differences in behavioral papmeters among prey types for 
each predator species. Prey types connected by an underline we not significantly different 
(P > 0.05, sign test). Because of the limited number of replicates, we could not paan statistical 
tests for &he Aci&ius trials. Tests dealing with ingestion efficiency are not presented because 
ingestion efficiencies were not significantly different among prey types. Prey code and sizes 
are given in Table 2. The letters 1, m, and s after the prey code designates size classes large, 
medium, and small. IR = insufficient number of values for a statistical test; a = selectivity 
index, E = encounter rate, AIE = attack probability, and CIA = capture success. 

Predator Exp. Parameter High Low 

A IE 

CIA 

Dal D m  Sc Sms S m  Sd Ch O Dil Dis Cy 

Dal Dil D m  Das Dis S d  Ce S m  Sc O Cy Sd Chy Sms 

Dal D m  Das S d  Bis Dil 

Dal Darn Das S d  Dil - 

a 
E 
CIA 

D m  Dal S d  Sc Di Das O Ce Sms Chy Cy 
P 

S d  Sc Di 0 Cy Chy Ce Das Sms 

Dam Dal 
IR 
DaB Cv Dam Ce 0 Di S d  Chy Das Sms 

&so Cy > 0, Di > Das 
Dal Di Cv D m  Ce O Chy Das Sml Sms 

also B m  > Das, Cy > Ce 
Dal Cy Di 

Da Sm Di Cy 
Da Sm Di Cy 

Cy Bi 

Da Sc Srn Cy Di 
Da Sc Cy Di Sm 

Da Sc Sm Di Cy 
Sc Da Sm Cy Di 

Dis 
Dil Dis Cy 
C%i Dis Dil 
Cy Dis Dil 

@Y 
Bil Dis Cy 
Cy Dil Dis 

Dis Cy Dil 
Dil Cy Dis 
Cy Dis Di% 

tory or in situ studies where predators were exposed to cspepods 
QusudIy Diaptomus), cladocerans (usually Dqhnia  of cornpar- 
able size), or both together. In some studies, additional prey 
types were available. We also included the results from a few 
field diet studies where prey abundance had been quantified. We 
assumed that relative predation rates on copepods versus daph- 
nids were not affected by whether copepods and dapknids were 
available alone, together, or with additional prey types. For the 
statistical analysis of these data, we followed the conservative 
procedure of treating each predator genus as a replicate. Ambush 
predators had significantly higher eleetivity indices for copepods 
(over cladocerans) than did cruising predators (Table 5) .  

Can. J .  Fish. Aquat. Sci., Voi. 42 ,  I985 

Discussion 

Our observations of predator-prey interactions illustrate 
several important points. First, except for copepods , prey were 
virtually defenseless against predators. Cladocera, especially, 
were attacked, captured, and eaten when encountered; thus, 
their coexistence with predators in nature must rely on mechan- 
isms (temporal or spatial segregation, small size, or reduced 
visibility) that minimize the frequency of encounters with 
predators (Greene 1983). Copepods, on the other hand, were 
often able to evade capture (Drenner et al. 1978; Wright and 
O'Brien 1984). Second, we found that predators attacked nearly 
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Cy Dis Dil Cy Dis Dil 
PREY 

FIG. 5 .  AS for Fig. 4 but for thee copepod species presented to each of three predator species. Random 
selection sf these three prey types would result in selectivity indices (as) sf 0.33. Prey c d e  and 
lengths: @y = Cyclops vernalis, B.60m; Bis = Di(iptomus pallidus, 1.48mm; and Bil = D. 
fiancksc~nus, 2.6 1 m . 

all prey that they encountered; the preferences demonstrated by 
these predators were largely a function of the prey's vulnerabil- 
ity to encounter and capture. Thus, many of the predators 
examined here did not appear to "'choose99 to attack prey. 
Although ingestion efficiency played little role in determining 
patterns of prey selection by predators in our experiments, 
ingestion efficiency can play a role in determining predation 
rates on had-bodied (e.g. large ostracods) or had-tasting grey 
fe.g. water mites) by some sf these predators (Kedoot et al. 
1880; Kerfoot $982; S.  D. Cooper, D. W. Smith, and J. R. 
Bence unpubl. data). 

We predicted that mobile predators would select sedentq  
prey more strongly than would ambush predators. This predic- 
tion stems from a consideration of predator-prey encounter 

frequencies: cruising predators should encounter sedentary prey 
at higher rates than do ambush predators (Gemitsen and StricHer 
1977). Indeed, our results confirmed that ambush predators 
rarely encountered, and therefore rarely ate, sedentary prey. In 
contrast, sedentary prey were more vulnerable to active preda- 
tors because of higher encounter rates with these predators. An 
exception to this trend was Buenoa, a cruising predator whose 
electivity index for s eden tq  prey (i.e. Simocephakees) was low; 
however, Bueploa rarely responded to, and did not attack, prey 
that were not actively swimming in the water column. 

Data repofied in the literature also support the above hypoth- 
esis . Active predators, including flatworms, cyclopid cope- 
pods, and some water mites, feed at ccompaable rates on Dqhnia 
a d  similarly sized SlrnocephaHus (Paveljeva and Zankai 1971; 
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TABLE 4. S u m q  of significant differences in mea- 
sured pameters mong predator species for each prey 
type. Redator species connected by an underline are not 
significiawtly different ( B  > 0.05, Kmskal-Wallis test, 
multiple eomp~scans procedure). Tests dealing with in- 
gestion efficiencies are not presented because ingestion 
efficiencies were not significantly different among pxd- 
ator specks. Redator code as in Table 2; parameter codes 
as in Table 3. 

Pameter High Low 

Series H 
Dagahia a 

PW 
A IE 
CIA 

OL 

A IE 
CIA 

a 

p(E1 
A I E  

CIA 

a 

p(Q 
A I E  
CIA 

Series Il 
Large Diaptomus a 

$(El 
CIA 

Small Diapbomkes a 

P(E> 
CIA 

cyclops a 

CIA 

e P  
G B P  
ggG 

B P G  
B G P  
B G  

G P B  
P 

E B  - 
LE? 

Brandl and Fernando 1975; Schwartz and Hebert 1982), and 
cmising fish and copepod predators feed heavily on stationary 
Choborus 1mae  (Stenson 1978, 1980; Williams 1988; Ker- 
foot 1982). Some damselfly naiads can apparently switch from 
an ambush to a cmising foraging mode resulting in increased 
selection for the sedentary Simocephalus relative to Daphnia 
(Acre a d  Johnson 1979; Johnson and Crowley 1980). We 
could find no examples of the relative selectivity on mobile 
versus sedentary prey by ambush predators, although one report 
(Smyly 4980) suggested that the sedentary habit of Chydurus 
effectively limits its losses to the ambush predator, Chaoborus. 

Active predators preyed more equitably on sedentary and 
mobile prey than did ambush predators; however, in the field 
this pattern is complicated by at least two factors. First, many 
active predators are open-water f oms  and they rarely encounter 
s eden tq  prey that mcur mainly in vegetation or on the bottoms 
of lakes. Even within our small experimental containers there 
was microspatid segregation of predators and prey. Second, 
some cruising predators 4e.g. Buensa) may respond to and 

attack only moving prey. This would be true both for tactile 
predators which respond only to hydrodynamic cues and t s  
visual predators which respond only to prey motion (Pdtchud 
1965; StricBder 1975; Pastorok 1980a). In addition, moving prey 
are more conspicuous than nonmotile prey to those predators 
that do not require prey movement to stimulate attack (Confer 
a d  Blades 4975; B9Brien 1979; Zaret 1980b; Kerfsot 1982; 
Jmssen 1982; Wright and 09Brien 1984). For these reasons, 
active predators may also take a preponderence of active versus 
s eden tq  prey, although the differential should not be as 
marked as that displayed by sedentary predators. 

Our second prediction was that evasive prey would be more 
vulnerable to sedentary as opposed to mobile predators because 
capture success would be higher for ambush predators. AnaHy- 
ses of our own and literature data indicated that capture 
successes and electivity indices for copepods are very low for all 
macroinvertebrate cmising predators, whereas some ambush 
predators are relatively efficient at capturing eopepods and, 
hence, have relatively high electivity indices for copepsds. 

Other, less direct, evidence also supports this conclusion. For 
example, some studies have reported the efficient capture of 
copepods by ambush predators, and copepods are often an 
important component of the diets of such ambush predators as 
zygopteran naiads, corixids, hydxoids, and chaoboPids (Fiseher 
1964; Lawton 1970; Griffiths 1973; Reynolds 1975; Thompson 
1978; Kaj& and Rybak 1979; Hairston 1979; Cuker and Mozley 
1981). In contrast, cmising predators, such as water mites and 
freshwater jellyfish, have very low predation rates sn  evasive 
copepods compared with nonevasive prey (Ellis-Adam and 
Davids 1970; Bodson and Cooper 1983). Data on the selection 
of evasive (Diaphanasoma, helmeted Daphnl's) versus non- 
evasive eladocemns (nonhelrneted Daphnia) by cmising (water 
mites, Buenoa, and related forms) and ambush predators 
(Chaoborus) also indicate that electivity indices for evasive 
prey will be higher for ambush than for active predators 
(O'Brien and Vinyard 1978; Winner and Greber 11988; Grant 
and Bayly 1981; Wiessen 1982; Cooper and Smith 1982). 
Among freshwater predators, then, &ere is a general relation- 
ship between predator foraging mode and selectivity for evasive 
Prey. 

There are, however, two groups of cruising predators, the 
predatory copepods and particulate-feeding fish, which sften 
have relatively high electivity values for evasive versus nom- 
evasive prey. In the case of predatory copepsds, other pats  of 
the predator-prey interaction (e. g . ingestion efficiency) may 
override the importance of capture success in determining 
patterns of prey selection (Kerfoot 1977, 1978; Li and Li 1979; 
O'Brien et al. 1979, 1980; WiHliamson and Gilbert 1980; 
Williamson 1983; Bodson 1984). In the latter case, fish can 
counter the evasive responses of prey by modifying their attack 
behavior (Confer and Blades 1975; Vinyad 1980, 1982; Win- 
field et al. 1983). In fact, some fish switch from a continuous 
cmising mode to more of an ambush mode when attempting to 
catch copepods (J. R. Bence, unpubl. data). In contrast with 
other predators, both fish and copepods will often actively 
pursue and overtake escaping zooplankton prey (Jamieson 
1980; Winfield et al. 1983). 

Is here a better predictor than predator foraging speed of a 
predator's degree of selection for evasive versus nonevasive 
prey? Although our hypothesis is correct to some extent, it 
appears that the attack acceleration of predators may be more 
important than foraging speed in determining the success of 
predators in capturing evasive prey. Predators that are success- 
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TABLE 5. Surnrnq of capture successes (CIA) and selectivity indices (as, Chesson 1878, 1983) calculated for evasive versus 
wonevasive prey for a variety of ambush and active predators. Unless othervvise noted, comparisons are for Diqtonlus (Di) versus 
comparably sized Daphnia (Ba). Selectivity indices for Diaprsrnus were significantly higher for ambush than for cruising pred- 
ators ( P  < 0.05, Manna-Whitney U-test). 

Predator Di a Di CIA Da CIA Predator species and literature source Notes 

Ambush 
Chaobsru Jnvicans a: Swijlste et all. 1973; 

Smyly 1980. CIA: Smyly 1880 
arnericanus a :  &Tin yard and Menger 1986; 

Spnales 1972; von Ende and Dempsey 
198 1 ; Anderson and Raasveldt 1974; 
Lynch 1979; Melville and Maly 198 1 . 
CIA: Vinyard and Menger 1980; Swift 
and Fedoredo 1975; Riessen et al. 1984 

guncripennis a: Winner md Greber 1880 
sp. a: Lewis 1977 

Vinyard and Menger 1980: 
a = Di vs. Moi~aa 

Lewis B 977 and Winner and 
Greber 1 980: a = Bi vs. 
Diaphcsnossma 

aivitcafus CIA: Swift and Fedoreko 1975 
undulata a: Lynch 1979 
~snifaciata a and CIA: this study 
!ofzg@ennls: this study 

reliefa a: Grsssnickle 1948; Cooper 
md Goldman 1980; Bowers and 
Vandeqloeg 1982; Ramcharan et al. 
1985. CIA: Ramcharan et al. 1985 

mercedis a: Murtaugh I98 1 

Ramcharan et al. 1985: 
a = Cyvs. Da 

MuPtaugh 1981 : cat = X 
of field and lab data 

consfricta a: Riessen 1982 
Iimnetica a: Gliwicz and Biesiadka 1975 
semisu&catu&ss: this study 
scimitra: this study 
ehrenbergii: Maly et al. I980 
Iacustris: ~nderson  and haaasveldt 1974 

faal in captu~ng agile prey often have rapid attack responses BOWERS, S. A., AND #. A. VANDEWLOEG. 1982. In sf& preda to~  behavior of 

(e. g . odonates, chaobgarids, ccspepods , particulate-feeding fish), Mysis relicfa in Lake Michigan. Hydrobiologia 93: 12 1 - 13 1 . 

whereas predators that are less sueeessfal at capturing evasive BRANDL, Z.,  AND C. H. FERNANDO. 1945. Food consumption md utilization in 
two freshwater cyclopoid cspepds (Mesocyclops e d a  and Cyclops 

prey often have slower attacks (Ritehard 1965; Kerfost 1977; vieinus). Int . Rev. Gesamten Hvdrobiol. 669: 47 1-434. 
hn~9erI 1978; Pastorok 1980a, 1980b; Vinyad 1980, 1982; CHESSON, J: 1948. Measuring prefe;ence in selective predation. Ecology 59: - - 
Williamson 1983). In many cases, there &as  to be a rela- 218-215. 

tionship between predator foraging speed and attack accelera- 1983. The estimation and analysis of preference and its relationship to 
foraging models. Ecology 64: 1297- 1304. 

tion; i.e. cruising predators often show little acceleration when CONFER, I. L., AND p. I. BLADES. 1975- ~~i~~~~~~ zooplankton 
attacking prey, whereas ambush predators often have rapid p~anktivorous fish. Limol.  Ocemogr. 20: 571-579. q 

strikes. CONOVER, W. J. 1982. Practical nonpararnetric statistics. 2nd ed. John Wiley & 
Sons Inc., New Yo&, NY. 462 p. 
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