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 Ecology, 67(6), 1986, pp. 1493-1501
 (7c) 1986 by the Ecological Society of Amenica

 FORAGING BEHAVIOR AND PREY SELECTION BY THE AMBUSH

 ENTANGLING PREDATOR PLEUROBRACHIA BACHEI1

 CHARLES H. GREENE, MICHAEL R. LANDRY, AND BRUCE C. MONGER
 WB- IO School of Oceanography, University of Washington, Seattle, Washington 98195 USA

 Abstract. Ctenophores and other gelatinous predators in the ocean are ephemeral in their spatial
 and temporal distributions, but often have a dramatic impact on the dynamics of their prey populations.
 Considerable information is currently available on the functional and numerical responses of several
 nearshore ctenophore species; however, an understanding of their potential for shaping the structure
 of natural zooplankton assemblages requires further information on the selective nature of their
 predation.

 Prey selection by the tentaculate ctenophore Pleurobrachia bachei was examined in the laboratory
 with predation experiments and videotaped observations of predator and prey behavior. Prey types
 offered to the ctenophore included each of the developmental stages of Calanus pacificus, adult Acartia
 clausii, and adult Pseudocalanus sp. Pleurobrachia exhibited an unusual, bimodal pattern of prey
 selection on the different developmental stages of Calanus. Calanus' vulnerability increased through
 the naupliar stages, dropped at the first copepodid stage, and then rose again throughout the subsequent
 copepodid stages prior to another decline at the adult stage. Adult Acartia and Pseudocalanus were
 found to be among the most vulnerable of the prey types offered to Pleurobrachia. We conclude that
 Pleurobrachia's diet is determined by the relative availability and vulnerability of prey, and that
 vulnerability to the ctenophore can be predicted from prey swimming speeds and the susceptibility
 of prey after encounter.

 Key words: ambush predator; copepods; ctenophores; entangling predator; selective predation; zoo-
 plankton.

 INTRODUCTION

 Knowledge of the ocean's gelatinous fauna has im-

 proved dramatically over the last decade with the ad-

 vances in new sampling methods and in situ obser-

 vational techniques (see review in Harbison 1983).

 Nevertheless, the role of gelatinous zooplankton in ma-

 rine food webs is still widely debated. An understand-

 ing of the trophic importance of these organisms is

 elusive, due in part to the ephemeral nature of their

 spatial and temporal distributions, but also because

 much of their basic feeding biology still needs to be

 explored. This latter point is especially apparent in the

 trophic ecology of gelatinous predators, a group that is

 conspicuously underrepresented in freshwater (Greene
 1985). Included in this category are members of the

 phylum Ctenophora. The ability of ctenophores to af-

 fect the dynamics of copepod populations substantially

 has been well documented (Anderson 1974, Kremer

 1979, Deason 1982, Deason and Smayda 1982, Harris

 et al. 1982, Sullivan and Reeve 1982). Feeding and

 growth rate experiments with ctenophores (Bishop

 1968, Hirota 1974, Reeve et al. 1978, Reeve 1980,

 Sullivan and Reeve 1982) have revealed a tremendous

 capacity in these predators for regulating the abun-
 dance of their prey. This regulatory capacity is the

 result of functional responses allowing individuals to
 ingest up to 10 times their body carbon per day and

 I Manuscript received 1 July 1985; revised 13 March 1986;
 accepted 17 March 1986.

 2 Present address: Section of Ecology and Systematics, Cor-
 son Hall, Cornell University, Ithaca, New York 14853 USA.

 growth responses enabling populations to nearly dou-

 ble their biomasses each day. Despite considerable ex-

 perimental data on these rate processes, a more com-

 plete understanding of the role of ctenophores in

 structuring marine food webs requires further infor-

 mation on the selective nature of their predation. The

 present investigation explores the foraging behavior

 and patterns of prey selection in the tentaculate cteno-

 phore Pleurobrachia bachei.

 Pleurobrachia's foraging behavior is stereotyped and

 thus is amenable to the type of experimental compo-

 nent analysis pioneered by Holling (1966). The cteno-

 phore's predatory repertoire consists of two basic be-

 haviors: searching for prey and handling prey. When

 searching for prey, Pleurobrachia initially sets its ten-

 tacles by swimming oral pole forward, often in a curved

 or helical pathway, and allowing the two main tentacles

 and numerous lateral tentilla to relax and expand be-

 hind it. Once the tentacles are set, the ctenophore typ-

 ically drifts passively with tentacles extended. Occa-

 sionally, Pleurobrachia retracts its tentacles to varying

 degrees and swims to another location before resetting
 them. This behavior as well as the degree of tentacular

 extension appear to be regulated by hunger level (Reeve

 and Walter 1978). In several respects, the behavior of

 Pleurobrachia and other tentaculate predators can be

 viewed as analogous to that of orb-weaving spiders

 (Biggs 1977). In the searching mode, both groups of

 predators primarily "sit and wait" for prey to encoun-

 ter their capture surfaces. Although orb-weaving spi-

 ders (Olive 1982) and tentaculate ctenophores may

 move to new foraging locations in response to prey
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 patchiness, in general, prey motility is more important

 than predator motility in initiating predator-prey en-

 counters. Thus both groups can be classified as ambush

 entangling predators (Greene 1985). Once a prey item

 is encountered and successfully entangled by Pleuro-

 brachia, the ctenophore responds with a characteristic

 handling response. Initially, both tentacles contract,

 "and as the prey approaches the mouth, Pleurobrachia

 begins to rotate in a plane which draws the tentacle

 (bearing the prey) across the mouth region. The portion

 of the tentacle bearing the prey . .. is draped over the

 mouth" and the prey item is wiped in (Reeve and

 Walter 1978:259). The animal usually completes sev-

 eral rotations during the handling process, and often

 relaxes the free tentacle (i.e., the tentacle not bearing

 the prey item) before the handling phase is complete.

 The free tentacle can then begin "fishing" again. How-

 ever, usually both tentacles must be unencumbered

 with prey before Pleurobrachia resets them fully in the

 manner previously described.

 Experimental component analysis of this behavior

 requires quantification of the variables that determine

 Pleurobrachia's encounter rates with prey and the prey's

 subsequent susceptibilities to the predator (i.e., the pro-

 portions of encountered prey that are successfully in-

 gested by the predator, Greene 1983). Since these vari-

 ables are typically functions of prey type (i.e., species

 and developmental stage) and predator size (Thomp-

 son 1975), we have conducted predation experiments
 and behavioral observations with each prey type sep-

 arately and with a single size class of Pleurobrachia (8
 mm diameter, reproductively mature). Our predation

 experiments were designed to characterize the cteno-

 phore's functional responses to various prey and to

 compare the relative vulnerabilities of the different prey

 types to Pleurobrachia. Our behavioral observations
 were designed to estimate prey swimming speeds, prey

 susceptibilities to the predator, and predator handling

 times. Together, these two complementary approaches

 can be used to elucidate the characteristic features of

 Pleurobrachia's foraging behavior and prey selection

 patterns.

 METHODS

 Collection and maintenance of experimental animals

 The Strait of Georgia-San Juan Archipelago-Puget

 Sound region of the northeastern Pacific is particularly
 rich in gelatinous zooplankton (Mills 1981). Pleuro-
 brachia bachei can be found in the region commonly,

 if somewhat sporadically, throughout the spring and

 summer (Mills 1981). For this investigation, cteno-
 phores were hand-collected individually in plastic

 beakers from the surface waters surrounding the float-

 ing docks at the Friday Harbor Laboratories on San
 Juan Island, Washington. Captured specimens that ap-
 peared undamaged were brought back to the laboratory

 and placed in two 20-L plastic containers. These stock

 containers were placed in a seawater table continuously

 supplied with running seawater at ambient surface tem-

 peratures (10- I 40C). Ctenophores were fed daily with

 zooplankton (predominantly late copepodites of Acar-

 tia clausii) collected from Jakle's Lagoon and Con-

 over's Last Chance Lagoon; both are small lagoons

 situated on San Juan Island. With periodic exchanges

 of fresh seawater (approximately every other day) and

 regular feeding, Pleurobrachia could be maintained in

 healthy, experimental condition for several weeks.

 Three species of calanoid copepods were used as

 experimental prey: Acartia clausii, Calanus pacificus,

 and Pseudocalanus sp. Acartia were collected from Ja-
 kle's Lagoon with near-surface (_ 2-4 m), oblique

 plankton tows using a 251-,4m mesh, 0.25-m net. Cal-
 anus were collected from San Juan Channel with deep

 (> 150 m), vertical plankton tows using a 571-,4m mesh,
 1 -m net. Pseudocalanus were collected from San Juan

 Channel with moderately shallow (50-75 m), vertical

 plankton tows using a 251-,gm mesh, 0.5-m net. The
 zooplankton from all tows were brought back to the

 laboratory, where adult females of all three experi-

 mental prey species were hand-sorted from the samples

 using a Wild dissecting microscope and large-bore pi-

 pette. Prior to experiments, holding stocks of Acartia

 and Pseudocalanus females were maintained in a 120

 cold room on a diet of Thalassiosira weissflogii. Cal-
 anus females were maintained under the same stock

 conditions as the other species; however, they were

 only kept as a source of eggs for initiating copepod

 cultures. The procedures employed for culturing Cal-

 anus are described by Landry (1983). These copepod

 cultures, also raised at 120 on a diet of T. weissflogii,
 provided all 12 developmental stages of Calanus for

 the predation experiments with Pleurobrachia.

 Predation experiments

 Three sets of predation experiments were conducted:

 functional response experiments, single-prey experi-
 ments, and mixed-prey experiments.

 Functional response experiments were conducted to

 determine the effects of prey density on predator inges-

 tion rates (Table 1A). These experiments were run in

 two series, one with adult female Acartia and the other

 with adult female Pseudocalanus. In each series, Pleu-

 robrachia were offered varying initial densities of prey.

 Data from these experiments were analyzed with the

 Holling disc equation (Holling 1959b).

 Single-prey experiments were conducted to deter-

 mine the relative vulnerability of each prey type to the

 predator (Table 1 B). These experiments were run with

 fixed initial densities of each prey type, adult female

 Acartia and Pseudocalanus, as well as nine different
 prey types of Calanus: (1) NI,II: naupliar stages 1 and

 2, (2) NIII,IV: naupliar stages 3 and 4, (3) NV,VI:

 naupliar stages 5 and 6, (4) CI: copepodite 1, (5) CII:

 copepodite 2, (6) CIII: copepodite 3, (7) CIV: copep-
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 odite 4, (8) CV: copepodite 5, (9) CVI: copepodite 6

 (adult female).

 Mixed-prey experiments were conducted to test the

 assumption that results from single-prey experiments
 were meaningful in predicting selection patterns in

 mixed-prey assemblages (Table 1 C). These experi-

 ments were run with varying proportions of adult fe-

 male Acartia and Pseudocalanus.

 The data from single- and mixed-prey experiments

 were used to calculate instantaneous prey mortality

 rates and predator clearance rates according to the fol-

 lowing equations:

 N, = N(exp(- mt) (1)
 F = V m/P, (2)

 where N, is the final number of prey per jar, No is the
 initial number of prey per jar, m is the instantaneous

 prey mortality rate, t is the duration of the experiment,

 F is the predator's clearance rate, V is the volume of

 the experimental jar, and P is the number of predators

 per jar. These equations assume a constant clearance

 rate by the predator, an exponential decline in prey

 numbers throughout the experiment, and no cumula-

 tive loss in predator search time while handling prey.

 Although this last assumption is not strictly true (see

 Results and Discussion: Functional Response Experi-

 ments), it is closely approximated at the low prey den-

 sities in our experiments since individual handling
 times are relatively short (see Table 2. Errors intro-

 duced by this approximation were always <4%, except

 for Calanus CV and adult stages where potential errors

 may have been much higher. See Results and Discus-

 sion: Behavioral Observations).

 In all three sets of predation experiments, treatment

 and control jars were replicated. Prey mortality in con-

 trol jars was always negligible (i.e., never significantly
 different from zero), and thus all prey not recovered

 from treatment jars were assumed to have been in-

 gested by the predator.

 Behavioral observations

 The mechanisms underlying Pleurobrachia's prey se-
 lection patterns were investigated in the laboratory us-

 ing a Panasonic videotape system. Estimates of prey
 swimming speeds, prey susceptibilities, and predator
 handling times were made for adult female Acartia,

 adult female Pseudocalanus, and all copepodid stages

 of Calanus. Prey swimming speeds were also deter-
 mined for the second, third, fifth, and sixth naupliar

 stages of Calanus.

 Observations of predator-prey encounters were con-

 ducted in a temperature-controlled (1 O0-120), 54-L
 aquarium. A white fluorescent lamp provided the nec-
 essary illumination for videotaping. Although the co-
 pepods responded to this light source, we only used
 these tapes to estimate prey susceptibilities and pred-
 ator handling times, two variables we assumed to be
 unaffected by the presence of light. An encounter was

 TABLE 1. Experimental conditions of predation experiments
 conducted with Pleurobrachia bachei.

 A) Functional response experiments

 Predator: P. bachei (8 mm), P = 1 predator/jar
 Prey types*: A. clausil (CVIY), Pseudocalanus sp. (CVIY)
 Initial prey densities: No varied from 25-200 prey/jar
 Experimental jars = 10, control jars = 2
 Experiment duration: t = 12-24 h (dark)
 Jar volume: V = 3.785 L
 Rotating wheel: 1 rpm
 Temperature: 1 2'C

 B) Single-prey experiments

 Predator: P. bachei (8 mm), P = 1 predator/jar
 Prey types*: A. clausil (CVIY), C. pacificus (NI-CVIY),

 Pseudocalanus sp. (CVI)
 Initial prey densities: No = 50 prey/jar for nauplii

 No = 25 prey/jar for copep-
 odites

 Experimental replicate jars = 4-8, control jars = 2
 Experiment duration: t = 12 h (dark)
 Jar volume: V = 3.785 L
 Rotating wheel: 1 rpm
 Temperature: 12'C

 C) Mixed-prey experiments

 Predator: P. bachel (8 mm), P = 1 predator/jar
 Prey types: A. clausii (CVIY), Pseudocalanus sp. (CVIY)
 Initial prey densities: No = 30 prey/jar of the following

 prey mixtures: A. clausli (CVIY): Pseudocalanus sp.
 (CVIY)

 10:20
 15:15
 20:10

 Experimental replicate jars = 5, control jars = 2
 Experiment duration: t = 12 h (dark)
 Jar volume: V = 3.785 L
 Rotating wheel: 1 rpm
 Temperature: 12'C

 * CVI = copepodite 6 (adult). NI = naupliar stage 1. Co-
 pepod development involves six naupliar stages and six co-

 pepodid stages.

 scored whenever a copepod made physical contact with

 Pleurobrachia's tentacles. This usually elicited the

 ctenophore's handling response, but not in all cases. A

 successful encounter for the ctenophore was scored
 whenever the copepod was ingested. Handling times

 were measured from the initiation of successful en-

 counters until the ctenophores reset their tentacles.

 Prey swimming speeds were estimated from another

 series of videotaped observations (see Greene and Lan-

 dry 1985). These observations of cruising speeds were

 conducted with nauplii swimming in a small (0.075-
 L), temperature-controlled chamber and copepodites

 swimming in a 5.4-L chamber submerged in the aquar-
 ium described above. The temperature was maintained

 between 8?-O100 in both containers, and a Vicon low
 light level illuminator provided infrared illumination

 for videotaping. Infrared light falls outside the typical
 spectral sensitivity range of microcrustacean zooplank-

 ton (Forward 1976), and the copepods did not appear

 to respond to this particular light source. The proce-

 dures for analyzing videotapes to estimate prey swim-

 ming speeds are described by Greene and Landry (1 98 5).
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 FIG. 1. Adjusted clearance rates as functions of prey den-
 sity for Pleurobrachia feeding on adult Acartia and Pseudo-
 calanus. mean adjusted clearance rate on adult
 Acartia (F' = 5.56 L predator-' d-'), --- mean adjusted
 clearance rate on adult Pseudocalanus (F' = 8.35 L preda-
 tor- ' d ' ).

 RESULTS AND DISCUSSION

 Functional response experiments

 Understanding the dynamics of predator-prey sys-

 tems requires quantification of the predator's func-

 tional response to variations in prey density (Solomon

 1949, Holling 1959a, b, 1966, Hassell 1978). Previous

 investigations have shown that ctenophores are ap-

 parently insatiable consumers of copepods (Reeve and
 Walter 1978, Reeve et al. 1978, Kremer 1979, Reeve

 1980). The type 1 functional response of lobate cteno-

 phores increases linearly with prey density even at very

 high food levels. Reeve et al. (1978) have reported that

 the functional response of Pleurobrachia, although ini-

 tially linear, eventually levels off at high prey densities
 due to "mechanical saturation" of the feeding mech-

 anism. This result suggests that the Holling (1959b)

 disc equation may be the proper model to describe the

 functional response curve of Pleurobrachia and other
 cydippid ctenophores.

 The Holling disc equation describes a type 2 func-

 tional response curve (Holling 1959a). Rewritten in

 the terminology of zooplankton feeding studies, it takes

 the following forms:

 Y = T,-D-F' (3)
 Y = (T, - T./) D F' (4)
 Y = [T, - (bY)]DF', (5)

 where Y is the number of prey ingested by the predator

 over time T-,, D is the mean prey density, F' is the

 searching or clearance rate of the predator adjusted for

 the time spent handling prey, T, is the time spent
 searching for prey, T., is the time spent handling prey,

 T, is the total time spent searching for and handling
 prey, and b is the handling time per prey item ingested.

 In terms of an ingestion rate I, Eq. 3 is equivalent to

 the following:

 I= (1 -bY/T1) D F'. (6)

 Two parameters, b and F', must be estimated to

 generate a functional response curve of ingestion rate

 vs. prey density. In most studies to date, both param-

 eters have been estimated by regression techniques ap-

 plied to data from functional response experiments.

 This often yields unrealistic and/or misinterpreted pa-

 rameter values (see Juliano and Williams 1985, Wil-

 liams and Juliano, 1985). In analyzing each series of

 our functional response experiments, we used the mean

 of our observed handling times for that prey type (Ta-

 ble 2) to estimate b, and then solved for F' in each

 experimental replicate (Fig. 1). No significant relation-

 ship was found between adjusted clearance rate and

 prey density in either series (P > .05). Therefore, a

 mean adjusted clearance rate was estimated for Pleu-

 robrachia feeding on each prey type. Functional re-

 sponse curves were constructed with parameter values

 ofF' = 5.56 L-predator-I d-' and b = 32 s for Acartia

 and F' = 8.35 L predator- ' d- ' and b = 66 s for Pseu-

 docalanus (Fig. 2). These curves are extrapolated be-

 yond the prey densities for which we have feeding data

 to illustrate the potential cumulative effect of predator
 handling times. The extrapolations assume that ad-

 justed clearance rates and handling times are indepen-

 dent of prey density over the whole range of food levels.

 These assumptions may be violated at very high den-

 1000.

 PLEUROBRACHIA: ACARTIA A

 s 800

 0 600.
 H

 0 0

 c4OO

 0 20 40 60 80 100

 PREY DENSITY, D ( PREY/LITRE)

 1000.

 _PLEUROBRACHIA: PSEUDOCALANUS B

 800.

 0

 6000.

 0 W 400.

 CL/

 0 20 40 60 80 100

 PREY DENSITY, D (PREY/LITRE)

 FIG. 2. Functional response curves for Pleurobrachia feed-
 ing on: (A) adult Acartia and (B) adult Pseudocalanus.
 corresponds to the Holling type 2 functional response model;
 --- corresponds to the linear, type 1 model.
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 TABLE 2. Prey specifications for laboratory-reared nauplii and copepodites of Calanus pacificus and field-collected adult

 females of Pseudocalanus sp. and Acartia clausii. Estimates of variability are 95% confidence intervals. N/A = not available.

 Relative Relative
 vulner- Mean vulner-
 ability clearance ability
 index, rate by index,

 Mean Suscep- J/j (esti- Pleuro- Vi (esti-
 swim- tibility mated brachia, F,1 mated
 ming to Handling time by from be- (L from pre-

 Dry speed, Pleuro- Pleurobrachia, b~i havioral predator-' dation
 Prey Total length masst u;, brachia, (s, mean and observa- d-', mean experi-

 type (mm) (pg) (mm/s) SI' 95% ci) tions) and 95% ci) ments)
 Calanus pacificus

 NI 0.22 N/A N/A N/A N/A N/A 1.01 ? 0.23 0.12
 NII 0.27 N/A 0.89 N/A N/A N/A 1

 NIII 0.33 0.6t 1.08 N/A N/A N/A 2.50 ? 0.74 0_30
 NIV 0.38 1.2t N/A N/A N/A N/A 2

 NV 0.53 1.7t 1.14 N/A N/A N/A 4.19 ? 1.15 0.50
 NVI 0.61 2.2t 0.93 N/A N/A N/A 4
 CI 0.74 5.5t 0.32 0.80 25.7 ? 5.01 0.11 2.85 ? 0.68 0.34
 CII 1.20* 8.9? 1.21 0.72 63.7 ? 8.45 0.38 4.00 ? 0.76 0.48
 CIII 1.50* 24.8? 2.15 0.70 155.8 ? 34.62 0.65 4.57 ? 1.34 0.55
 CIV 1.80* 60.8? 3.27 0.55 285.1 ? 58.72 0.78 5.41 ? 0.48 0.65
 CV 2.50-2.80* 146.8? 3.85 0.45 1185.5 ? 371.66 0.75 6.23 ? 0.90 0.75
 CVI adult 2.60-3.00* 200.0? 6.74 0.05 1315.0 (N/A, n = 1) 0.15 1.99 ? 0.61 0.24

 Pseudocalanus sp.

 CVI adult 1.70-2.00* 12.5 3.32 0.70 65.6 ? 9.16 1.00 8.35 ? 0.75 1.00

 Acartia clausii

 CVI adult 0.80-1.00* 2.0 1.61 0.75 32.0 ? 4.15 0.52 5.56 ? 0.29 0.67

 * Total lengths from Gardner and Szabo (1982).
 t Dry masses determined from laboratory-reared copepods raised at 12.0?-12.5?C with excess food.
 t J. R. Holt, personal communication.
 ? J. Vidal (1978).

 sities where multiple prey capture events have been

 observed. Nevertheless, the results are compatible with

 the clearance rate data reported at high densities by

 Reeve et al. (1978). The important point illustrated by

 these figures is that the linear, type 1 model is a rea-

 sonable approximation to Pleurobrachia's functional

 response at low prey densities. This justifies our sub-

 sequent use of unadjusted clearance rates in analyzing

 the results from single- and mixed-prey experiments.

 Single- and mixed-prey experiments

 The prey selection exhibited by a predator while

 foraging within a mixed assemblage of prey is deter-

 mined by the relative vulnerabilities of different prey

 types to the predator and the active dietary choices

 made by the predator (Pastorok 1981, Greene 1983,

 Greene and Landry 1985). Our single-prey experi-
 ments were analyzed to determine the relative vulner-

 abilities of the different prey types offered to Pleuro-

 brachia. Clearance rates were used as indicators of

 relative prey vulnerability (Fig. 3). Clearance rates on

 the different developmental stages of Calanus exhibit

 an unusual, bimodal pattern. Clearance rates steadily

 increase through the naupliar stages, drop at the CI

 stage, and then steadily rise again throughout the co-

 pepodid stages prior to another decline at the adult

 stage. Clearance rates on both Pseudocalanus and Acar-

 tia adult females are high relative to most develop-

 mental stages of Calanus. Maximum clearance rates

 ( 8.4 L predator-' d-') were observed for Pseudo-

 calanus females.

 The feeding behavior of Pleurobrachia in mixed-

 prey assemblages can be predicted from the results of

 9.0I
 [PI

 8.0l

 IL 7.0 -

 6.0

 w .- 5.0-
 04

 4 w 4.0-

 LW D

 W 3.0-
 UJC)
 OW

 rr 2.0-

 Z .0

 0
 NII NIIIIV NV,VI CI CHI CIII CIV CV CV1

 DEVELOPMENTAL STAGE

 FIG. 3. Clearance rates for Pleurobrachia feeding on the
 different development stages of 0 Calanus, 0 adult Acartia
 [A] and adult Pseudocalanus [P]. Error bars represent 95%
 confidence intervals.
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 FIG. 4. Results from mixed-prey experiments with Pleu-
 robrachia feeding on mixtures of adult Acartia and Pseudo-
 calanus. Ratios of clearance rates are plotted against ratios of
 initial prey densities. no prey selection (ratio of clear-

 ance rates = 1.0). --- prey selection predicted from single-
 prey experiments.

 single-prey experiments if we assume the ctenophore

 does not make active dietary choices while foraging.

 The results of mixed-prey experiments designed to test

 this assumption are presented in Fig. 4. In all cases,

 the observed ratios of clearance rates were not statis-

 tically distinguishable (P > .05) from the ratios pre-

 dicted from single-prey experiments. We conclude from

 these findings that the assumption is justified, and that

 the results from single-prey experiments can be used

 to predict Pleurobrachia's selection patterns in mixed-

 prey assemblages.

 Behavioral observations

 Quantified observations of zooplanktonic predator-
 prey behavior can provide insight into the mechanisms

 of selective predation (see reviews by Kerfoot et al.

 1980, Greene 1983). Prey swimming speeds, prey sus-

 ceptibilities to the predator, and predator handling times
 were observed and quantified for the different prey

 types offered to Pleurobrachia. Table 2 includes esti-
 mates for these variables as well as other prey speci-

 fications pertinent to our discussion of the mechanisms

 underlying Pleurobrachia's observed patterns of prey
 selection.

 Prey swimming speeds tend to increase with size and

 age (Table 2; Greene and Landry 1985: Fig. 4), a re-

 lationship commonly observed for zooplankton (see

 references in Greene 1983:306). Among the develop-

 mental stages of Calanus, however, we observed a sig-

 nificant decline in swimming speed associated with the

 NVI to CI metamorphosis. The effect of this reduction

 in swimming speed on the relative vulnerability of first

 copepodites to Pleurobrachia is addressed in the Gen-
 eral Discussion.

 Prey susceptibilities to the predator decrease with

 increases in prey size and age (Table 2), also a rela-

 tionship commonly observed in zooplanktonic pred-

 ator-prey interactions (see references in Greene 1983:

 306). This relationship arises from the enhanced escape

 capabilities of prey and reduced handling efficiencies

 of predators as prey get larger.

 Predator handling times increase with prey size and

 age (Table 2), a relationship expected in zooplanktonic
 predator-prey interactions and emphasized in the stud-

 ies by Thompson (1975) and Reynolds and Geddes

 (1984). Estimates of mean handling times were deter-

 mined from at least 10 observations for all prey types

 except Calanus stage CV and stage CVI. For these two

 prey types, successful handling events were so rare (CVI

 adult females) and/or so variable in duration (CV, CVI
 adult females), that conclusions from our limited data

 set must be drawn cautiously. Although the handling

 time estimates fit the general trend, their accuracy and

 precision are questionable. In addition, for these two

 prey types it appears that handling times associated

 with prey that escape prior to ingestion may be of

 greater importance in determining the overall time

 Pleurobrachia spends handling prey. Although adult

 Calanus are relatively invulnerable to 8-mm Pleuro-

 brachia (Fig. 3), long struggles between the two (>20
 min), often culminating in torn tentacles for the cteno-

 phore, can certainly have adverse effects on Pleuro-

 brachia's subsequent feeding success (see Greve 1977).

 General discussion

 Prey selection can be defined as any differences be-

 tween the composition of a predator's diet and the

 availability of prey types in the environment (Ivlev
 1961). Most studies of predation fail to distinguish

 between active behavioral selection, in which a pred-

 ator actively selects and rejects prey, and fixed behav-
 ioral selection resulting from some prey being more

 vulnerable to the predator than others (Pastorok 1981,

 Greene 1983). For predators like Pleurobrachia, where

 there is little or no evidence of active dietary choice
 (Fig. 4), prey vulnerability effectively determines the

 predator's diet. To understand the prey selection pat-

 terns exhibited by such predators, it is important to

 determine the features of predator-prey interactions

 that account for differential prey vulnerability.
 At a given prey density, the relative vulnerability

 (V,,) of a particular prey type i to a given predator j
 can be viewed as the product of the prey's encounter

 rate (E1,) with the predator and subsequent suscepti-
 bility (Scj) to that predator:

 ViJ = Eij - Sjj. (7)

 For a planktivorous predator, encounter rates with prey

 vary with the time spent searching for and handling

 prey, the density and distribution of prey, the percep-

 tive (reactive) volume of the predator, and the swim-
 ming patterns of both predator and prey. Models for

 estimating encounter rates between cruising and am-
 bush raptorial planktivores and their prey have been
 developed by Gerritsen and Strickler (1977) and Gi-
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 guere et al. (1 982). An equivalent encounter rate model

 has not been developed for ambush entangling pred-

 ators like Pleurobrachia. For the purpose of comparing

 relative encounter rates, we propose the following sim-

 ple relationship: Pleurobrachia's encounter rate with

 prey type i is directly proportional to the product of

 the prey's density (Di) and mean swimming speed (0i):

 E,1 = k[D, i]j, (8)

 where k is a proportionality constant with the dimen-

 sions of area, L2. This relationship assumes that other

 factors, such as ctenophore swimming speed and prop-

 erties of the ctenophore's tentacles (e.g., tentacular sur-

 face area, intertentilla distances) do not account for

 differential encounter rates with alternate prey types.

 If these are reasonable assumptions, then Eq. 7 can be

 rewritten as follows:

 Vj = k[Dt]j - Si. (9)

 To test the above relationship, we have reanalyzed

 the results from our predation experiments and be-

 havioral observations, and then compared the two. A

 relative vulnerability index, VJ_ (Greene and Landry
 1985), was determined from predation experiments by

 dividing the mean clearance rate for a given prey type

 by the mean clearance rate observed for the most vul-
 nerable prey type, Pseudocalanus females. Fig. 5 illus-

 trates the behavior of the relative vulnerability index

 for Pleurobrachia feeding on the different prey types

 used in this study. For comparative purposes, super-

 imposed in Fig. 5 are independent estimates of the

 relative vulnerability index determined with data from

 our behavioral observations (Table 2). These were cal-

 culated by dividing the product of the mean swimming

 speed and susceptibility observed for a given prey type

 by the product of the two variables observed for Pseu-

 docalanus females.

 The agreement between the two independent esti-

 mates of prey vulnerability is quite good (Fig. 5). Adult

 Acartia, adult Pseudocalanus, and Calanus copepo-

 dites CI through CIII are all highly susceptible (70-

 80%, Table 2) to Pleurobrachia, and thus differences
 in their swimming speeds largely determine the differ-

 ences in their vulnerability to the ctenophore. Although
 we do not have the susceptibility data to confirm it,

 swimming speeds are probably important determi-
 nants of relative vulnerability in the naupliar stages of

 Calanus, as well, since their escape capabilities tend to

 be weak. The strong relationship between prey swim-

 ming speed and vulnerability to Pleurobrachia appears
 to account for the decline in vulnerability observed at

 the CI stage (Fig. 5), a decline corresponding to the

 significant decrease in swimming speed associated with
 the NVI to CI metamorphosis. The differences in vul-
 nerability for the late copepodites of Calanus (stages

 CIV-CVI adult female) are strongly influenced by both

 prey swimming speeds and susceptibilities. Swimming

 o.0 [PI 1

 >2

 NIAI NIII,IV NV,VI CI CII CIII CIV CV CVI
 DEVELOPMENTAL STAGE

 FIG. 5. Relative vulnerability, V, as a function of prey
 developmental stage for Pleurobrachia feeding on the different
 development stages of Calanus, adult Acartia, and adult Pseu-
 docalanus. The relative vulnerability indices determined from
 predation experiments (circles: 0 Calanus, 0 Acartia [A],
 Pseudocalanus [P]) equal the mean clearance rate for a given
 prey type divided by that observed for the most vulnerable
 prey type, Pseudocalanus adult females. The indices deter-
 mined from behavioral observations (triangles: V Calanus, V
 Acartia [A], Pseudocalanus [P]) equal the product of mean
 swimming speed and susceptibility to Pleurobrachia attack
 observed for a given prey type, divided by the corresponding
 product for Pseudocalanus females. Both estimates of the rel-
 ative vulnerability index for adult Pseudocalanus females
 therefore are equal to 1.0.

 speeds increase during these stages, but, more impor-

 tant, susceptibility drops markedly as Calanus in-

 creases in body size and postcontact escape capability.

 The peak in Calanus' vulnerability to Pleurobrachia

 occurs at the CV stage; adult Calanus are relatively

 invulnerable because they rarely can be handled suc-

 cessfully by the 8-mm ctenophores used in our exper-

 iments.

 The results from our study indicate that Pleurobra-

 chia can consume appropriate-sized prey at rates that

 are roughly proportional to their availability in the
 plankton, and that this consumption is highly selective.

 The former result is consistent with the conclusions

 from most previous studies; the latter is not. In his

 review of the literature on the ecology of Pleurobrachia,

 Fraser (1970) concluded that, "Pleurobrachia is a non-

 selective carnivore, feeding on what is available in the
 plankton." Our results enable us to amend this state-

 ment to the following: Pleurobrachia is a selective car-

 nivore, and its diet is determined by both the relative

 availability and vulnerability of prey.
 This study and a previous study by Bishop (1968)

 provide consistent evidence that Pleurobrachia feeds

 selectively on its copepod prey. Given the many factors
 leading to differential prey vulnerability, we predict

 that selective feeding will be the rule rather than the

 exception among most ctenophore species. If this proves

 to be the case, then future research on ctenophore pre-
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 dation should examine the interaction between selec-

 tive feeding and zooplankton dynamics under different

 sets of environmental conditions. For example, in the

 shallow coastal and estuarine waters common to the

 northwestern Atlantic, irruptions of ctenophores have

 been shown to decimate local copepod populations

 (Kremer 1979, Deason 1982, Deason and Smayda

 1982). The functional and numerical responses of

 ctenophores are destabilizing to the dynamics of both

 predator and prey populations. These responses by the

 ctenophores, in combination with the prey's lack of a

 refuge in shallow water, appear to be responsible for

 the unstable predator-prey dynamics commonly ob-

 served in these environments. Under such conditions,

 selective feeding by ctenophores may strongly influence

 the dynamics, but not obviously alter the qualitative

 structure of the zooplankton assemblage.

 In the deeper coastal waters and fjords common to
 the northeastern Atlantic and Pacific, irruptions of

 ctenophores, particularly Pleurobrachia spp., are also

 commonly observed (Fraser 1970, Hirota 1974, Mills

 1981). In these environments, however, copepod pop-

 ulations are often heavily preyed upon, but rarely dec-

 imated. Apparently, deeper water columns allow the

 predator and prey populations to become spatially de-

 coupled at times, thus providing the copepods with a

 refuge from ctenophore predation. Under such con-

 ditions of predator-prey coexistence, selective feeding

 by ctenophores may have its most obvious effects, al-

 tering both the qualitative as well as quantitative struc-

 ture of the subsequent zooplankton assemblage.

 ACKNOWLEDGMENTS

 We thank the director and staff of Friday Harbor Labora-
 tories for making our research efforts enjoyable as well as
 productive. Special thanks are extended to M. Canino, P.
 Kremer, K. King, C. Ridgeway, and C. Strathmann for as-
 sistance in collecting animals for this study. K. Banse, B. Frost,
 J. Gerritsen, G. R. Harbison, C. D. Harvell, M. Mullin, R.
 Paine, T. Pennington, M. Reeve, and R. Strathmann provided
 critical reviews of this manuscript; we appreciate the con-
 structive comments from each of them.

 This is contribution number 1423 from the School of
 Oceanography, University of Washington. Support for this
 research was provided by grant OCE-8214017 from the Na-
 tional Science Foundation.

 LITERATURE CITED

 Anderson, E. 1974. Trophic interactions among cteno-
 phores and copepods in St. Margaret's Bay, Nova Scotia.
 Dissertation. Dalhousie University, Halifax, Nova Scotia,
 Canada.

 Biggs, D. C. 1977. Field studies of fishing, feeding and diges-
 tion in siphonophores. Marine Behavior and Physiology 4:
 261-274.

 Bishop, J. W. 1968. A comparative study of feeding rates
 of tentaculate ctenophores. Ecology 49:996-997.

 Deason, E. E. 1982. Mnemiopsis leidyi (Ctenophora) in Nar-
 ragansett Bay, 1975-1979: abundance, size composition
 and estimation of grazing. Estuarine Coastal and Shelf Sci-
 ence 15:121-134.

 Deason, E. E., and T. J. Smayda. 1982. Ctenophore-zoo-
 plankton-phytoplankton interactions in Narragansett Bay,
 Rhode Island, U.S.A., during 1972-1977. Journal of Plank-
 ton Research 4:203-217.

 Forward, R. B., Jr. 1976. Light and diurnal vertical migra-

 tion: photobehavior and photophysiology of plankton. Pho-
 tochemical and Photobiological Reviews 1: 157-209.

 Fraser, J. H. 1970. The ecology of the ctenophore Pleuro-
 brachia pileus in Scottish waters. Journal du Conseil, Con-
 seil International pour l'Exploration de la Mer 33:149-168.

 Gardner, G. A., and I. Szabo. 1982. British Columbia pe-
 lagic marine copepoda: an identification manual and an-
 notated bibliography. Canadian Special Publication in
 Fisheries and Aquatic Sciences 62.

 Gerritsen, J., and J. R. Strickler. 1977. Encounter proba-
 bilities and community structure in zooplankton: a math-
 ematical model. Journal of the Fisheries Research Board
 of Canada 34:73-82.

 Giguere, L. A., A. Delage, L. M. Dill, and J. Gerritsen. 1982.
 Predicting encounter rates for zooplankton: a model assum-
 ing a cylindrical encounter field. Canadian Journal of Fish-
 eries and Aquatic Sciences 39:237-242.

 Greene, C. H. 1983. Selective predation in freshwater zoo-
 plankton communities. Internationale Revue der gesamten

 Hydrobiologie 68:297-315.
 . 1985. Planktivore functional groups and patterns

 of prey selection in pelagic communities. Journal of Plank-
 ton Research 7:35-40.

 Greene, C. H., and M. R. Landry. 1985. Patterns of prey
 selection in the cruising calanoid predator Euchaeta elon-
 gata. Ecology 66:1408-1416.

 Greve, W. 1977. Interspecific interaction: the analysis of
 complex structures in carnivorous zooplankton popula-
 tions. Helgolander Wissenschaftliche Meeresuntersuchun-
 gen 30:83-9 1.

 Harbison, G. R. 1983. The structure of pelagic communi-
 ties. Pages 17-33 in P. G. Brewer, editor. Oceanography:
 the present and future. Springer-Verlag, New York, New
 York, USA.

 Harris, R. P., M. R. Reeve, G. D. Grice, G. T. Evans, V. R.
 Gibson, J. R. Beers, and B. K. Sullivan. 1982. Trophic
 interactions and production processes in natural zooplank-
 ton communities in enclosed water columns. Pages 353-
 387 in G. D. Grice and M. R. Reeve, editors. Marine me-
 socosms: biological and chemical research in experimental
 ecosystems. Springer-Verlag, New York, New York, USA.

 Hassell, M. P. 1978. The dynamics of arthropod predator-
 prey systems. Princeton University Press, Princeton, New
 Jersey, USA.

 Hirota, J. 1974. Quantitative natural history of Pleurobra-
 chia bachei in La Jolla Bight. United States National Marine
 Fisheries Service Fishery Bulletin 72:295-335.

 Holling, C. S. 1959a. Some characteristics of simple types
 of predation and parasitism. Canadian Entomologist 91:
 385-398.

 1959b. The components of predation as revealed
 by a study of small-mammal predation of the European
 pine sawfly. Canadian Entomologist 91:293-320.

 1966. The functional response of invertebrate pred-
 ators to prey density. Memoirs of the Entomological Society
 of Canada 48: 1-86.

 Ivlev, V. S. 1961. Experimental ecology of the feeding of
 fishes. (Translated from Russian by D. Scott.) Yale Uni-
 versity Press, New Haven, Connecticut, USA.

 Juliano, S. A., and F. M. Williams. 1985. On the evolution
 of handling time. Evolution 39:212-215.

 Kerfoot, W. C., D. L. Kellogg, Jr., and J. R. Strickler. 1980.
 Visual observations of live zooplankters: evasion, escape
 and chemical defenses. Pages 10-27 in W. C. Kerfoot, ed-
 itor. Evolution and ecology of zooplankton communities.

This content downloaded from 205.225.241.126 on Fri, 07 Apr 2017 17:06:17 UTC
All use subject to http://about.jstor.org/terms



 December 1986 CTENOPHORE PREY SELECTION 1501

 University Press of New England, Hanover, New Hamp-
 shire, USA.

 Kremer, P. 1979. Predation by the ctenophore Mnemiopsis
 leidyl in Narragansett Bay, Rhode Island. Estuaries 2:97-
 105.

 Landry, M. R. 1983. The development of marine calanoid
 copepods with comment on the isochronal rule. Limnology
 and Oceanography 28:614-624.

 Mills, C. E. 1981. Seasonal occurrence of planktonic me-
 dusae and ctenophores in the San Juan Archipelago (N.E.
 Pacific). Wasmann Journal of Biology 39:6-29.

 Olive, C. W. 1982. Behavioral response of a sit-and-wait
 predator to spatial variation in foraging gain. Ecology 63:
 912-920.

 Pastorok, R. A. 1981. Prey vulnerability and size selection
 by Chaoborus larvae. Ecology 62:1311-1324.

 Reeve, M. R. 1980. Comparative experimental studies on
 the feeding of chaetognaths and ctenophores. Journal of
 Plankton Research 2:381-393.

 Reeve, M. R., and M. A. Walter. 1978. Nutritional ecology
 of ctenophores-a review of recent research. Advances in
 Marine Biology 15:249-287.

 Reeve, M. R., M. A. Walter, and T. Ikeda. 1978. Laboratory
 studies of ingestion and food utilization in lobate and ten-
 taculate ctenophores. Limnology and Oceanography 23:740-
 751.

 Reynolds, J. G., and M. C. Geddes. 1984. Functional re-
 sponse analysis of size-selective predation by the notonectid
 predator Anisops deanei (Brooks) on Daphnia thomsoni
 (Sars). Australian Journal of Marine and Freshwater Re-
 search 35:725-733.

 Solomon, M. E. 1949. The natural control of animal pop-
 ulations. Journal of Animal Ecology 18:1-35.

 Sullivan, B. K., and M. R. Reeve. 1982. Comparison of
 estimates of the predatory impact of ctenophores by two
 independent techniques. Marine Biology 68:61-65.

 Thompson, D. J. 1975. Towards a predator-prey model
 incorporating age structure: the effects of predator and prey
 size on the predation of Daphnia magna by Ischnura ele-
 gans. Journal of Animal Ecology 44:907-916.

 Vidal, J. 1978. Effects of phytoplankton concentration, tem-
 perature and body size on rates of physiological processes
 and production efficiency of the marine planktonic cope-
 pods Calanus pacificus Brodsky and Pseudocalanus sp. Dis-
 sertation. University of Washington, Seattle, Washington,
 USA.

 Williams, F. M., and S. A. Juliano. 1985. Further difficulties
 in the analysis of functional response experiments and a
 resolution. Canadian Entomologist 117:631-640.

This content downloaded from 205.225.241.126 on Fri, 07 Apr 2017 17:06:17 UTC
All use subject to http://about.jstor.org/terms


	Contents
	image 1
	image 2
	image 3
	image 4
	image 5
	image 6
	image 7
	image 8
	image 9

	Issue Table of Contents
	Ecology, Vol. 67, No. 6, Dec., 1986
	Volume Information [pp.  1709 - 1722]
	Front Matter
	Announcements
	Demography, Environmental Uncertainty, and the Evolution of Mate Desertion in the Snail Kite [pp.  1445 - 1459]
	Foraging Strategies of Glaucous-Winged Gulls in a Rocky Intertidal Community [pp.  1460 - 1474]
	Body Size, Activity Budgets, and Diets of Sea Ducks Wintering in Newfoundland [pp.  1475 - 1482]
	Temporal Components of Reproductive Variability in Eastern Kingbirds (Tyrannus Tyrannus) [pp.  1483 - 1492]
	Foraging Behavior and Prey Selection by the Ambush Entangling Predator Pleurobrachia Bachei [pp.  1493 - 1501]
	Light-Depedent Dominance and Suppression in Experimental Radish Populations [pp.  1502 - 1507]
	Physiological Controls Over Seedling Growth in Primary Succession on an Alaskan Floodplain [pp.  1508 - 1523]
	Growth and Flowering in Eriophorum Vaginatum: Annual and Latitudinal Variation [pp.  1524 - 1535]
	Role of Anthropochory in the Invasion of Coral Cays by Alien Flora [pp.  1536 - 1547]
	Relation of Michigan's Presettlement Pine Forests to Substrate and Disturbance History [pp.  1548 - 1559]
	Persistence of Lodgepole Pine Forests in the Central Sierra Nevada [pp.  1560 - 1567]
	Multivariate Analysis of Plant Communities and Environmental Factors in Ngari, Tibet [pp.  1568 - 1575]
	Robust Density Estimation Through Distance Measurements [pp.  1576 - 1581]
	Oak Species Attributes and Host Size Influence Cynipine Wasp Species Richness [pp.  1582 - 1592]
	Interactions Among Three Trophic Levels: Gall size and Parasitoid Attack [pp.  1593 - 1600]
	Temporal Variation in Three-Trophic-Level Interactions Among Willows, Sawflies, and Parasites [pp.  1601 - 1607]
	Competition Versus Host Plant Phenotype in Species Composition: Willow Sawflies [pp.  1608 - 1618]
	Premature Leaf Abscission: An Induced Plant Defense Against Gall Aphids [pp.  1619 - 1627]
	Changes in Tree Leaf Quality and Growth Performance of Lepidopteran Larvae [pp.  1628 - 1636]
	Herbivores and Early Postfire Succession in Southern California Chaparral [pp.  1637 - 1649]
	Feeding Rhythms of Gypsy Moth Larvae: Effect of Food Quality During Outbreaks [pp.  1650 - 1654]
	A Test for Competition for Food Among Adult Brachinus Spp. (Coleoptera: Carabidae) [pp.  1655 - 1664]
	Effects of Chemically Contaminated Sewage Sludge On an Aphid Population [pp.  1665 - 1669]
	Trophic Structure in Southern Ontario Streams [pp.  1670 - 1679]
	Effects of Small Impoundments on Hydropsychid Caddisfly Production In Valley Creek, Minnesota [pp.  1680 - 1686]
	Age-Specific Mortality: An Alternative Approach [pp.  1687 - 1692]
	Notes and Comments
	Modelling Non-Monotonic Survivorship Data With Bathtub Distributions [pp.  1693 - 1695]

	Reviews
	Doing the Linnaean Quadrille [p.  1696]
	Caveat Emptor [p.  1697]
	Smith Redux [pp.  1697 - 1698]
	Begon et al. Begin [pp.  1698 - 1699]
	Rocky Shore Ecology [p.  1699]
	The Flowering of Neotropical Ornithology [p.  1700]
	Book and Monographs Received for Review Through August 1986 [pp.  1700 - 1702]

	Ad Hoc Editors of Manuscripts [p.  1703]
	Reviewers of Manuscripts [pp.  1703 - 1708]
	Back Matter



