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ADAPTIVE SIGNIFICANCE OF SPINATION IN
ESTUARINE CRAB ZOEAE!

STEVEN G. MORGAN?
Department of Zoology, University of Maryland, College Park, Maryland 20742 USA

Abstract. Spines of zoeae of the mud crab Rhithropanopeus harrisii apparently have
been selected primarily through predation by small fishes rather than by predatory inver-
tebrates, and do not appear to have evolved either to stabilize the organism or to retard
its sinking. The settling velocity and swimming and sinking behavior of spined zoeae vs.
those with their spines removed were similar. Sinking slowed when the antennal spines
were flared perpendicularly to their resting position, but zoeae do so only when molested.
Only 1 of 10 planktonic and benthic invertebrates preyed on more despined than spined
zoeae, but spines were effective against two fishes that predominate in upper estuaries of
the east coast of the United States where larvae of R. harrisii develop. Spines limited the
size at which planktivorous silversides, Menidia menidia, and opportunistic killifish, Fun-
dulus heteroclitus, began preying on zoeae, but the effectiveness of spines in preventing
predation appeared to diminish with each successive zoeal instar.

Gape-limited fishes apparently exert strong selective pressure for crab zoeae to produce
spines rather than a large unarmed body. Not only do spines increase the size of the zoeae,
but spines are noxious, enhance survival of attacked zoeae, regenerate quickly, and are
effective when partially regenerated. Spined first-instar zoeae were preyed upon by silver-
sides less often than despined second-instar zoeae, in much the same numbers as despined
third-instar zoeae, and more often than despined fourth-instar zoeae. The sharp multiple
spines of zoeae prevented fishes from manipulating their prey for easy ingestion, so that
zoeae often lodged in the pharynxes of small fishes and sometimes killed them. Rhithro-
panopeus harrisii zoeae that were attacked by fishes had the same survival and time to
metamorphosis as zoeae that were not attacked, whereas the shorter spines and larger
bodies of zoeae of the marsh crab Sesarma reticulatum were less effective at preventing
fatalities. Dorsal spines were broken most often during attacks. The partially regenerated
spines of third-, but not fourth-, instar zoeae were as effective as unbroken spines in
preventing predation by silversides.

The effectiveness of spines as an antipredatory adaptation is enhanced, because fishes
apparently detected spines and quickly learned to prefer despined to spined zoeae. Zoeae
did not attempt to evade or escape attacks by fishes, but instead relied on armor and
postcontact antipredatory behaviors for their survival. The differential effectiveness of
spines of marine and freshwater zooplankters at deterring predation by fishes and inver-
tebrates is discussed.

Key words: antipredatory adaptations; body size; crab zoeae; estuaries; fishes; freshwater; inver-
tebrates; predatory-prey interactions; regeneration, sinking; spines.

INTRODUCTION

Planktonic organisms possess an array of possible
morphological, chemical, or behavioral antipredatory
adaptations (Zaret and Suffern 1976, Kerfoot 1977a,
Drenner et al. 1978, Cowden et al. 1984). Spines have
been shown to serve an antipredatory function in fresh-
water plankton communities by deterring copepod pre-
dation on rotifers (Gilbert 1967) and cladocerans (Ker-
foot 1977a, O’Brien et al. 1979). Although spination
is a particularly prominent characteristic of many ma-

! Manuscript received 2 February 1987; revised and ac-
cepted 30 September 1988.

2 Present address: Marine Environmental Sciences Con-
sortium, Dauphin Island Sea Lab, P.O. Box 369, Dauphin
Island, Alabama 36528 USA.

rine planktonic organisms, including diatoms, dinofla-
gellates, radiolarians, cladocerans, rotifers, trocho-
phores, barnacle nauplii, stomatopod larvae, decapod
zoeae and fish larvae, the effectiveness and mode of
operation of this alleged antipredatory adaptation (Le-
bour 1919, Hardy 1956) has rarely been documented
experimentally. Spines also have been hypothesized to
retard sinking by plankters (Hardy 1956, Hutchinson
1967), and to stabilize the organism while swimming
(Weldon 1889) or passively sinking (Fisher 1977).
Considering all plankters, freshwater and marine,
spination is perhaps best developed among brachyuran
zoeae. Crab zoeae are typically armed with rostral,
antennal, dorsal, and lateral carapace, abdominal, and
telson spines, some of which may be longer than the
larva. To demonstrate that zoeal spines could have
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evolved in response to predation, one must (1) use
sympatric predators and prey, (2) show that spines in-
crease the fitness of zoeae, and (3) investigate other
possible functions of spines to determine if they could
have evolved for more than one purpose (Williams
1966, Gould and Lewontin 1979, Vermeij 1982). Fur-
thermore a variety of common predators using differ-
ent modes of feeding should be employed to test the
relative effectiveness of spines. The encounter fre-
quency, the severity of the interaction, and the ability
of the predator and prey to learn to avoid or diminish
the consequences of the encounter all may affect the
rate of evolution of spines.

Here I provide evidence that (1) spines of crab zoeae
probably have evolved to deter predatory fishes rather
than to deter predatory invertebrates, to stabilize zoeae,
or to retard sinking by zoeae; (2) spines rather than
large body size probably have been selected to deter
gape-limited fishes, because they are noxious, enhance
survival of attacked zoeae, and are effective while par-
tially regenerated; (3) fishes can detect zoeal spines and
learn to avoid them; and (4) crab zoeae rely on armor
and postcontact antipredatory behaviors rather than
evasive maneuvers to survive encounters with fishes.

METHODS AND MATERIALS
Selection of experimental organisms

Zoeae of the mud crab Rhithropanopeus harrisii (Fig.
1) were fed to two fishes, the Atlantic silverside (Meni-
dia menidia) and the killifish (Fundulus heteroclitus),
and to 10 common and widely distributed inverte-
brates (Table 1). Mud crabs hatch from April to Oc-
tober in the Newport and Neuse River estuaries, North
Carolina, and the zoeae are found primarily in the
upper estuary in waters ranging between O and 25
g/kg salinity. Silversides are selective diurnal plankti-
vores; they occur primarily in open waters ranging be-
tween 0 and 36 g/kg salinity (Bayliff 1950). Killifish
feed opportunistically on a variety of prey, including
armored prey (Kneib and Stiven 1978), and range
throughout the estuary (Weinstein 1979). Further-
more, the breeding season of the fishes is concurrent
with that of the crabs (Kneib and Stiven 1978, Mid-
daugh 1981), so that zoeae would be subject to larval
fish predation. Thus, both predators should encounter
R. harrisii zoeae frequently.

General methodology

Ovigerous R. harrisii were lured by oyster shells into
traps placed in the Neuse River estuary, North Caro-
lina. Ovigerous marsh crabs, Sesarma reticulatum, were
collected by digging their burrows along the North Riv-
er estuary. Gravid F. heteroclitus were collected with
a 4.6-m seine in tidal creeks at low tide. Gravid M.
menidia were collected with a 15.3-m seine in high-
salinity marshes at low tide in the Newport River es-
tuary. All invertebrate predators were collected by hand
from the Newport River estuary.
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Fic. 1. First-instar zoeae of (A) Rhithropanopeus harrisii
and (B) Sesarma reticulatum.

Eggs of crabs and fishes were hatched in the labo-
ratory and reared on Artemianauplii undera 12 hlight:
12 h dark photoperiod. Crabs were hatched at 25°C
and 25 g/kg salinity. Fishes were hatched at ambient
temperatures and salinities in flowing seawater (=25°
and 30 g/kg). Predators were starved 1 d prior to ex-
perimentation, and fish were fed several drops of Ar-
temia nauplii at the end of every feeding trial to de-
termine if they were still hungry. Only actively
swimming zoeae displaying normal behavior were used
in experiments. The rostral, dorsal, and antennal spines
of R. harrisii zoeae were amputated with a scapel under
a dissecting microscope for experiments requiring “‘de-
spined” zoeae. The naive predators and prey were used
only once.

Adaptive significance of zoeal spines

Sinking and stabilization.—To determine if spines
retard the sinking rate of zoeae, the settling velocity of
first-instar R. harrisii zoeae with (1) their spines am-
putated, (2) antennal spines flared at right angles to the
rostral spine, and (3) antennal spines collapsed along-
side the rostral spine in the normal resting position was
measured after placing them in a 45.7 X 6 X 7.5 cm
plexiglass column. Zoeae descended 15.2 cm before
the settling velocity was measured over the next 30.5
cm. All zoeae were killed by placing them for 1 min
under a hot light, which caused many zoeae to flare
their spines.

To determine if spines stabilize zoeae while swim-
ming or passively sinking, the swimming and sinking
behaviors of spined and despined zoeae were observed.

Invertebrate predation. — To determine if spines
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TaBLE 1. Conditions of feeding trials: size (mean, minimum, and maximum) of 10 planktonic and benthic invertebrate
predators, diameter of culture dishes used for feeding trials, number of crab larvae fed of each species, and number of
replicates.

Predator size (mm)
Taxon/common Mea- Dish size No. repli-
Predator name sure* Mean Min.-Max. (cm) No. larvae  cates

Planktonic
Sagitta hispida Chaetognath L: 7.5 7-8 6 10 19
Eutima mira Hydromedusa W: 5.2 5-8 6 10 15
Mnemiopsis leidyi Ctenophore L: 23.5 17-30 9,19 20 8

Benthic
Styela plicata Tunicate H: 43.3 31-67 19 25 10

w: 23.1 21-26
Aiptasia pallida Anemone BW: 8.1 4-12 9 25 10
TW: 20.5 13-35
Balanus amphitrite Barnacle BW: 12.7 10.0-16.0 6 20 14
H: 8.0 7.2-11.4
Caprella penantis Amphipod L: 5.1 3-8 6 20 18
Palaemonetes pugio Grass shrimp L: 27.2 22.0-30.0 9 40 20
Rhithropanopeus harrisii Crab W: 9.6 8.7-10.8 9 40 20
Geukensia demissa Mussel L: 56.0 48-75 9 40 10

* L = length, W = width, H = height, BW = base width, and TW = distance from tip of tentacle to opposing tentacle tip.

physically prevent predation by invertebrates, inver-
tebrates (see Table 1) were placed in culture dishes and
were allowed to adjust to laboratory conditions for at
least 1 d prior to experimentation. Either 12 despined
or 12 spined R. harrisii zoeae were fed to predators
that were isolated in bowls. Half of the predators were
fed despined zoeae the 1st d, and the other half were
fed spined zoeae first. On the following day, these pred-
ators were fed 12 of the opposite type of zoeae. The
numbers of zoeae remaining after 24 h were recorded
each day. The size of the culture dishes and the number
of larvae used in feeding trials depended on the size of
the predators (Table 1).

Fish predation.—To determine if spines physically
prevent predation by small fishes, despined and spined
R. harrisii zoeae were fed separately (as described above
for invertebrates) to silversides ranging in size from 6
to 20 mm standard length (SL) in 2-mm size class
intervals. All four zoeal instars were used to determine
the effectiveness of spines against predatory fishes as
a function of prey size. In addition, 12 first-instar spined
and 12 despined zoeae simultaneously were offered to
killifish 6, 8, and 10 mm long for 24 h. Ten fishes of
each size class were fed in 6 cm diameter bowls.

Spination vs. large body size as
antipredatory adaptations

Spines vs. body size.— The effectiveness of spines vs.
body size in preventing predation was determined by
feeding (either separately or concurrently) despined
second-, third- or fourth-instar R. harrisii zoeae with
spined first-instar zoeae to silversides capable of feed-
ing on both types of prey. Otherwise the protocol fol-
lowed that previously described for other feeding trials.

Noxious properties of spines.—To determine if long
spines can kill predatory fishes, silversides and killifish
were fed 100 spined R. harrisii (long spines and small
body size), 100 despined R. harrisii, 100 S. reticulatum
(short spines and large body size), Artemia nauplii, or
nothing for 8 d. Twelve replicates each were performed
in 6-cm bowls for 18-mm silversides and 6- and 18-
mm Killifish. Five 40-mm silversides were offered prey
in 10-L containers, but despined R. harrisii and S.
reticulatum zoeae were not offered to fish. The number
of fish surviving was monitored daily. Autopsies were
performed on fish that died during the experiment.

Spine length, body size, and survival. — To determine
if spine length is associated with increased survival and
decreased larval development time for zoeae attacked
by fish, R. harrisii zoeae, bearing long spines on a mod-
erate-sized body, and S. reticulatum zoeae (Fig. 1),
bearing short spines on a large body, were fed sepa-
rately to 18-mm silversides. The total size (spine length
plus body size) of each species was comparable, so that
silversides were capable of ingesting both prey with
some difficulty. Zoeae were removed with a pipet for
rearing following initial attacks and prior to ingestion.

Larval survival and duration to megalopa were de-
termined for 360 freshly hatched zoeae (120 from each
of three hatches) of each species that had not been
attacked by silversides, and compared with 360 that
had. Fifty larvae also were taken from each hatch and
were reared without being introduced to fish. The in-
cidence of spine breakage was recorded for all zoeae
on the 2nd d of the experiment.

Partially regenerated spines.—The effectiveness of
partially regenerated spines (compared with normal
ones) at preventing predation was determined by am-
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putating spines of second-instar zoeae and rearing them
to the third or fourth instar to enable spines to regen-
erate. Second-instar zoeae were operated on because
first-instar zoeae are more sensitive. The partially re-
generated spines of the third instar were shorter than
the regenerated spines of fourth-instar zoeae. Zoeae
with partially regenerated spines were fed to silversides
with zoeae of the same hatch that had not had their
spines removed, following the protocol previously de-
scribed for similar feeding trials.

Detection and avoidance of spines by fishes

Feeding trials. — To determine if fishes can detect
spines and learn to avoid them, feeding trials on (1)
“fish predation,” (2) “spines vs. body size,” and (3)
‘““partially regenerated spines” were repeated, but 12
despined and 12 spined R. harrisii zoeae were fed to
silversides simultaneously rather than on consecutive
days. However, feeding trials on fish predation were
repeated only with first- and fourth-instar zoeae. If the
co-occurrence of spined and despined zoeae results in
fewer despined zoeae being consumed, while the num-
ber of spined zoeae eaten remains unchanged, then
feeding is being inhibited because fish cannot distin-
guish between prey. If fish can distinguish between
spined and despined zoeae then despined zoeae should
be preyed upon in greater numbers when the prey are
offered simultaneously rather than separately. If fish
feed on similar numbers of spined and despined zoeae,
regardless of whether or not they were fed the zoeae
separately or concurrently, then fish are probably un-
able to discriminate between the two prey types.

Behavioral observations. —Fish—zoeal interactions
were observed during the first 10 min of feeding trials
on “fish predation” (except those involving second-
and third-instar zoeae) to provide further evidence that
fish can detect spines and learn to avoid them. The
change in behavior of predator and prey was deter-
mined by comparing the frequency of behaviors in the
first 5 min with those in the second 5 min. The be-
haviors of fishes were quantified using the following
categories: avoidance, attack, capture, ingestion, and
unusual behavior following capture, such as shudder-
ing, loss of upright orientation, sinking, and mouthing
and shaking the zoea.

Antipredatory behavior of zoeae

To determine if R. harrisii zoeae have behavioral
antipredatory adaptations that complement their ar-
mor, zoeae were observed during the first 10 min of
feeding trials while the behavior of fishes was being
examined. Behavior of zoeae was categorized as eva-
sion or spine flaring after an encounter, or escape or
spine flaring after an attack.

Effects of spine amputation on zoeae

Despined zoeae were observed for abnormal swim-
ming behavior, and two types of controls were em-
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Fic. 2. Settling velocity of Rhithropanopeus harrisii with
spines removed, resting in their normal position, or flared
perpendicularly to their body. Error bars show *1 SE.

Despined Spined

ployed to determine the effects of spine amputation on
their survival. First, the survival of despined and spined
zoeae that were placed either separately or together in
bowls without fish was measured after 24 h for a total
of 30 replicates from three different hatches. Second,
a sham operation was performed by amputating an
antennule. These zoeae were fed, separately and to-
gether with spined zoeae that had not undergone an
operation, to 14-mm silversides. Ten replicates were
performed with one hatch of larvae. Only first-instar
zoeae were used for both control experiments because
they are the most sensitive to stress.

Statistical analysis

All data that were a function of fish length were
analyzed by orthogonal polynomial contrasts and the
analysis of variance (Snedecor and Cochran 1980). Lin-
ear and quadratic regression lines were plotted when
a significant regression existed, otherwise data points
were simply connected. The experiment on ‘““spines vs.
body size” was unbalanced because zoeae were fed
separately but not concurrently to the largest size class
of fish. Therefore these last data points were plotted
but not included in the contrasts.

Prey were not replaced during behavioral observa-
tion periods, so all behaviors were expressed as pro-
portions in order to compare prey of differing vulner-
ability at the two time intervals. Thus, avoidances and
attacks were expressed as a percentage of the number
of pursuits made by the fish. Similarly, the ratios of
captures and escapes to attacks, and ingestions and
unusual behaviors to captures were calculated. Non-
significant interaction terms from initial analyses of
variance were omitted and the data were reanalyzed.

All data expressed as percentages were arcsine trans-
formed prior to performing analyses of variance. Dif-
ferences between the settling velocities of the different
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TABLE 2. Analysis of variance comparing number of spined
vs. despined Rhithropanopeus harrisiilarvae surviving after
exposure to invertebrate predation.

Predator df MS F P
Sagitta hispida 1,18 38.00 3.59 .07
Eutima mira 1,14 45.63 29.13 .0001
Mnemiopsis leidyi 1,7 49.00 0.45 51
Styela plicata 1,9 26.45 4.16 .06
Aiptasia pallida 1,9 80.00 1.88 .19
Balanus amphitrite 1,13 5.89 0.13 72
Caprella penantis 1,17 0.44 0.06 .80
Geukensia demissa 1,9 1.13 0.19 .67

types of zoeae were compared using the Student-New-
man-Keuls multiple range test (SNK).

RESULTS
Adaptive significance of spines

Sinking and stabilization. — The elongate spines of
R. harrisii zoeae did not slow sinking unless the an-
tennal spines were flared perpendicularly to the rostral
spine (Fig. 2). Despined zoeae did not sink more quick-
ly than spined zoeae, but they did sink faster than those
with their spines splayed (SNK: df = 2, 147; t = 6.73;
P < .05).

Spines were not needed to stabilize R. harrisii zoeae
while swimming or passively sinking. Despined and
spined zoeae with their spines flared or in the resting
position all sank upside down without oscillating side-
ways. Zoeae often swam erratically after their spines
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were amputated, but they quickly regained normal ori-
entation.

Invertebrate predation. —Spines were not effective in
deterring predation by most invertebrates. Of the 10
invertebrates tested, only the medusa of the hydrozoan
Eutima mira preyed on significantly fewer spined than
despined zoeae (Fig. 3, Table 2).

Fish predation.—Spines prevented silversides and
killifish from preying on R. harrisii zoeae (Figs. 4 and
5, Table 3). Silversides 6 mm long were incapable of
feeding on either despined or spined first-instar zoeae;
12-mm fish consumed all despined zoeae presented,
but consumed few spined zoeae. Nearly all spined and
despined zoeae were eaten by 16-mm fish. Similar pat-
terns resulted from feeding later stage zoeae to slightly
larger silversides, but the effectiveness of spines pro-
gressively decreased for each subsequent instar (Fig.
4). Killifish were smaller than silversides when they
consumed all despined and spined first-instar zoeae
offered (Fig. 5).

Spination vs. large body size as
antipredatory adaptations

Spines vs. body size.—Spines can be more effective
than larger body size at preventing predatory fishes
from preying on R. harrisii zoeae. Spined first-instar
zoeae were consumed by silversides less often than
despined second-instar zoeae, in numbers similar to
despined third-instar zoeae, and more often than fourth-
instar zoeae (Fig. 6, Table 3).

Noxious properties of spines.—Spines can kill small

Spined R. harrisii 7] 5
[ Despined R. harrisii
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Q
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S V]
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FiG. 3.
benthic invertebrate predators. Error bars show *1 SE.

Number of spined and despined Rhithropanopeus harrisii zoeae surviving after exposure to 10 planktonic and
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Number Prey Remaining

® Despined Alone

O Despined Together
A Spined Alone

A Spined Together

[ D

12 14 16 18 20

Fish Length (mm)

FIG. 4. Number of first- (A) to fourth- (D) instar despined and spined Rhithropanopeus harrisii zoeae remaining after 24
h when the two prey types were fed to Menidia menidia either separately or together. Error bars show + 1sE.

fishes attempting to ingest zoeae. All 12 18-mm sil-
versides that were fed R. harrisii zoeae died within 8
d, whereas all fish that were fed despined R. harrisii
zoeae, S. reticulatum zoeae, or Artemia nauplii sur-
vived. Only one starved fish died (on the last day of
the experiment). However, spines did not kill killifish
or 40-mm silversides.

Spine length, body size, and survival. —Crab zoeae
often survived attacks by juvenile fishes, but small zoeae
bearing long spines were more likely to survive than
were large zoeae with short spines. Survival to post-
larva of R. harrisii zoeae was similar regardless of
whether or not they had been attacked by small sil-
versides (df = 2, 6; F=0.12; P = .89) (Fig. 7). Sesarma
reticulatum zoeae have shorter spines and a larger body
than R. harrisii zoeae, and did not survive as well when
attacked by silversides (df = 2, 6; F = 12.01; P = .008).
The larval development time of attacked zoeae was not
extended for either species (Rhithropanopeus: df = 2,
6, F=2.55, P = .16; Sesarma: df = 2, 6, F=1.07, P
= .40).

Crab zoeae that were attacked by fishes were most
likely to suffer broken dorsal spines. The long spines
of R. harrisii zoeae were broken more often than the
short spines of S. reticulatum zoeae, although long spines
protected zoeae better (Table 4). None of the 360 R.
harrisii zoeae attacked by fish was mangled whereas
21 S. reticulatum zoeae were.

Partially regenerated spines.—The partially regen-

erated spines of third-, but not fourth-, instar R. harrisii

were as effective as unbroken spines at preventing pre-

dation by small silversides (Fig. 8, Table 3).
Detection and avoidance of spines by fishes

Feeding trials. — The results of feeding despined and
spined zoeae separately or concurrently to fishes do not

12

-
o o

Number Prey Remaining
)}

0l _a
6 8 10
Fish Length (mm)
FiG. 5. Number of first-instar despined (circles) and spined

(triangles) Rhithropanopeus harrisii zoeae remaining after both
prey types were fed together to Fundulus heteroclitus 6—10
mm long for 24 h. Error bars show *+1 SE.
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TABLE 3. Analyses of variance of number of spined (S), despined (D), or partially regenerated (R) Rhithropanopeus harrisii
zoeae of the indicated instars (Prey) fed either alone or together (Treatment) to Menidia menidia of various lengths.

Source df Ss Source df ss
S1, Dl 6 5757.73 S1, D2 7 1739.88
Prey 1 1810.47*** Prey 1 429.03%**
Treatment 1 1.67 Treatment 1 1.63
Length 1 3763.04%** Length 1 864.61***
(Length)? 1 4.95 (Length)? 1 14.50
PxL 1 48.89** PxL 1 43.51*
P x L? 1 623.16%** P x L2 1 44.20*
Error 233 1020.52 PxT 1 70.53**
S2, D2 7 4881.21 Error 112 1020.03
Prey 1 969.41*** S1, D3 5 796.10
Treatment 1 1.84 Prey 1 40.83
Length 1 3760.72%** Treatment 1 24.30
(Length)? 1 8.80 Length 1 588.61%**
P x L2 1 323.48%* (Length)? 1 82.84%*
TxL 1 28.60* PxL 1 59.51*
PxT 1 31.54* Error 114 1343.60
Error 232 1464.08 S1, D4 5 706.15
S3, D3 7 2564.99 Prey 1 294.53%**
Prey 1 662.48*** Treatment 1 12.03
Treatment 1 243.63%** Length 1 281.25%**
Length 1 1482.25%** (Length)? 1 4.27
(Length)? 1 2.06 PxL 1 72.20*
P xL 1 139.24*** Error 114 1283.72
T x L2 1 140.00*** S3,R3 3 330.27
PxT 1 35.28* Prey 1 4.27
Error 192 1431.89* Length 1 193.60%**
S4, D4 5 1512.72 (Length)? 1 0.30
Prey 1 190.13*** Error 53 506.80
Treatment 1 21.13* S4, R4 5 301.50
Length 1 1095.61%** Prey 1 20.83*
(Length)? 1 109.83%** Treatment 1 145.20%**
P xL 1 96.04%* Length 1 94.61%**
Error 194 926.63 (Length)? 1 3.04
TxL 1 37.81%*
Error 114 500.20

* P < .05 *P<.01,**P<.001.

support the hypothesis that fish can detect zoeal spines.
If fishes can detect spines, then they should have eaten
more despined than spined zoeae when prey were fed
concurrently rather than separately. This result was
obtained in only 1 of 8 feeding trials (Figs. 4, 6, and
8, Table 3). Despined zoeae were eaten less often than
spined zoeae in two trials, and in similar numbers in
the remaining five trials.

Behavioral observations.—Nevertheless, silversides
and killifish both preferred despined to spined R. har-
risii zoeae (Figs. 9—11, Tables 5-7), and therefore they
must be able to discriminate between the two prey
types. Silversides were more likely to avoid first- and
fourth-instar spined zoeae, and to capture, ingest, and
mouth despined zoeae (Figs. 9 and 10, Tables 5 and
6). First-instar despined zoeae were attacked more than
spined zoeae, but only long silversides shook despined
zoeae more frequently. Fourth-instar despined zoeae
were not attacked more often than spined zoeae, but
they were shaken more often. Silversides feeding on
spined zoeae occasionally shuddered, lost their upright
orientation, and sank motionless to the bottom of the

dish with their mouths locked open. Silversides often
shuddered violently several times before they were able
to dislodge the zoeae and resume swimming.

Killifish attacked, captured, ingested, and mouthed
despined zoeae more than spined ones, although they
did not avoid them less (Fig. 11, Table 7). Killifish
shook spined zoeae more frequently than despined
zoeae, which further indicated that they posed greater
difficulties.

Killifish generally experienced less difficulty preying
on spined zoeae than did silversides. Killifish attacked
df=1,118; F=27.98; P < .001), captured (df = 1,
118; F=79.47; P < .001), ingested (df =1, 118; F =
5.6; P = .02), mouthed (df = 1, 118; F = 16.28; P <
.001), and shook (df = 1, 118; F = 16.48; P < .001)
more first-instar zoeae than silversides, but they also
avoided them more (df = 1, 118; F= 12.53; P < .001).

Small silversides and killifish avoided spined and
despined first-instar zoeae less often than did large fish-
es, whereas the numbers of captures, mouthings, inges-
tions, and shakings were greater for larger fishes (Figs.
9 and 11, Tables 5 and 7). Intermediate-sized silver-
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sides attacked first-instar zoeae (Fig. 9, Table 5), and
large silversides shook fourth-instar zoeae, most often
(Fig. 10, Table 6).

Silversides and killifish did not increase their pref-
erence for despined zoeae from the first to the second
half of the observation periods, but instead they learned
to avoid both types of zoeae (Tables 5-7). Fish gen-
erally avoided, attacked, captured, mouthed, and swal-
lowed zoeae less often during the second than the first
half of the observation period (Figs. 5-7). Fishes were
very hungry at the conclusion of the observation pe-
riod, but zoeae always remained uneaten.

Antipredatory behavior of zoeae

Rhithropanopeus harrisii zoeae rarely attempted to
evade or escape attacks by silversides and killifishes
(Figs. 9-11, Tables 5-7), but they did display antipred-
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atory behaviors that complemented their armor. Fol-
lowing vigorous attacks, zoeae increased their size by
flaring their antennal spines and flexing their abdomens
back over the carapace. A pair of spines on the fifth
abdominal somite also became erect when zoeae arched
backwards. Zoeae remained motionless in this position
until fish lost interest, whereupon they collapsed their
spines and resumed swimming.

The frequency of evasion (df = 1, 118; F = 2.02; P
= .16) and escape (df = 1, 118; F = 0.54; P = .46)
from silversides and killifish was similar, but zoeae fed
to killifish flared their spines more often (df = 1, 118;
F =49.7, P < .001). First-instar zoeae attempted es-
capes and flared their spines more when attacked by
fishes of intermediate size classes, but fourth-instar
zoeae evaded and escaped small silversides more often
than large ones (Figs. 9-11, Tables 5-7). Despined zoeae
did not attempt to evade or escape attacks more often
than spined zoeae. Zoeal behavior did not change dur-
ing the observation period.

Effects of spine amputation on zoeae

Both types of controls and behavioral observations
indicated that spine amputation did not significantly
affect the survival or swimming of R. harrisii zoeae.
Survival was not significantly different between spined
and despined zoeae regardless of whether they were
placed in bowls separately or together (df = 3, 44; F =
0.59; P = .627). Nor was survival of zoeae that had an
antennule removed significantly different from those
that were not operated on and fed to 14-mm silversides
(df =1, 26; F = 0.03; P = .862). Finally, fish quickly
consumed all Artemia nauplii that were offered at the
conclusion of every feeding trial, indicating that fish
were still hungry even though zoeae remained.

DiscussioN
Adaptive significance of zoeal spines

Spines of crab zoeae appear to have been selected
primarily to prevent predation by small fishes rather
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panopeus harrisii and Sesarma reticulatum zoeae that were
attacked by Menidia menidia, exposed to fish but not at-
tacked, or not exposed to fish. Error bars show +1 SE.



472

TABLE 4. Occurrence of damage to 360 Rhithropanopeus
harrisii and 360 Sesarma reticulatum zoeae not offered to
Menidia menidia, of zoeae offered but not attacked, and
zoeae attacked by fish.

Not
Damage Control  attacked  Attacked
R. harrisii
Damaged spines 8 7 39
Dorsal 8 7 25
Rostral 0 0 4
Antennal 0 0 10
Mangled bodies 0 0 0
S. reticulatum
Damaged spines 0 0 11
Dorsal 0 0 7
Rostral 0 0 1
Antennal 0 0 3
Mangled bodies 0 0 21

than by predatory invertebrates, and do not appear to
have evolved to stabilize the organism or retard its
sinking. Spines can slow sinking when flared, but I have
seen R. harrisii zoeae splay their spines only when
attacked. Trochophores and rotifers also appear to flare
their spines only after attack (Gilbert 1967, Cowden et
al. 1984, Pennington and Chia 1984). Furthermore,
cladocerans with helmets and longer spines actually
sink faster than nonexuberant forms (Dodson 1984),
so that spines of crustacean zooplankters do not appear
to have evolved to resist sinking.

Like the spines of crab zoeae, the setae of trocho-
phores and the frontal horns of barnacle nauplii did
not deter predation by filter-feeding mussels and tu-
nicates (Cowden et al. 1984). Ctenophores have been
reported to coexist with high densities of crab zoeae
while the copepod population was being decimated
(Cronin et al. 1962, Burrel and Van Engel 1976), in-
dicating that they do not exert a strong impact on larval
populations. However, the shadow response of crab
zoeae (Forward 1986) rather than their spines limits
predation by ctenophores.

The fitness of zoeae clearly is increased because spines
prevent predation by fishes. The size of first-instar R.
harrisii zoeae, from the tips of the dorsal to the rostral
spines, is 2 mm, but without spines the body size is
only 0.4 mm. Thus, spines quintuple the size of zoeae.
Even a small increase in prey size will greatly decrease
the profitability of the prey to a small fish, but will
increase the handling costs to large fish only slightly
(Wemer 1974, Durbin 1979, Hunter 1980, Unger and
Lewis 1983). Indeed, the effectiveness of zoeal spines
in preventing predation appeared to diminish with each
successive instar, despite the constant ratio of spine
length to body size throughout development. However
if alternative prey are available, even adult silversides
and killifish strongly avoid R. harrisii zoeae (Morgan
1986, 1987).

STEVEN G.

MORGAN Ecology, Vol. 70, No. 2

Spination vs. large body size as
antipredatory adaptations

Fishes select the largest manageable prey (Zaret
1980a). The elongate spines of R. harrisii zoeae in-
crease their size in all directions without greatly in-
creasing their visibility to fishes, as would a substantial
increase in body size. Once detected, spines are more
effective than a large body at deterring predation by
gape-limited fishes, because they not only increase the
size of the zoeae but are noxious. The zoeae are de-
fended by multiple sharp spines so that fishes cannot
manipulate the prey for easy ingestion. Zoeae frequent-
ly became lodged in the pharynx of small fish and
sometimes killed the fish, as has also been observed
by Lebour (1919). Only juvenile silversides died while
preying on zoeae, presumably because the large mouths
of’killifish and adult silversides are better able to handle
armored prey.

Long spines absorb the brunt of attacks by fishes and
may break, but otherwise leave the bodies of R. harrisii
zoeae undamaged. Zoeae were sometimes attacked over
30 times in quick succession but still swam away.
Rhithropanopeus harrisii zoeae that were attacked had
the same survival and duration to metamorphosis as
did zoeae that had not been attacked, whereas the short
spines and large body of S. reticulatum were less ef-
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together to small Menidia menidia. Error bars show *+1 SE.
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Analyses of variance of behavioral interactions between spined and despined first-instar Rhithropanopeus harrisii

zoeae (Prey) and Menidia menidia 6-16 mm long (Length), when the two prey types were fed to the fish either alone or
together (Treatment) during two consecutive 5-min periods (Time).

Source df sS Source df SsS
Avoids per pursuit 7 1140.30 Mouthings per capture 9 369.75
Prey 1 227.45%%* Prey 1 549.86%**
Treatment 1 0.71 Treatment 1 31.58*
Time 1 134.50%** Time 1 79.01%**
Length 1 588.02%** Length 1 1806.75***
(Length)? 1 0.02 (Length)? 1 25.88
P x L 1 167.32%** PxL 1 445.77***
Time x L2 1 33.16* P x L? 1 35.47*
Error 472 3175.96 Trt x L2 1 46.93*
Attacks per pursuit 7 2310.63 P x Time 1 39.90*
Prey 1 87.01%** Error 470 3327.76
Treatment 1 132.11%** Shakes per capture 8 1122.72
Time 1 588.20%** Prey 1 5.56
Length 1 1118.06*** Treatment 1 14.26
(Length)? 1 184.57*** Time 1 24.21
Trt x L2 1 68.44* Length 1 755.00%**
Time x L? 1 85.28** (Length)? 1 42.93*
Error 472 5425.64 PxL 1 114.64***
Captures per attack 9 3075.56 P x L2 1 84.17***
Prey 1 761.93%** Time x L 1 37.08*
Treatment 1 13.32 Error 471 3076.69
Time 1 102.28*** Evasions per pursuit 5 24.08
Length 1 1633.15%** Prey 1 0.05
(Length)? 1 1.93 Treatment 1 5.03
PxL 1 476.29%** Time 1 2.55
Trt x L2 1 18.39* Length 1 5.01
Time x L 1 60.76*** (Length)? 1 11.43*
P x Trt 1 20.49* Error 474 1010.64
Error 470 1744.79 Escapes per attack 5 80.49
Ingestions per capture 9 3275.55 Prey 1 18.45%*
Prey 1 895.91*** Treatment 1 26.65%*
Treatment 1 26.53* Time 1 0.19
Time 1 37.38** Length 1 6.79
Length 1 1370.19%** (Length)? 1 28.43%**
(Length)? 1 81.89*** Error 474 1213.10
P xL 1 784.75%** Flares per attack 7 30.93
Trt x L? 1 43.04*** Prey 1 10.77%+*
Time x L 1 22.57* Treatment 1 6.88%**
P x Time 1 39.77%* Time 1 1.30
Error 470 2159.94 Length 1 0.68
(Length)? 1 2.72*
P x L2 1 6.88%**
Error 472 247.84

fective at preventing fatalities. Thus small zoeae de-
fended by long spines are more likely to survive en-
counters with fishes than large-bodied zoeae that are
unprotected or protected by short spines. However,
spine length may be correlated with exoskeleton thick-
ness or rigidity, as it is in cladocerans (Dodson 1984),
which may partially account for the greater survival of
R. harrisii than S. reticulatum zoeae.

Prey that survive attacks often suffer broken spines
(Kerfoot 1977a, Murtaugh 1981, Strathmann 1981,
Vermeij 1982). Dorsal spines were broken most often
during attacks, but they can be entirely regenerated by
R. harrisii zoeae within two molts (Freeman 1983 and
S. G. Morgan, personal observation) even though larval
development includes only four molts over a 12-d pe-
riod at 25°C (Costlow et al. 1966). When all spines

were removed, they did not regain their initial length
but could be as effective as undamaged spines in pre-
venting fish predation. Thus zoeal spines quickly re-
generate, are effective while partially regenerated, and
may cost little to produce because they are composed
only of epidermis, hemolymph, and cuticle (Freeman
1983).

Jacobs (1967, cited in Riessen 1984) has calculated
that the cost of growing helmets and spines to cladocer-
ans also is slight. The decreased survival, fecundity,
and growth rates of cyclomorphic cladocerans (Kerfoot
19775, O’Brien et al. 1980, Riessen 1984) may not be
due to the energy allocated to the production of spines
and helmets as much as to the concurrent lateral
compression of the body, which results in smaller brood
chambers and decreased feeding efficiency (Riessen
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1984). However, the asymmetrical growth of the pos-
terior spines of cyclomerphic rotifers may indicate that
there is a cost to spine production, provided one spine
is as effective as two in deterring predation (Gilbert
and Stemberger 1984).

Detection and avoidance of spines by fishes

Although the visual acuity of larval fish is poorer
than that of adults (Durbin 1979, Li et al. 1985, Hair-

ston et al. 1982, Breck and Gitter 1983, Unger and
Lewis 1983, Neave 1984), small fishes can detect zoeal
spines and rapidly learn to avoid them. Fishes quickly
established a preference for despined zoeae, so that
their behavior during the first half of the observation
period was not significantly different from that of the
second half. Feeding trials designed to test further the
discriminatory behavior of fish were inconclusive, per-
haps because despined and spined prey merely differ
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in the extent of their unpalatability to fishes; the ex-
perimental design may be more effective when pre-
ferred prey are used in opposition to noxious prey.
Fish larvae are apparently capable of detecting spines
and learning to avoid crab zoeae in the field as well as
the laboratory. Alvarino (1980) surveyed the coastal
waters of California for 3 yr and discovered that the
abundance of anchovy larvae was positively correlated

Continued.

with patches of zooplankton containing their prey (co-
pepods, euphausiids), but was negatively correlated with
patches containing crab zoeae. Furthermore, menha-
den, herring, and redfish larvae did not feed on crab
zoeae even though the zoeae often were very abundant
and similar in size to their prey (Mulkana 1966, Marak
1974, Hunter 1980). Aggregations of zooplankters often
may be encountered in patchily distributed plankton
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communities, and could hasten learning by fish to avoid
noxious prey or to take advantage of palatable prey
(Bohl 1982, Dill 1983, Bronmark et al. 1984).

Adult fish also can detect spines, because they have
been observed to nip off the extremely elongate rostral
spine of porcellanid zoeae in the field before ingesting
the zoea (S. Stancyk, personal communication). They
also learn to avoid spined (Hoogland et al. 1957) and
distasteful prey (Kerfoot et al. 1980, Bronmark et al.
1984).

Antipredatory behavior of zoeae

Rhithropanopeus harrisii zoeae do not attempt to
evade or escape attacks by fishes, but instead rely on
armor and complementary behavioral adaptations for

survival. Spine flaring and arching backwards further
increase the size of the zoeae, making it more difficult
for fishes to ingest them. Zoeae remain motionless while
in their defensive posture until fish lose interest. Lind-
strom (1955) also found that fish quickly lose interest
in motionless prey, and other organisms also erect spines
(Cowden et al. 1984, Pennington and Chia 1984), arch
backwards (Magnahagen and Wiederholm 1982), and
remain motionless when attacked (Cowden et al. 1984,
Magnhagen 1985).

Summary of selective pressures for zoeal spines

Zoeal spines were demonstrated in this study to be
effective against two fishes that predominate in upper
estuaries of the east coast of the United States (Mc-
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Erlean et al. 1972, Subrahmanyam and Drake 1975,
Hillman et al. 1977, Weinstein 1979, Boesch and Tur-
ner 1984), where larvae of R. harrisii develop. Plank-
tivorous fishes apparently exert strong selective pres-
sure for crab zoeae to produce spines rather than a
large unarmed body. Spines are noxious, enhance sur-
vival of attacked zoeae, regenerate quickly, are effective
while partially regenerated, cost relatively little to pro-
duce, and do not greatly increase the visibility of zoeae.

Continued.

Fishes apparently can detect spines and quickly learn
to avoid them, which increases the effectiveness of
spines as an antipredatory adaptation and the rate of
evolution of the trait.

Selection for spines in freshwater vs.
marine plankters

Rotifers produce elongate spines and cladocerans
form helmets and tail spines during summer when pre-
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dation by invertebrates intensifies in freshwaters. Hel-
mets and spines increase the hydrodynamic efficiency
of cladocerans, and thereby increase their evasive ca-
pabilities (O’Brien and Vinyard 1978, Grant and Bayly
1981, Barry and Bayly 1985, Mort 1986). However, if
the organism is captured, helmets (especially those
equipped with a horn; Kreuger and Dodson 1981, Hav-
el and Dodson 1984) and tough, inflexible carapaces
(Kerfoot et al. 1980, Williamson 1983, Dodson 1984,
Havel 1985) make it difficult for predatory inverte-
brates to manipulate their prey, which may escape.
Rotifers that rely entirely on spines, a rigid lorica, and
postcontact antipredatory behaviors frequently sur-
vive attacks by predatory invertebrates, whereas those
that rely on evasive maneuvers do not (Szlauer 1965,
Gilbert and Williamson 1979, Gilbert and Stemberger
1984).

Although the helmets and spines of cladocerans deter

predation by copepods, notonectids, midge larvae, and
mysids, they are ineffective against fishes (Dodson 1974,
Kerfoot 1977a, O’Brien 1979, Kerfoot et al. 1980,
O’Brien et al. 1980, Zaret 19805, Murtaugh 1981, Bohl
1982). Kerfoot (1977a) implicated fish fry in the re-
moval of large, long-spined cladocerans from the lit-
toral zone of a lake, permitting the return of small,
fecund, nonexuberant forms. Many other studies have
documented that fishes prefer large cladocerans to
smaller plankters (Zaret 1980a). Only Jacobs (1966,
cited in O’Brien and Vinyard 1978) has reported that
helmeted forms suffer less predation by fishes than
nonhelmeted forms, although he did not identify
whether helmets increased their evasive capabilities or
made them more difficult to swallow.

Why do spines appear to be primarily effective against
invertebrates in freshwaters, and against fishes in ma-
rine systems? The answer lies in differences in the size
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TABLE 6. Analyses of variance of behavioral interactions between spined and despined fourth-instar Rhithropanopeus harrisii
zoeae (Prey) when the two prey types were fed to the fish either separately or together (Treatment) and Menidia menidia
14-20 mm long (Length), during two consecutive 5-min periods (Time).

Source df SsS Source df ss

Avoids per pursuit 6 140.50 Shakes per capture 6 571.42
Prey 1 8.29* Prey 1 138.49%**
Treatment 1 11.87* Treatment 1 103.14%**
Time 1 117.02%** Time 1 135.07***
Length 1 0.06 Length 1 77.46**
(Length)? 1 0.96 (Length)? 1 1.83
Trt x L 1 8.03* Trt x Time 1 58.09*
Error 312 571.19 Error 312 2803.74
Attacks per pursuit 7 576.59 Evasions per pursuit 6 8.24
Prey 1 14.97 Prey 1 0.00
Treatment 1 4.85 Treatment 1 2.61*
Time 1 477.64*** Time 1 1.26
Length 1 10.54 Length 1 3.37*
(Length)? 1 15.11 (Length)? 1 1.26
Trt x L 1 40.06** Error 312 189.92
Trt x L? 1 20.27* Escapes per attack 9 223.66
Error 311 1598.27 Prey 1 0.45
Captures per attack 5 320.00 Treatment 1 0.07
Prey 1 136.35%** Time 1 13.55*
Treatment 1 16.44* Length 1 151.63%**
Time 1 140.40*** (Length)? 1 84.00%**
Length 1 0.20 PxL 1 19.30**
(Length)? 1 14.37 P x L? 1 11.18*
Error 313 1252.41 Trt x L 1 21.07**
Ingestions per capture 5 36.08 Trt x L2 1 15.91**
Prey 1 20.53%** Error 309 643.60
Treatment 1 0.00 Flares per attack 5 2.53
Time 1 1.04 Prey 1 5.53%**
Length 1 3.56 Treatment 1 5.48%**
(Length)? 1 0.66 Time 1 1.34
Error 313 517.94 Length 1 0.13

i 220. (Length)? 1 0.26
gi(e);nhmgs per capture ? (5);2*** Error 313 1263
Treatment 1 5.48***
Time 1 1.34
Length 1 0.13
(Length)? 1 0.26
Error 313 1624.94

and diversity of invertebrate predators, plankter mor-
phology and behavior, and the focus of research in the
two systems.

First, all but one of the marine invertebrates tested
by Cowden et al. (1984) and in this study were suffi-
ciently large to prey on spined larvae. In contrast, fresh-
water invertebrate predators are relatively small in
comparison with their zooplankton prey, so that a slight
increase in the size of the prey provided by helmets or
longer spines is effective at deterring predation.

Second, marine invertebrates are more diverse and
have a wider array of feeding modes, many of which
may readily manage spined zooplankters.

Third, important planktivores in freshwaters appear
to be unimportant in marine waters. Of the predom-
inant invertebrate planktivores in freshwaters (cope-
pods, rotifers, cladocerans, corixids, notonectids,
aquatic insect larvae, and mysids), only mysids and
copepods are abundant in marine waters. Furthermore,
predaceous copepods and mysids simply may be too
small to prey upon zoeae. Although mysids do not prey

on zoeae (Fulton 1982), it is still conceivable that zoeae
without spines would be vulnerable to predation. Pre-
daceous copepods are capable of preying on soft-bod-
ied fish larvae (Lillelund and Lasker 1974, Turner et
al. 1985), although they may not be able to handle the
armor of zoeae.

Fourth, the multiple spines of crab zoeae are more
effective at deterring predatory fishes than the single
fixed spine and helmet of freshwater cladocerans, be-
cause they preclude the possibility of manipulating the
zoea so it can be swallowed easily and painlessly. Al-
though the small body size of rotifers renders them
unattractive to adult fishes, their multiple spines may
deter larval fishes because they operate like zoeal spines.
Like zoeae, rotifers flare spines upon attack, lodge in
pharynxes of predatory rotifers, passively sink with
spines flared once rejected, and then collapse their spines
and resume swimming.

Fifth, the spines of freshwater cladocerans may deter
predation by young fishes even though they are inef-
fective against adult fishes. Bluegill fry in lakes select
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Analyses of variance of behavioral interactions between spined and despined first-instar Rhithropanopeus harrisii

zoeae (Prey) and Fundulus heteroclitus 6-10 mm long (Length), when the two prey types were fed the fish during two

consecutive 5-min periods (Time).

Source df ss Source df sS
Avoids per pursuit 4 190.04 Attacks per pursuit 5 1086.45
Prey 1 0.56 Prey 1 193.94**
Time 1 161.52%** Time 1 739.98%**
Length 1 5.67 Length 1 1.11
(Length)? 1 21.95 (Length)? 1 0.56
Error 113 848.34 PxT 1 139.93*
Captures per attack 4 361.64 Error 112 2882.88
Prey 1 117.01** Ingestions per capture 6 554.04
Time 1 36.86 Prey 1 263.96***
Length 1 194.30%** Time 1 36.61*
(Length)? 1 7.29 Length 1 73.39**
Error 113 1596.51 (Length)? 1 78.74**
Mouthi t 4 754.01 P x L 1 3L.12*
Prgly1 nes per capture 1 562.14%*x P x L? 1 70.64**
Time 1 150.94%* Error 111 801.09
Length 1 33.14 Shakes per capture 5 275.38
(Length)? 1 1.19 Prey 1 207.24%**
Error 113 1761.00 Time 1 47.94
Evasions per attack 4 19.28 Length 1 2.46
Prey 1 8.10 (Length) 1 7.03
Time 1 0.03 P x L2 1 96.18*
Length 1 6.30 Error 112 1574.98
(Length)? 1 4.55 Escapes per attack 4 9.45
Error 113 24.97 Pfey 1 4.30
Flares per attack 4 346.42 Time 1 0.36
Prey 1 329.21%** Length 1 0.38
Time 1 2.31 (Length)? 1 4.28
Length 1 2.93 Error 113 207.40
(Length)? 1 11.78
Error 113 360.65

Bosmina spp. and avoid Daphnia spp. (Werner 1969,
Siefert 1972, Beard 1982). However, despite the con-
siderable attention devoted to predation in freshwaters,
the effectiveness of spines of freshwater zooplankters
against larval fishes apparently has not been deter-
mined.

ACKNOWLEDGMENTS

I thank John Costlow and Daniel Ritschoff for access to
the facilities of the Duke University Marine Laboratory, and
Allyn Powell and Donald Hoss for use of the facilities of the
National Marine Fisheries Laboratory in Beaufort, North
Carolina. I am grateful to Bryan Milstead for assisting with
data analysis and to Estelle Russek for providing statistical
advice. Discussions with Marjorie Reaka refined experimen-
tal protocol. Marjorie Reaka, David Allan, Thomas Cronin,
Stanley Dodson, Nelson Hairston, Jr., Anson Hines, and Geerat
Vermeij critically reviewed the manuscript. The Chesapeake
Bay Foundation funded this research, which was in partial
fulfillment of the Doctor of Science degree at the University
of Maryland, College Park.

LITERATURE CITED

Alvarino, A. 1980. The relation between the distribution of
zooplankton predators and anchovy larvae. California Co-
operative Oceanic Fisheries Investigations 21:150-160.

Barry, M. J., and I. A. E. Bayly. 1985. Further studies on
predator induction of crests in Australian Daphnia and the
effects of crests on predation. Australian Journal of Marine
and Freshwater Research 36:519-535.

Bayliff, W. H., Jr. 1950. The life history of the silverside
Menidia menidia (Linnaeus). Maryland Board of Natural
Resources 90:1-25.

Beard, T. D. 1982. Population dynamics of young-of-the-
year bluegill. Wisconsin Department of Natural Resources,
Technical Bulletin 127:1-32.

Boesch, D. F., and R. E. Turner. 1984. Dependence of fish-
ery species on salt marshes: the role of food and refuge.
Estuaries 7:460—468.

Bohl, E. 1982. Food supply and prey selection in planktiv-
orous Cyprinidae. Oecologia (Berlin) 53:134-138.

Breck, J. E., and M. J. Gitter. 1983. Effect of fish size on
the reactive distance of bluegill (Lepomis macrochirus) sun-
fish. Canadian Journal of Fisheries and Aquatic Sciences
40:162-167.

Bronmark, C., B. Malmgqvist, and C. Otto. 1984. Anti-pred-
ator adaptations in a neustonic insect. Oecologia (Berlin)
61:189-191.

Burrell, V. G., Jr.,, and W. A. Van Engel. 1976. Predation
by and distribution of a ctenophore, Mnemiopsis leidyi A.
Agassiz, in the York River estuary. Estuarine and Coastal
Marine Science 4:235-242.

Costlow, J. D, Jr., C. G. Bookhout, and R. Monroe. 1966.
Studies on the larval development of the crab, Rhithro-
panopeus harrisii (Gould). 1. The effect of salinity and tem-
perature on larval development. Physiological Zoology 39:
81-100.

Cowden, C., C. M. Young, and F. S. Chia. 1984. Differential
predation on marine invertebrate larvae by two benthic
predators. Marine Ecology Progress Series 14:145-149.

Cronin, L. E., J. C. Daiber, and E. M. Hulbert. 1962. Quan-



April 1989

titative seasonal aspects of zooplankton in the Delaware
River estuary. Chesapeake Science 3:63-93.

Dill, L. M. 1983. Adaptive flexibility in the foraging be-
havior of fishes. Canadian Journal of Fisheries and Aquatic
Sciences 40:398-408.

Dodson, S. I. 1974. Adaptive change in plankton mor-
phology in response to size-selective predation: a new hy-
pothesis of cyclomorphosis. Limnology and Oceanography
19:721-729.

1984. Predation of Heterocope septentrionalis on
two species of Daphnia: morphological defenses and their
cost. Ecology 65:1249-1457.

Drenner, R. W., J. R. Strickler, and W. J. O’Brien. 1978.
Capture probability: the role of zooplankter escape in the
selective feeding of planktivorous fish. Journal of the Fish-
eries Research Board of Canada 34:1370-1373.

Durbin, A. G. 1979. Food selection by plankton feeding
fishes. Pages 203-218 in M. Clepper, editor. International
symposium on predator-prey systems in fish communities
and their role in fisheries management. Atlanta, Georgia,
July 24-27, 1978. Sport Fishing Institute, Washington, D.C.,
USA.

Fisher, D. C. 1977. Functional significance of spines in the
Pennsylvanian horseshoe crab Euproops danae. Paleobiol-
ogy 3:175-195.

Forward, R. B., Jr. 1986. A shadow response in a larval
crustacean. Biological Bulletin (Woods Hole) 151:126—140.

Freeman, J. A. 1983. Spine regeneration in larvae of the
crab, Rhithropanopeus harrisii. Journal of Experimental
Zoology 225:443-448.

Fulton, R. S., III. 1982. Predatory feeding of two marine
mysids. Marine Biology 72:183-191.

Gilbert,J.J. 1967. Asplanchna and posterolateral spine pro-
duction in Brachionus calyciflorus. Archiv fiir Hydrobiol-
ogie 6:51-62.

Gilbert, J. J., and R. S. Stemberger. 1984. Asplanchna-in-
duced polymorphism in the rotifer Keratella slacki. Lim-
nology and Oceanography 29: 1309-1316.

Gilbert, J. J., and C. E. Williamson. 1978. Predator-prey
behavior and its effect on rotifer survival in associations of
Mesocyclops edax, Asplanchna girodi, Polyarthra vulgaris,
and Keratella cochlearis. Oecologia (Berlin) 37:13-22.

Gould, S. J., and R. C. Lewontin. 1979. The spandrels of
San Marco and the Panglossian paradigm: a critique of the
adaptationist programme. Proceedings of the Royal Society
of London B 205:581-598.

Grant,J. W.G.,and I. A. E. Bayly. 1981. Predatorinduction
of crests in morphs of the Daphnia carinata King complex.
Limnology and Oceanography 26:201-218.

Hairston, N. G., Jr., K. T. Li, and S. S. Easter. 1982. Fish
vision and the detection of planktonic prey. Science 218:
1240-1242.

Hardy, A. 1956. The open sea: its natural history. Houghton
Mifflin, Boston, Massachusetts, USA.

Havel, J. E. 1985. Predation of common invertebrate pred-
ators on long- and short-featured Daphnia retrocurva. Hy-
drobiologia 124:141-149.

Havel, J. E., and S. 1. Dodson. 1984. Chaoborus predation
on typical and spined morphs of Daphnia pulex: behavioral
observations. Limnology and Oceanography 29:487-494.

Hillman, R. E., N. W. Davis, and J. Wennemer. 1977.
Abundance, diversity, and stability in shore-zone fish com-
munities in an area of Long Island Sound affected by the
thermal discharge of a nuclear power station. Estuarine and
Coastal Marine Science 5:355-381.

Hoogland, R., D. Morris, and N. Tinbergen. 1957. The
spines of sticklebacks (Gasterosteus and Pygosteus) as means
of defense against predators (Perca and Esox). Behaviour
10:205-236.

Hunter, J. R. 1980. The feeding behavior and ecology of
marine fish larvae. Pages 287-330 in J. E. Bardach, J. J.

SPINATION IN ESTUARINE CRAB ZOEAE 481

Magnuson, R. C. May, and J. M. Reinert, editors. Fish
behavior and its use in the capture and culture of fishes.
ICLARM Conference Proceedings. Volume 5. Internation-
al Center for Living Aquatic Resources Management, Ma-
nila, Philippines.

Hutchinson, G. E. 1967. A treatise on limnology: introduc-
tion to lake biology and the limnoplankton. Volume 2. John
Wiley and Sons, New York, New York, USA.

Jacobs, J. 1966. Predation and rate of evolution in cyclo-
morphotic Daphnia. International e Vereinigung fiir theo-
retische und angewandte Limnologie Verhandlungen 16:
1645-1652.

. 1967. Untersuchen ziir Funktion und Evolution der
Zyklomorphkose bei Daphnia, mit besonderer Beriicksicht-
igung der Selektion durch Fische. Archiv fiir Hydrobiologie
62:467-541.

Kerfoot, W. C. 1977a. Implications of copepod predation.
Limnology and Oceanography 22:316-325.

. 1977b. Competition in cladoceran communities: the
cost of evolving defenses against copepod predation. Ecol-
ogy 58:303-313.

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

Kneib, R. T., and A. E. Stiven. 1978. Growth, reproduction,
and feeding of Fundulus heteroclitus (L.) on a North Car-
olina salt marsh. Journal of Experimental Marine Biology
and Ecology 31:121-140.

Kreuger, D. A, and S. 1. Dodson. 1981. Embryological in-
duction and predation ecology in Daphnia pulex. Limnol-
ogy and Oceanography 26:219-223.

Lebour, M. V. 1919. The feeding habits of some young fish.
Journal of the Marine Biological Association of the United
Kingdom 12:9-21.

Li, K. T., J. K. Wetterer, and N. G. Hairston, Jr. 1985. Fish
size, visual resolution, and prey selectivity. Ecology 66:
1729-1735.

Lillelund, K., and R. Lasker. 1971. Laboratory studies of
predation by marine copepods on fish larvae. United States
National Marine Fisheries Service Fishery Bulletin 69:655—
667.

Lindstrom, T. 1955. On the relation fish-size, food-size.
Report of the Institute of Freshwater Research, Drotting-
holm 36:133-147.

Magnhagen, C. 1985. Random prey capture or active choice?
An experimental study on prey size selection in three ma-
rine fish species. Oikos 45:206-216.

Magnhagen, C., and A.-M. Wiederholm. 1982. Food selec-
tivity versus prey availability: a study using the marine fish
Pomatoschistus microps. Oecologia (Berlin) 55:311-315.

Marak, R. R. 1974. Food and feeding of larval redfish in
the Gulf of Maine. Pages 267-275 inJ. H. S. Blaxter, editor.
The early life history of fish. Springer-Verlag, New York,
New York, USA.

McErlean, A. J., S. G. O’Conner, J. A. Mihursky, and C. L.
Gibson. 1972. Abundance, diversity and seasonal pat-
terns of estuarine fish populations. Estuarine, and Coastal
Marine Science 1:19-36.

Middaugh, D. P. 1981. Reproductive ecology and spawning
periodicity of the Atlantic silverside, Menidia menidia
(Pisces: Atherinidae). Copeia 1981:766-776.

Morgan, S. G. 1986. The impact of planktivorous fishes on
the life histories of crabs. Dissertation. University of Mary-
land, College Park, Maryland, USA.

1987. Morphological and behavioral antipredatory
adaptations of decapod zoeae. Oecologia (Berlin) 73:393—-
400.

Mort, M. A.

1986. Chaoborus predation and the function



482

of phenotypic variation in Daphnia. Hydrobiologia 133:
39-44.

Mulkana, M. S. 1966. The growth and feeding habits of
juvenile fishes in two Rhode Island estuaries. Gulf Research
Reports 2:97-168.

Murtaugh, P. A. 1981. Inferring properties of mysid pre-
dation from injuries to Daphnia. Limnology and Ocean-
ography 26:811-821.

Neave, D. A. 1984. The development of visual acuity in
larval plaice (Pleuronectes platessa L.) and turbot (Scop-
thalmus maximus L.). Journal of Experimental Marine Bi-
ology and Ecology 78:167-175.

O’Brien, W.J. 1979. The predator-prey interaction of plank-
tivorous fish and zooplankton. American Scientist 67:572—
581.

O’Brien, W. J., D. Kettle, and H. Riessen. 1979. Helmets
and invisible armor: structures reducing predation from
tactile and visual planktivores. Ecology 60:287-294.

O’Brien, W. J., D. Kettle, H. Riessen, D. Schmidt, and D.
Wright. 1980. Dimorphic Daphnia longiremis: predation
and competitive interactions between the two morphs. Pages
497-506 in W. C. Kerfoot, editor. Ecology and evolution
of zooplankton communities. University Press of New En-
gland, Hanover, New Hampshire, USA.

O’Brien, W. J., and G. L. Vinyard. 1978. Polymorphism
and predation: the effect of invertebrate predation on the
distribution of two varieties of Daphnia carinata in South
India ponds. Limnology and Oceanography 23:452-460.

Pennington, J. T., and F.-S. Chia. 1984. Morphological and
behavioral defenses of trochophore larvae of Sabellaria ce-
mentarium (Polychaeta) against four planktonic predators.
Biological Bulletin (Woods Hole) 167:168-175.

Riessen, H. P. 1984. The other side of cyclomorphosis: why
Daphnia lose their helmets. Limnology and Oceanography
29:1123-1127.

Siefert, R. 1972. First food of larval yellow perch, white
sucker, bluegill, emerald shiner and rainbow smelt. Trans-
actions of the American Fisheries Society 101:219-225.

Snedecor, G. W., and W. G. Cochran. 1980. Statistical
methods. Iowa State University Press, Ames, Iowa, USA.

Strathmann, R. R. 1981. The role of spines in preventing
structural damage to echinoid tests. Paleobiology 7:407-
411.

Subrahmanyam, C. B., and S. H. Drake. 1975. Studies on

STEVEN G. MORGAN

Ecology, Vol. 70, No. 2

the animal communities in two north Florida salt marshes.
Bulletin of Marine Science 25:445-465.

Szlauer, L. 1965. The refuge ability of plankton animals
before plankton eating animals. Polish Archives of Hydro-
biology 13:89-95.

Turner, J. T., P. A. Tester, and W. F. Hettler. 1985. Zoo-
plankton feeding ecology: a laboratory study of predation
on fish eggs and larvae by the copepods Anomalocera ornata
and Centropages typicus. Marine Biology 90:1-8.

Unger, P. A.,and W. M. Lewis, Jr. 1983. Selective predation
with respect to body size in a population of the fish Xe-
nomelaniris venezuelae (Atherinidae). Ecology 64:1136—
1144.

Vermeij, G.J. 1982. Unsuccessful predation and evolution.
American Naturalist 120:701-720.

Weinstein, M. P. 1979. Shallow marsh habitats as primary
nurseries for fishes and shellfish, Cape Fear River, North
Carolina. United States National Marine Fisheries Service
Fishery Bulletin 77:339-356.

Weldon, W. F. R. 1889. Notes on the function of the spine
of the crustacean zoeae. Journal of the Marine Biological
Association of the United Kingdom 1:169-171.

Werner, E. E. 1974. The fish size, prey size, handling time
relation in several sunfishes, and some implications. Jour-
nal of the Fisheries Research Board of Canada 31:1531-
1536.

Werner, R. G. 1969. Ecology of limnetic bluegill (Lepomis
macrochirus) fry in Crane Lake, Indiana. American Mid-
land Naturalist 81:164-181.

Williams, G. C. 1966. Adaptation and natural selection: a
critique of some current evolutionary thought. Princeton
University Press, Princeton, New Jersey, USA.

Williamson, C. E. 1983. Behavioral interactions between a
cyclopoid copepod predator and its prey. Journal of Plank-
ton Research 5:701-711.

Zaret, T. M. 1980a. Predation and freshwater communities.
Yale University Press, New Haven, Connecticut, USA.
1980b. The effect of prey motion on planktivore
choice. Symposium of the American Society of Limnology

and Oceanography 3:594-603.

Zaret, T. M., and J. S. Suffern. 1976. Vertical migration in
zooplankton as a predator avoidance mechanism. Lim-
nology and Oceanography 21:804-813.






