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ABSTRACT: Laboratory and field feeding experiments were conducted to assess the palatability to
predatory reef fish of prepared foods containing natural concentrations of glass spicules from 8 species
of Caribbean reef sponges. Sponge species with high concentrations of spicules in their tissues, and
with variable spicule morphologies, were chosen for the experiments. The presence of spicules did not
alter food palatability relative to controls for any of the sponges tested. Analyses of ash content, tensile
strength, protein, carbohydrate, and lipid content, and total energy content were conducted on tissue
samples from 71 species of Caribbean demosponges from reef, mangrove, and grassbed habitats, and
compared to previously reported data on the chemical defenses of the same species. There was no evi-
dence to support the hypothesis that sponge species with palatable extracts have higher concentrations
of inorganic structural elements, as measured by the mean ash content of their tissues. In addition, the
tissues of palatable sponges were not different from those of chemically deterrent species with regard
to mean tensile strength, protein content, carbohydrate content, and total energy content, but the tis-
sues of chemically defended species did have a higher mean lipid content than those of palatable spe-
cies. Sponges that lack chemical antipredatory defenses do not appear to compensate with structural or
nutritional defenses, but may instead direct energy otherwise used for the production and storage of
secondary metabolites to increased growth and reproduction.
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INTRODUCTION

Tropical reef ecosystems are characterized by high
levels of herbivory and predation (Huston 1985, Hay
1991}, yet these environments are dominated by fleshy,
sessile, benthic invertebrates and plants. The defensive
options available to marine organisms can include one or
several of the following: (1) chemical defenses (demon-
strated for several sponges, corals, tunicates, etc.); (2)
structural defenses, including shells (most gastropods),
spines, pincers (many echinoderms, bryozoans), or
skeletal elements such as an endoskeleton (hard corals),
sclerites (soft corals), or spicules (sponges); (3) tissue
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toughness (as in some holothurians) that may exceed the
abilities of most predators to bite or tear prey; and (4) re-
duced tissue food value that renders prey largely undi-
gestible, including the perfusion of tissue with water
(many cnidarians), calcium carbonate (red and green
algae), cellulose (tunicates) or refractory collagen
(sponges). In the preceding contribution (Pawlik et al.
1995, this issue), we investigated the first of these strate-
gies, chemical defense, as elaborated by 71 species of
Caribbean demosponges. We discovered that 69% of
these species yielded organic extracts that deterred the
feeding of a predatory reef fish, but many very common
sponges produced palatable extracts. In this paper, we
survey the same species of sponges with regard to the
other 3 defensive strategies: structural elements, tissue
toughness, and nutritional quality.
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Structural defenses of terrestrial and marine plants
(‘quantitative’ defenses as defined by Feeny 1976)
have been the subject of noteworthy research; these
defenses include resins and lignins of terrestrial plants
(Rosenthal & Janzen 1979, Coley 1983) and calcified
inclusions of marine algae (Littler et al. 1983, Paul
1992, Hay et al. 1994). For sessile marine invertebrates,
spicules and sclerites are known to play an important
role in colony support (Koehl 1982, Lewis & VonWallis
1991), but their defensive function has been debated.
For example, Harvell et al. (1988) demonstrated that
the addition of sclerites from the coenenchyme tissues
of the gorgonian Pseudopterogorgia acerosa to food
strips reduced their consumption by reef fish in field
assays, but Wylie & Paul (1989) reported that butterfly-
fish preferred to feed on species of the soft coral Sinu-
laria that had the greatest concentrations of large,
sharp sclerites.

Demosponges show considerable diversity of struc-
tural elements; most have siliceous spicules (which can
vary considerably in size and shape, depending on the
species) and proteinaceous spongin fibers (which are
similarly variable), but many have only the latter
(e.g. Verongida, Dictyoceratida) and some have nei-
ther (e.g. some Homosclerophorida) (Bergquist 1978).
Spicules may offer an effective structural defense
against generalist predators, as they do for some gor-
gonian corals (Harvell et al. 1988, VanAlstyne & Paul
1992), but it appears that they are not effective against
some sponge specialists (Randall & Hartman 1968,
Meylan 1988). Proteinaceous spongin fibers may be
indigestible for some generalist predators, and if the
fraction of indigestible material (spicules + spongin) is
too high, predators may not eat the sponge tissue, as
has been found for some herbivores feeding on woody
plants (Mattson et al. 1988) and calcified seaweeds
(Paul & VanAlstyne 1988, Hay et al. 1994). Recent
studies of the interaction of chemical defenses and
food nutritional quality by Duffy & Paul (1992) and
Pennings et al. (1994) revealed that prepared foods
having a high protein content and also containing algal
or sponge metabolites were readily eaten by reef
predators, but low protein foods containing the same
compounds deterred predation. Therefore, if the nutri-
tional value of tissue is sufficiently low, it may offer a
selective advantage to an organism (1) by decreasing
tissue palatability, (2) by increasing the effectiveness
of chemical defenses, and, if the nutritional value is
decreased through the addition of structural elements,
(3) by increasing tissue toughness and resilience to
physical harm. It stands to reason that any defensive
mechanism will have a metabolic cost, so that the
greater elaboration of any combination of chemical
and structural defenses will be counterbalanced by
reductions in growth and fecundity.

Considering the foregoing, one could make the fol-
lowing predictions when examining the relationships
between structural elements, tissue toughness, food
value, and chemical defenses in a suite of Caribbean
demosponges: species with highly deterrent crude
organic extracts (potent chemical defenses) are more
likely to have tissues (1) with fewer inorganic struc-
tural elements, (2) that are less tough, and (3) with
higher food value, than species with palatable crude
organic extracts. To address these hypotheses, we
assembled data on spicule content (as ash mass), tis-
sue toughness (as tensile strength), and nutritional
quality (as protein, carbohydrate, lipid, and energy
content) for 71 species of Caribbean demosponges
and compared these to the data on the chemical
defenses of the same species (Pawlik et al. 1995). In
addition, we tested the capacity of the siliceous
spicules of 8 species to deter predation by offering
prepared foods containing natural concentrations of
spicules to predatory reef fish in aquarium and field
assays.

MATERIALS AND METHODS

Sponge collection and identification. This study was
conducted over the course of 5 research expeditions:
2 on board the RV 'Columbus Iselin’ to the Bahamas
Islands in July 1992 and August 1993, 1 on board the
RV 'Seward Johnson' in October 1994, and 2 at the
National Undersea Research Program facility in Key
Largo, Florida, USA, in December 1992 and again in
May 1994. Portions of sponges were collected by
gently tearing, or when necessary, by cutting tissue
with a sharp knife. Sponges were collected from reef,
mangrove, and seagrass bed habitats. For each spe-
cies, replicate collections were taken from distant sites
to avoid collecting asexually produced clones. Tissue
was immediately frozen and stored at 20°C until used
in subsequent biochemical and tensile strength analy-
ses. Sponges were identified on the basis of spicule
and tissue preparations (DeLaubenfels 1936, Wieden-
mayer 1977, Zea 1987, Kelly-Borges & Pomponi 1992,
R. W. M. VanSoest unpubl.).

Laboratory assays. Aquarium assays were per-
formed as described in Pawlik et al. {1995) on board
the RV ‘Columbus Iselin' using tissue from 5 species
of highly spiculose sponges, representing a range of
spicule types. The species assayed were: Cribro-
chalina vasculum, Geodia neptuni, Mycale laevis,
Neofibularia nolitangere, and Xestospongia muta. A
duplicate assay was performed on different specimens
of the last 3 species, collected from different sites. A
10 ml volume of sponge ectosome tissue (within 1 cm
of sponge surface) was measured by displacement
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into a graduated 50 ml plastic centrifuge tube filled
with 40 ml of water. The water was discarded and the
tube filled with chlorine bleach (sodium hypochlorite,
5.25%). After the solution stopped bubbling (1 to 5 h),
the supernatant was carefully decanted, and fresh
bleach added. This process was repeated until the
addition of fresh bleach resulted in no further bub-
bling (usually 3 treatments), and a pellet of spicules
was left on the bottom of the tube. After the final
treatment, the bleach was decanted and replaced
with distilled water. The distilled water was decanted
and replaced for a total of 3 rinses. After the last rinse,
the water was replaced with a 1.0 M solution of
sodium thiosulfate to neutralize any residual bleach.
After 10 to 15 min, the spicule pellet was rinsed
3 times in distilled water, and then transferred to a
glass scintillation vial.

A mixture of 0.3 g alginic acid and 0.5 g of freeze-
dried, powdered squid mantle in distilled water was
added to each vial containing the spicule pellet from
10 ml of sponge tissue to yield a final volume of 10 ml.
The mixture was gently stirred to homogenously dis-
tribute the spicules in the alginic acid matrix while
avoiding breakage of spicules. The mixture was then
loaded into a 10 ml syringe, the syringe tip was sub-
merged in a 0.25 M solution of calcium chloride, and
the contents of the syringe emptied to form a long,
spaghetti-like strand. After a few minutes, the hard-
ened strand was removed, rinsed in seawater, and
chopped into 4 mm long pellets with a razor blade.
Control pellets were made the same way, but without
addition of spicules. Control and treated pellets were
presented to groups of 3 bluehead wrasses Thalassoma
bifasciatum (1 blue-head phase, 2 yellow phase) held
in each of 10 separate, opaque-sided compartments in
laboratory aquaria, as described in Pawlik et al. {1995).
Excess pellets not used in feeding assays were treated
with bleach as before to yield spicules that were then
examined for breakage.

Field assays. Experiments were performed as
described in Pawlik & Fenical (1992) on shallow
(< 10 m) reefs in the Bahamas. A spicule pellet from
60 ml of sponge tissue was prepared as before (see
‘Laboratory assays') from samples of Agelas clath-
rodes, Chondrilla nucula, Ectyoplasia ferox, Neofibu-
laria nolitangere and Xestospongia muta. For each
species, the spicule pellet was gently homogenized
into a pre-mixed matrix of 1.5 g of carrageenan (Type
I, Sigma) and 3.0 g of freeze-dried, powdered squid
mantle, and brought to a final volume of 65 ml with
distilled water. The mixture was heated to boiling in
a microwave oven (about 1 min on full power), then
poured into plastic molds crossed by lengths of cotton
string that protruded from the ends of the molds.
After the matrix cooled, the total volume of the gel

was 60 ml; approximately 5 ml of volume was lost as
water vapor. The gel was sliced into 1.0 x 0.5 x
0.5 cm strips with a scalpel, each strip having a string
embedded in its center For each experiment, 20
spicule treated and 20 control strips were prepared.
To distinguish treated from control strips, the cotton
string attached to each strip was marked with a small
colored ink spot.

Field assays were based on those of Hay (1984). One
treated and one control strip each were tied to a 50 cm
length of 3-strand nylon rope at a distance of ~4 and
12 cm from one end of the rope (the order was haphaz-
ard). Twenty ropes were deployed on the reef for each
experiment, with the end of each rope opposite the
food strips unwound and clamped onto a piece of coral
or rock. Identifications of fish sampling food strips
were made by consulting Randall (1983) and Humann
(1989). Within 1 h, the ropes were retrieved and the
percentage decrease in the strip length recorded to the
nearest 5%. The Wilcoxon paired-sample test (1-
tailed; Zar 1984) was employed to analyze the results
after excluding pairs for which both control and
treated strips had been either completely eaten, or not
eaten at all.

Measuring ash mass. Frozen tissue samples from
each of 3 or more individuals from each of 71 species
of Caribbean sponges were weighed (wet mass) and
their volume determined by displacement of distilled
water. Samples were freeze-dried for 12 h, weighed
(dry mass), and extracted twice: first in 1:1 dichloro-
methane:methanol for 24 h, then in methanol for 1 h.
The 2 extracts were combined, evaporated on a
warming tray at 60°C and weighed (extract mass).
The extract and extracted tissue were recombined
and ashed at 450°C in a muffle furnace for 12 h, then
weighed (ash mass). This combustion temperature
has commonly been used to ash organic material but
retain water that is bound in mineralized skeletons
(Paine 1964, Harvell & Fenical 1989, Bjorndal 1990).
Ash content was compared with data on the deter-
rency of crude organic extracts from the same
sponge species (Pawlik et al. 1995) to determine
whether a relationship exists between the content of
inorganic structural elements and chemical defense.
Further, the ash mass data were divided into
2 groups, data from sponges with palatable crude
extracts, and data from sponges with deterrent crude
extracts (Pawlik et al. 1995), and significant differ-
ences in the means of the 2 groups determined with
a t-test (Zar 1984).

Measuring tensile strength. Frozen tissue samples of
each of 3 individuals from each sponge species were
allowed to thaw to ~25°C. For each sample, 3 thin, rec-
tangular strips of tissue were cut and the cross-
sectional area estimated by measuring the width and
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thickness to the nearest 1.0 mm. Each strip was
gripped lengthwise at both ends with spring-steel
paper clamps equipped with thin corrugated alu-
minium strips to prevent tissue slippage. The clamp at
one end of the strip was attached to a support, while a
tripour beaker was suspended from the clamp at the
other end of the strip. Distilled water was slowly added
to the beaker until the tissue failed along the measured
cross-sectional area between the clamps. Trials in
which failure occurred at the clamp edge, or obliquely
to the cross-sectional area, were not recorded. Tensile
strength was calculated as follows:

c,=FxA!

where G, is the nominal stress at failure (N m™2), A is
the cross-sectional area (m?), and

F=mxg

where Fis the force (N), m is the combined mass of the
water, beaker, and clamp (kg), and g is gravitational
acceleration, 9.8 m s™%.

The mean tensile strength of 3 tissue strips was com-
puted for each sample, and a mean of the 3 replicate
sample means was taken for each sponge species.
Some species had tissue that was too weak to test using
this method, while others were too strong (the clamps
would slip before the tissue would fail). For 19 species,
the tensile strength of freshly collected tissue samples
was measured using the same techniques, and these
values were comparable to those of thawed tissue from
the same species; therefore, only the data from analy-
ses of thawed tissue are reported herein. Tensile
strength was compared with data on the deterrency of
crude organic extracts from the same sponge species
(Pawlik et al. 1995) to determine whether a relation-
ship exists between tensile strength and chemical
defense. Further, tensile strength data were divided
into 2 groups, those from sponges with palatable crude
extracts, and those from sponges with deterrent crude
extracts (Pawlik et al. 1995), and significant differ-
ences in the means of the 2 groups determined with a
t-test (Zar 1984).

Measuring nutritional quality. The techniques of
McClintock (1987) were adapted to measure the nutri-
tional value of sponge tissue. Frozen tissue samples of
at least 3 individuals from each sponge species were
separately freeze-dried and ground to a fine powder in
a high-speed mill (CRC micro-mill). Subsamples of
powder were weighed and subjected to the following
analyses based on well-established protocols: (1)
NaOH-soluble protein content (Bradford 1976) using
bovine serum albumen as a standard, (2) TCA-soluble
carbohydrate content (Dubois et al. 1956) using glyco-
gen as a standard, (3) lipid content using a gravimetric
technique (Freeman et al. 1957), and (4) total energy

content by combustion in a Parr oxygen bomb calo-
rimeter (as in Dayton et al. 1974). Samples of assay
foods were subjected to the same analyses. Because
potential predators consume tissue on the basis of vol-
ume, rather than mass, all values for protein, carbohy-
drate, and lipid {as mg) and energy content (as kJ)
were expressed on a per volume basis calculated from
the ratio of mean dry mass:volume for each sponge
species (see 'Measuring ash mass'). This standardiza-
tion is particularly important because sponges vary
widely in their density, because of differences both in
spicule mass and in the amount of water present in the
tissues. All 4 values relating to nutritional quality were
compared with data on the deterrency of crude organic
extracts from the same sponge species (Pawlik et al.
1995) to determine whether relationships exist
between these nutritional values and chemical de-
fense. Further, data on nutritional quality were each
divided into 2 groups, data from sponges with palat-
able crude extracts, and data from sponges with deter-
rent crude extracts (Pawlik et al. 1995), and significant
differences in the means of the 2 groups determined
with a t-test (Zar 1984).

RESULTS
Deterrency of spicules

Five species of reef sponges were chosen for
aquarium assays of their spicules at concentrations that
occur naturally in sponge surface tissues (Fig 1), All
5 species have a high density of spicules in their tis-
sues, with a range of spicule sizes and morphologies
(see Figs. 1 & 2). Thalassoma bifasciatum readily ate
spicule-laden food pellets in every case (Fig. 1). Fish
swallowed spicule-treated pellets without any immedi-
ate or long term ill effects (i.e. no flaring of gills or
regurgitation, as seen with food pellets treated with
mildly unpalatable organic extracts, and no negative
effects after several weeks of subsequent captivity).
Spicules were reclaimed from unused food pellets by
treating them with bleach (see 'Materials and meth-
ods’'}) and compared with spicules that had not been
incorporated into food, and there were no obvious
increases in the amount of spicule breakage due to
food preparation.

Field assays of the spicules of 5 sponge species at
natural concentrations also revealed no inhibition of
feeding by a natural assemblage of reef fish (Fig 2).
There was a significant difference in feeding on food
strips perfused with the spicules of Chondrilla nucula
(Fig. 2B), but more bites had been taken of treated
food strips than controls (Wilcoxon signed rank test,
p = 0.04, 1-tailed test). A wide variety of fish fed on
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Fig. 1 Aquarium assay. Consumption
by Thalassoma bifasciatum of food
pellets (mean + SE) containing sponge
spicules at natural concentrations.
Fish consumed all 10 control pellets in
all cases. The number of replicate
assays follows each species name.
Drawings of representative spicule
types are indicated for the first 3 spe-
cies (adapted from Zea 1987), while
spicules of the last 2 species are
shown in Fig. 2. All the spicules are
drawn to the same scale (bar on right),
except for the 2 in the left-most part of
the figure from Geodia neptuni
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treated and control food strips, particularly wrasses
Thalassoma and Halichoeres spp., snappers Ocyurus
chrysurus, parrotfish Scarus and Sparisoma spp.,
grunts Haemulon spp., tilefish Malancanthus plu-
mieri, porgy Calamus spp. and angelfish Pomacan-
thus arcuatus.

Ash mass compared with extract palatability
The ash mass of tissue was determined for all 71
Caribbean sponge species (Fig. 3). The mean concen-

tration (+ SD) of ash was 784 + 84.7 mg ml"! The
composition of the ash varied depending on the

A Agelas clathrodes

B Chondrilla nucula
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/ Geodia neptuni -1

Mycale laevis -2

Neofibularia nolitangere -2

Xestospongia muta -2
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sponge: for most species, the ash residue was com-
posed mostly of glass spicules (e.g. Placospongia
melobesioides, Geodla neptuni, Xestospongia muta),
but in others it was primarily carbonate sand (e.g.
Dysidea janiae) or inorganic salts from the seawater
held by the tissue of some species (e.qg. all Aplysina
and Ircinia spp.). The highest ash mass values were
among highly spiculose species in the tetractin-
omorph families Placospongiidae, Spirastellidae, and
Geodiidae. For the purposes of comparisons with
other studies in which all ash and nutritional values
are expressed on the basis of dry mass, mean values
of extract mass and dry mass per volume are listed in
Table 1
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Table 1. Mean extract mass (mg ml™!) and dry mass (mg ml™!) of the tissue of 71 species of Caribbean demosponges

Species n Extract Dry mass
Agelas clathrodes 5 35 153
Agelas conifera 3 36 180
Agelas dispar 3 31 142
Agelas inequalis 3 39 170
Agelas sceptrum 3 35 154
Agelas wiedenmayeri 3 38 188
Amphimedon compressa 7 37 137
Amphimedon erina 3 33 139
Anthosigmella varians 3 27 144
Aplysina archeri 3 45 156
Aplysina cauliformis 3 44 178
Aplysina fistularis 3 40 187
Aplysina fulva 3 39 148
Aplysina lacunosa 3 34 168
Biemna tubulata 1 35 133
Callyspongia fallax 2 20 164
Callyspongia plicifera 5 21 136
Callyspongia vaginalis 3 26 107
Calyx podotypa 3 32 180
Chondrilla nucula 4 30 176
Chondrosia collectrix 3 24 155
Chondrosia reniformis 3 17 238
Cinachyra alloclada 3 23 186
Cribrochalina vasculum 3 29 180
Diplastrella megastellata 3 40 377
Dysidea etheria 3 37 187
Dysidea janiae 3 29 182
Ectyoplasia ferox 3 36 191
Erylus formosus 3 62 228
Geodia gibberosa 3 22 239
Geodia neptuni 3 23 330
Haliclona hogarthi 3 38 143
Halichondria melanodocia 3 38 127
Hippospongia lachne 3 34 119
Holopsamma helwigi 3 25 153
Iotrochota birotulata 3 25 143

Species n Extract Dry mass
Ircinia felix 3 35 142
Ircinia strobilina 3 29 150
Lissodendoryx isodictyalis 3 23 126
Lissodendoryx sigmata 2 27 68
Mpycale laevis 3 23 132
Mycale laxissima 3 23 156
Myrmekioderma styx 3 35 166
Neofibularia nolitangere 5 25 190
Niphates digitalis 3 31 95
Niphates erecta 3 33 126
Pandaros acanthifolium 3 34 163
Phorbas amaranthus 3 32 120
Placospongia melobesioides 3 26 787
Plakortis angulospiculatus 1 37 118
Plakortis halichondroides 4 43 214
Plakortis lita 3 42 140
Pseudaxinella lunaecharta 3 26 161
Pseudoceratina crassa 3 52 256
Ptilocaulls spiculifera 3 50 160
Ptilocaulis walpersi 3 31 159
Rhaphidophlus juniperinus 3 34 178
Rhaphidophlus venosus 2 27 200
Siphonodictyon coralliphagum 3 42 133
Smenospongia aurea 3 42 171
Spirastrella coccinea 2 27 256
Spongia obliqua 3 24 160
Spheciospongia othella 3 33 317
Spheciospongia vesparium 4 29 334
Tedania ignis 3 20 85
Teichaxinella morchellum 3 44 158
Tethya actinia 3 28 267
Ulosa ruetzleri 3 38 204
Verongula gigantea 3 40 185
Verongula rigida 3 39 135
Xestospongia muta 17 32 171

There was little relationship between ash mass and
chemical deterrency of sponge extracts [deterrency
data from Pawlik et al. (1995); r* = 0.092; Fig. 4A].
Although the slope of the correlation was signifi-
cantly different from zero (p = 0.012), the low coeffi-
cient of determination (r?) indicates that sponges that
lack chemically deterrent organic extracts do not nec-
essarily have a higher concentration of structural ele-
ments in their tissues. The weakness of the relation-
ship was confirmed by comparing the mean tissue
ash mass of sponges that yielded unpalatable vs
palatable crude organic extracts (Fig. 5A, p = 0.16,
t-test).

Tensile strength compared with extract palatability
The tensile strength of 58 of 71 species of sponges was

measured (Fig. 6), with the remaining species having tis-
sue that was either too strong or too weak for an accurate

measurement. Tensile strength vaned widely across
taxa, with a mean value (+ SD) of 8.8 + 15.0 N m=2x 10°.
Sponges with the highest tensile strength included
Ircinia strobilina and Mycale laxissima, both of which
were too strong to measure, and Chondrosia reniformis,
Diplastrella megastellata and Teichaxinella morchellum,
which gave some of the highest tensile strength values.
Sponges in the genera Ptilocaulis and Agelas also had
tough tissue.

There was no relationship between mean tissue ten-
sile strength and palatability of tissue organic extracts
for the 58 species for which tensile strength was deter-
mined (r* = 0.007, p = 0.606, Fig. 4B). Surprisingly,
many of the toughest sponges also yielded the most de-
terrent extracts (Pawlik et al. 1995), including all of the
species referred to in the preceeding paragraph, with
the exception of Chondrosia reniformis. A direct com-
parison of the mean tissue tensile strength of sponges
with palatable and unpalatable organic extracts also
revealed no difference (Fig. 5B, p = 0.62, t-test).
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Nutritional quality compared with extract
palatability

The nutritional quality expressed as protein content,
carbohydrate content, lipid content, and energy con-
tent of sponge tissue for 71 species of Caribbean demo-
sponges is shown in Figs. 7 to 10, respectively. Mean
protein, carbohydrate, and lipid contents (+ SD) of
sponge tissue were 20.7 + 11.6, 3.5 + 2.2, and 114 =
8.1 mg ml™!, respectively (Table 2). There was little
relationship between protein, carbohydrate or lipid
contents and the palatability of organic extracts of
sponge tissue (r? = 0.006, 0.011, and 0.138, respec-
tively; Fig. 11A, B, C). The slopes of the correlations
were not significant for protein or carbohydrate con-
tent (p = 0.402 and 0.313, respectively), but the slope
was significant for lipid content (p < 0.001). The mean
energy content (x SD) of sponge tissue was 2.0 =
0.9 kJ ml™!, and there was also little relationship
between energy content and the deterency of tissue

r

MEAN PELLETS REJECTED

2_0.008

Mar Ecol Prog Ser 127: 195-211, 1995

o]

Fig. 4. Correlation of the deter-
rency of organic extracts with
{A) ash content (n = 71) and (B)
tensile strength {n = 51} of the
tissues of Caribbean sponges

Table 2. Comparison of nutritional quality of prepared foods
used in feeding assays with those of sponge tissue. Values for
prepared foods represent means of triplicate analyses, values
for sponge tissue are means of means from Figs. 7 to 10 for

71 species
Protein Carbohdrate  Lipid Energy
(mgml™Y}  (mg ml content (kJ ml™h
(mg ml™)
Aquarium assay food pellets
13.2 0.5 3.6 1.1
Field assay food strips
8.9 10.6 3.1 1.1
Sponge tissue mean £ SD, n = 71)
207+116 35+22 114+81 2009

(r? = 0.058; p = 0.025; Fig. 11D). When sponges that
yielded unpalatable versus palatable crude organic
extracts were compared with regard to nutritional
quality, there were no differences in mean protein, car-

A B

120 r12

] - 10
100 [] PALATABLE . Fig. 5. Comparison of mean
i . UNPALATABLE _—8 9 (+ SE) ash content (A) and
. 80 x tensile strength (B) of the tis-
€ 1 [ E\'JE sues of sponges that yielded
o 607 6 2 palatable and unpalatable
& ] - crude organic extracts. The
40 [ 4 number of species used in
] [ each comparison is indicated
20 ] s at the base of each bar. There
] 18 m were no significant differ-
] 20 ences in the mean values for
° ASH " TENSILE STRENGTH e either comparison (p > 0.0%,

t-test)



203

Chanas & Pawlik: Defenses of sponges. II. Spicules

sOLX ;. WN ‘ HLON3HLS JSNIL

11

0z
1

o138
L

0 0og

ML jyusboy suojalieH

0z
!

2INSPAUL 0} {RaM 001 M L
‘sanseaw 0} Huodis 00} G, ‘aweu saads yoes 1ajye paredtpur st sajdwes ajeordad jo rdqunu ay 1 sabuods ueaqque) jo sanssn Y3 Jo yibusns apsua], 9 By

01X ;. WN ‘ HIONIYLS JUSNIL

ol

0

£- BSSBID BUIBIEI0PNES 4
aepj||auish|dy
£- Bp1b11 ginbuoitap
¢- 8ojuebyb gnbuoiap
£- esounoey sufsAidy
£- 8AINy BUISA|dy
g- sieinsyy suisAidy
£- spuiojngd suisAidy
£- 1iayog suisAidy
eep|uisAjdy
VAIDNOHIA
esusf vepisAg
81404]8 BOPISAQ
aupiapisAq
¢- gaune gifuodsoueius
SL auyiqons ejudLy
£- Xi1e} B{ufaif
oBPNo3IoY )
¢- enbyqo vibuodg
£- euyos) Bibuodsoddy
eep|fuodg
YAILYH300A101Q
£- edAjopod xAjen
eep||deursoQ
&- Binw Bibuodsojsey
aepjisonad
ML | wnBeydiesos uoAjojpouoydis
£- gloase sejeydiN
£- sielbip setsydiN
£- WNNISBA BUIIBYI0IGIID
£- 8ulie uopewydury
£- 8ssa.dwoo uopewydury
esprieydiN
£~ siisuibea eifuodsAey
£- B1oy01d aibuodsAien
1- xgije) Bjbuodsiiesn
eepyibuodsijen

FE

aupjuoloy ey
VQIH310S0O1dvH
VYHJHOWONILOVHID

ML snsouaa snjydopiydeyy

snupediun{ snyydopjydeyy

£- Wwnjoj1yiuede S0iBpued
eepjuyie|D

Z- ejewbys xAiopusposs[y

(2- syefioipos) xA10puepossiy
i oepyinAn

ML snyuBIBWE SBQIOY

1seqioud

ot

0z

1.

oL
1

sOLX 2 WN ‘ HLDNIHLS FUSNIL

1]

!

£- sjuby sjuspey
aepjluepay

£- 8181N10J[q B1OY20110]

£- 1Gimey suiwesdoloy

aepiuopoewsaq
£- @iebuBljjou BLIBINGIIOON
Z- ejgingn) suwelg

e@p|uwa|g
sl aulss|xa| |8oAW

ML §1AB8] 9[BIAW

aup|jeoiy
vQi4310S0T1030d
£~ XA}s susepopiewIAw
£- 8100p 4 BripuooljeH
eBpjlIpuUoOyd||BH
VAIHANOHOINVH
YHJHOWONILOVHID
L- 8141 sjoxeld
A & soprospuoyayey spoxsid
|T snjemnoidsonbue sjox8|d
i aepjupeld
VQOIHOHJOHITOSOWOH
VHAHOWOHITOSOWOH

1'9+6°06

£- 1ahrwuepam sejeby
£- wnudess sejeby
£- syjenbeuy sajeby
£- i8ds|p sejeby
£- ai3jjuoo sejaby
£- sepoiyles sejeby
eep|sejeby
x019 gysejdof1og
oepyjiedsey
Haiziens 8soin
£- WNj{8yDIOW BI{aUIXBYOIE.L
£- 1S100/8M 511NBOOIId
&- gseyinoids sinedoiid
£- BUBYISBUN] BIIOUIXBPNES S
eep|ljou|xy
YQIM3NIXY
£- SIULIO}jUB. BSOIPUOYD
£- X}4198([09 BISO4PUOYD
£- BINONU Bjj1IpUOYD
aep|isolpuoyn
sapjojsaqojow 8i6uodsorsld
eepjibuodsooe)y
B9U12200 eljeJiselids
£- wnugdsea gibuodsooeyds
¢- gjjayjo gibuodsoroeyds
¢ - slgye)sebow eyjenseidiq
£- sugliea eljawbisoyiuy
asp||jenselds
£- sjupoe eAylel
eep|iAyia)
VAIHIWOHAVH
£- BPBJOO}18 BIAYIBUID
seplneL
YAJHOHJQOHIdS
£- lJumdsu gjpoen
£- 8s040qqIB BIpoeo
£- snsowio} snifsz
aepy)poen
YAILSIHOHD
VYHdHOWONILOVHL3L



Mar Ecol Prog Ser 127: 195-211, 1995

204

aweu sardads yoera 191je pajedipur st sajdwes ajedydar jo roaquunu ay ] 'sabuods uraqquie) jo $aNSSH Y] JO 1UU0D udjolg £ Big

(- lw Bw f NI9LOHd

09 05 Oy Ot 02 O O
1 1 L 1 Loaadane,]

£- @SS58 BUJIBIEI0PNBSH
eep|jjau|sAidy
¢- 8p1B11 ginbuoiep
¢- eajuebfb sinbuosep
¢- @sounougj auisAidy
£- eajny guisAidy
£- saginysy vuisAjdy
¢ sjursofjnea euisAidy
£- (1eyais guisAidy
eep|uisi|dy
VYAIONOH3A
¢- esjuaf BepISAg
p- Bl18Y}0 BOPISAQ
eeplepisia
¢- geune gifuodsovews
£- |upIqos BluLal|
£- Xfie} sjuroif
aeppisaioy)
¢- enbjjqo eibuods
¢- suyoe; gibuodsoddir
eep||Buodg
VQILVH300ALIA
¢- edAjopod xA18D
@ep||deuesdQ
Z- einut gibuodsolsex
aep||soltad
£- wnbeydyyiei00 uokjojpouoydis
¢- 810810 selsydiN
- suenbip sejgudin
£- WNNOSEA BUIIBYI01GIID
p- 8uUle uopewyyduwy
£- 855010100 Uopawydly
eeplieydiN
¢- syyeuibea gbuodsAjed
- gio41011d efbuodsAiied
1- xgj1e; ejbuodsAied
eep)|Buodsi|e)
t- 1yueboy suojdiieH
eep|uojdfieH
vaiy370S01dvH
YHJHOWONILOVHID

1

(- w Bw  NISLOHd
09 0S Ov 0OE 02 O+ O

by

L

|

1 !

p- snsouea snjydopydeyy
b- snupediunf snydopiydeyy
€- WnJo}LIuB28 SOIBPUBY
sepyied
Z- eigwbis xAiopuepossiy
£- sijefjo|pos; xAiopuspossyy
aep|||IxAW
$- SnyjueIBWE SEqIOY]
eep|seq.oyd
€- sjubyj sjuepey
oepliuepat
£- 818IN]j0Iq BIOYI01)0]
£- 16imyay aunwesdojoH
aepjuopjorwseq
£- aseBueyjjou 8rieInNqijoeN
Z- e1gngn} suwalg
eepjuwalg
£- euyssixef oj82AW
£- S|Aae| 61ea AW
oep|le2h
vaI14310S011030d
£- xXAs ewsspopyeuiAy
h £- gjoopouBaW BLIPUOYIIIEH
i 0ep|LIPUOU|IEH
VAIHGNOKJITVH
VYHJHOWONILOVYHID
£- 8lil sjuoxed
£- S3pjoi1puoydyjey S|LIoNBId
1- smeinaydsomnbue sjoxeid
eepiupield
VQIHOHdOH3TOSOWOH
YHJHOWOHITOSOWOH

LI —

W Bw {NiFLOHd

:

L L L L T
—

09 0S5 Oy 0t 02 OL O

——

£- pakewiuepeim seleby
£- wnndeos seieby
£- s{tenbeuy sejeby
£- suds|p selaby
£- 818j1u0? sgjaby
p- SepotyiBl seleby
asup|sejaby
§- X040} giseidoA103
eep|(||edsey
€- 118j801 8S0IN
£- wnjeydIow BifBUIXBYIIaL
£- (siedgm S(INBI0INL
£- sieyinoyds sineooid
£- BuByIBBUN] BljOUIXBPNES
eepj[ieuixy
YOII3NIXY
£- SIWII0}{U8I BISOIPUOYD
£- X14128{{02 BISOIPUOYD
$- 8INONU BiILIPUOYD
aep||soipuoyd
€- sepfojseqojew 816u0dsoo8|d
eepyjbuodsooeld
Z-88uj2202 BljensBIdg
¢- wnyedsea sibuodsoloeyds
£- Bjjeyjo eibuodsojoeyds
€ - sisy1eysebow Biie1s8idIg
¢- suBLIBA Bljowbisoyiuy
aepy|lesselds
- eunoB 8AYISL
eepiAyleL
YQaiH3IWOHavH
£- BpBIoOJ8 BiAYIBUID
oeepfneL
VOIHOHJOBIIS
£- tunideu sipoen
¢- 85018qq|b6 81poe
¢- snsowioj snjAig
eep|ipoen
VQILSIHOHD
YHJHOWONILOVH131




205

Chanas & Pawlik: Defenses of sponges. 1l. Spicules

awreu saads yoea 1a33e pajedtpul st sojdwes ajedridal jo Jeqwnu oy ‘sebuods ueaqqrie)) jo sanss} 9yl jo JuUdjuod ajeipAyoqie)) g ‘Hig

,-lwBw ¢ 31vHaAHO8HYD

pL CL OL 8 9 v T
[ DTS DU FUUS VOUS UI |

o}

1

£- BSS81D BUJIBISIOPNESH
aep|@uisA|dy
¢- epBs Binbuoiep
¢- gajueb)b einbuoiep
¢- esounde} suisAidy
£- 8AIny BuisAidy
£- spgnysy suishidy
£- snwiosinea suisAidy
£- 1ayo18 suisAidy
avpju|sA|dy
VYAIONOYHIA
£- egjuB| eapisAg
£- BlieY1a BopIsAqQ
aepjap|sAg
¢- eaung gifuodsousius
£- BUIqONS BlULDIL
£- X|f8) Ul
aeplioeJoyl
¢- enbyqo gifuods
£- auyog| Bibuodsoddiy
aap||buodg
vaILYH3ID0ALOI0
¢- edfiopod xAjeD
eepi|dBuBaI0
¢- 8inw gfbuodsojsex
aep||sollad
¢- wnbeydyjai0o uoAlapouoyd|s
£- eJoe4e seleydiN
¢- s/181bip se1sydiN
£- WNINOSBA BUNBYD0IGIID
£- gupe uopewydwy
£- 8ssasdwoo uopewydwy
aepieudIN
v- syeutbea gibuodsAje)
£- ei8}jo1d sifuodsAieD
1- xgy18; 8ibuodsAy8)
aepbuodsiynen
¢- 1yrseboy uoojiar
2BpIUOIdlIBY
vaig310SONdVH
YHJHOWONILOVHIO

(- wBw ¢ 3)vHAAHOGHYD

vL 2L 0L 8 9 ¢v Z 0

1 Loyl L s 1 1 1

£- snsouaa snjydopiydeyy

¢- snuyediun{ snjydoprydeyy

€- WnjojyIuea8 so18pued
aepilyie|n

Z- e1gwbs xA10pusposs)y

£- S)BAoIpos) xA10puspossty
aeplIXAW

£- SnyjuBIEWE SBQIOUd
eep|seqioyd

£- siubj Bjugpey
oepliuepal

£- B181M1041q BIOY20110]

£- 16imjey BuiwesdojoH
aepjuop|oewsaq

¢- asabuejjjou BuBINGIOBN

Z- ejeingn} suwalg
eepluwalg

£- ewyssixel ajeohyy

£- S|Ae8| 31824
eepjiedAN
vdi4310S0U030d

£- xA1s auriepopjeuwr Ay

v“ £- BIoOpOUBIBW BIIDUOYD(IBH

eepilpuoydijeq
VAIHANOHOITVH
VHdHOWONLLOVHID
£- Bli} Spi0xeld
£- S6pj0IpUOYIIIBY SILIONEId
1- smenoidsonbue spioxeid
eeplupield
VYQIHOHdOH3TOSOWOH
YHdHOWOY3TOSOWOH

\- B * 31vHAAHOBHYD

vL ¢L 0L 8 9 ¢ ¢
[ B Y FUO D |

0

1

£- ehauwuepem sejeby
£- wnndeos sajeby
¢- syanbauy sejeby
£- Jedsip sejeby
£- 8184ju02 SBiabYy
£- seponyieia sejeby
eep|sajeby
£- xo04aj gjseidof}og
aep|||ledsey
£- 18| Zans BSOIN
£- WwnjjeyoIow 8ijauixeysse
£- 1S1adjem s|nesojd
£- es0inopds sjnesolfid
€- BlLIBYOOBUN] BijOUIXEPNEST
osp|||surxy
YAIT3NIXY
£- SIWI0}jUus] BISOIPUOHD
£- X14198]02 BISOIPUOYD
£- enonu efjripuoy)
eepyisoipuoyd
8/6uodsoasly
aep|Buodsooelgd
Z- 89U}2200 BfjeN}S8IdS
¢- wniedsea gifuodsojoeyds
€- 8j1ayjo gjbuodsojoeyds
¢ - eigjielsebsw jienseidiq
£- susjeA sljowbisoyiuy
eep|jenselids
£~ guyjoe BAYay
aepriAyte),
YaliHIWwosavH
¢- 8pBjoojje iAyoBuD
aepl|InaL
YQIHOHJOYHIdS
£- junydsu gjpoen
€- s012qqib Bipoen
€- snsowuoj snjlig
aeppoan
VQILSIHOHD
VHdHOWONILOVHLIL




Mar Ecol Prog Ser 127: 195-211, 1995

206

ov

sureu sadads yora 19330 paredipul st sajdwes ajeandal jo raqunu 3y, ‘sabuods ueaqque)) jo sanssiy ayi Jo watuos pdig g b

LJwBw ‘aidin
(11 0z oL 0

L 1 1 Il

€- BSS81D BUJIBIBI0PNESY
eep|lauisAjdy
£- 8p1by1 synbuociap
¢- eojusbif einbuosap
£- esounsey suisAidy
&- aAny suisArdy
¢- sjignysyy suisAidy
£- sjuoynes auisAidy
£- 11eyasa euisAidy
espju|sAjdy
YAIONOHIA
£- epjusf BopisAqg
b~ BLIOYLE BODISAQ
eep|apisia
¢- geuns gifuodsousws
£- 8UIIqONS BjUfAI|
£- Xji8} Bjufd4}
aeppoaloy)
¢- enbyqo eifuods
g- euyowy sjbuodsoddy
eep|Buodg
vaiLvH300ALOI0
¢- 8dAjopod xA1en
eep||deueasQ
g- ginw gibuodsolsey
aeplisolled
&- wnbeydjjjaioo uoAjojpouoyd|s
£- g1oo10 sejaydin
- sieibip se1eydiN
£- WNINISBA BUIEBYIOIGID
p- Bul1e uopeuwlydiny
£- Bssasdwoo uopaunydury
eeplieydiN
5- sysuiben eibuodsAje)
- 884y BiBUODSAYED
1~ xayjgy gifuodsAyen
aepyBuodsA(e)
¢ 1yLeboy vuojojey
eep|uo|oleH
¥al4370S01dvH
VHdHOWONILOVYHID

ov

s

W Bw faidin

0t

L

414

ol

L 1

o

p- snsouea sniydoppydeyy
p- snupsediunf snjydopydeyy
£- WNJ104j4IUBI8 SOIBPUBY
eeplyIEID
Z- e1gwibs xA10puepossiy
£- syefjojpos| xAiopuapossiy
aepl|IXAN
§- SNYIUBIGWE SBAIOYS
eep|seqIoyd
£- sjuby Biugpay
oeplluepa]
£- 818njo1q BjOYI010f
¢- 1Bmpey swwesdoroy
aepjuopaBwsaqg
£- esabueyjou BlIBINGJO0BN
Z2- aigingm suwelg
eepluwolg
£- BWISSIXBf 6182AN
£- S1Ae8] 8182AW
i oepleady
i vaI43108011030d
B £- Nuéh QE\WbQ\XﬁEfA:
..“v €- BI20POUB[oW BLIPUOYDIIBH
i e8pIPUOYDIIBH
i YQIMANOHDITYH
i VHJHOWONILOVHID
i £- 8l sjioxNBld
£- Sapjoipuoloiiey spIoxeld
£~ smenoidsoinbue spioxeld
i oeplueld
YAIHOHJdOHY3T10SOWOH
YHIHOWOH3TOSOWOH

Lfwbw ‘aidin

og
L

0z
I

oL
1

0
]

£- ushpwuepam sgieby
&~ wnydeos sejeby
£- syjenbeuy sejeby
£- 1edsip sejeby
€- B194ju03 sejeby
p- sapouiyeo sejeby
oup|selaby
§- x0164 B|S8]dOAIOT
oepj|(ledsey
£- {18jz19Nn4 BSOIN
£- wnpeyiow sijeuixeyole)
£ 1Si0diBMm SIINBIOYLd
£- giinoids syneaoiid
£- BLIBYDIOBUN] BljOUIXBPNESH
oepy|jaupy
YAIIENIXY
£+ SIWI0UBI BISOIPUOYD
£- X{1109]{00 BISOIPUOYD
- BIN3NU Blj1IpUOYD
8Ep](SOIPUOYD
£- sapyoysaqojew ejfuodsoos|d
eepi|fuodsoosiy
Z-88UI220D 8ija1isalds
£- wnysedsan sibuodsoroeyds
£- ayeyjo sifuodsooeyds
€ - e1gjie1sebow sp1eseidig
¢- suesea eliewbisoyjuy
eBpy(|eisBIIdS
€£- 8juj108 8AYI6]
eep|lAuleL
VYAIH3WOHGOVH
£- 8pej20yie BIAYOBULD
aeplnpes
YOIHOHdOHIdS
£- jumdeu gipoen
£- 85049qq6 81poen)
£- snsouusoy snjluz
sep|ipoey
vQILSIBOHD
VHJHOWONILOVHLIL



207

Chanas & Pawlik: Defenses of sponges. 1I. Spicules

swreu saads yoes 191je pajedrpur st sajdwes ajedrdal jo raqunu ay] ‘sebuods ueaqque)) jo sanssy ay) jo yusjuod Abrsug o1 Big

Wy CINIFINOD ADHANT

g9 S v € 2 L0
1 1 L 1 1 ! I

£- 8SS810 8uUjjBIRO0PNESd
aapjieutsi|dy
¢- epyB11 enbuoiep
£- gajuebib einbuosap
£- gsounoef uisAidy
¢- aajny euisAidy
£- sjieinysy suisAidy
£- Sjwiojynes suisAidy
€- (1eyoun BuisAidy
oepjuisA|dy
YAIONOHIA
£- oBjuBf BOpPISAQ
£- elioyle vepISAg
aBplepisAa
¢- goune gibuodsouews
£- BUIQOAIS BIUIOI|
£- X}18} eusolf
amppoesoyl
¢- snbjjqo Bifuods
£- suyosj 8ibuodsoddiy
eep|ibuods
VQILYH3D0ALIQ
¢- edAjopod xAjeD
espjjdeueesp
¢~ 8inw eibuodsolsex
eep||soJiod
©- wnbaydyjei00 uod}ajpouoydis
£- 810049 SOIBYIN
- sienbip salaydiN
£- WNINOSBA BUJIBYD0IqQIID
£- gule uopeunydwy
¢- gssaidwod uopauiyduy
sepBudiN
¢- syeusbea elbuodsAjjed
£- eso104d BibuodsAied
1- xejjs} eibuodsAyen
aepy|Buodsijen
¢- iyueboy euojoyer
CLT DRI
vai4370S0OdVH
VHJHOWONILOVYHID

WY CANILNOD ADHANI
g & ¢ € T 3

1 1 1 1 L 1

v}

£- snsouea snmydopiydeyy

£- snupedjunf snydopiydeyy

£- WNo}11UBIE SOIBPUEY
eepiiyied

2Z- ejewbis xAiopuepossyy

€- Si1aA10ipos| xAiopuspossi
aeplixAn

£- snyuesBLE SEqIOYd
eep|seqioyd

¢- s1uby juspa
aspljuepa

£- 818|njoNq 810420110}

¢- 1bimioy ewwasdojor
eepluop|oBwSaqg

£- Q\DQEN&EQC BlgINqQIoeN

Z- 818Inqn} BUWelg
eepjuwalg

£- eussixa} o[eoAw

£- sineay erea
aepj|edAn
vaiy3108011030d

£- XAis BuriapoyeuIAN

“ £- BIoOpOUSIOW BIIPUOYIIIBH

eepjlapucyaj|sy
VAIYANOHDITVH
YHJHOWONILOVHIO
£- 8jj} s1Hox8ld
£- Sepioipuoyajjey S|I0NBId
1- smenoydsonbue sjoxeld
eeplupiBid
YQAIHOHJOH3INOSOWOH
YHJHOWOHITOSOWOH

- CIN3LNOD ADHINT

9 § v ¢ 2 3
1 L 1 1 1 L

0
il

¢- pedewvuspeim sejeby
£- wnndaos sgjeby
¢- syjenbau) sgjeby
£- ieds|p sejaby
¢- as8fjuoa saraby
- Saposye}o sejeby
aepiseaby
£- x040) BISEIdoA103
eep||jedsey
€- 1ejziens esoin
£- WNIBYII0W BIIaUIXBYDI6L
£- 1s1edigm sjneaoiid
£- _J841in21ds sine20iIId
£- BLEYDBBUN] BIIOUIXBPNES
aepj||_uIxy
VAITI3NIXY
£- S{uiojjual BISOIPUOYD
£- X}2]081{00 BISOIPUOYD
£- 8INONU BILIPUCYD
aep||solpuoyd
¢- sepjojsaqojaw efuodsoasld
eepjGuodsoosiy
2- 880209 eljensaids
£- wnyedsen gifuodsorayds
£- gjjoyjo0 sibuodsooayds
¢ - ejeye1sebow pyansediq
£- sueiea jjowbIsoyiuy
eep||jaaisel)ds
- Bjuy108 eAyjeL
aep|lAuial
VAIHINOHAYH
£- 8pBIOO)IE BIAYOBUID
aeplInaL
VJIHOHdOHIdS
£- junidau BjposD
£- 85048qqb 8jpoeo
£- snsoutio) snihiz
eepj|poen
VQaILSIHOHO
VYHAHOWONILOVHLIL



208 Mar Ecol Prog Ser 127: 195-211, 1995

bohydrate, or energy content (Fig. 12A, B, p > 0.05,
t-test), but there was a significantly higher lipid con-
tent in the tissues of chemically deterrent sponges
(Fig. 12A, p = 0.003, t-test).

DISCUSSION
Do spicules deter sponge predators?

Although opaline spicules have long been thought to
play a role in defending demosponges from predators
(e.g. Hartman 1981}, the results of this study suggest
that they do not. Prepared foods containing volumetri-
cally equivalent concentrations of spicules did not
deter feeding by fish in aquarium or field assays,
despite the fact that we chose species that have tissues
that are particularly rich in spicules. Some of the spe-
cies assayed have spicule tracts that run parallel to the
sponge surface so that the points are not directed out-
ward (e.g. Neofibularia nolitangere, Xestospongia
muta), while others have a perpendicular arrangement
(Agelas clathrodes, Ectyoplasia ferox; Zea 1987). The
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arrangement of spicules in the prepared foods was
haphazard, with points directed at all angles, from per-
pendicular to parallel to the surface. If arrangement
was important to the defensive function of spicules, it
might be expected that some intermediate level of
deterrency would be observed when spicules were
improperly arranged in an assay food, but foods per-
fused with spicules from each species were readily
consumed in each case. Moreover, we have subse-
quently assayed pieces of the skeletons of A. clath-
rodes and X. muta in which cellular material was
removed by treatment with mild bleach solutions, leav-
ing the spongin and spicule tracts intact, and these
were similarly non-deterrent (Chanas 1995). At the
same time, spicule morphologydid not appear to have
any effect on palatability, because none of the spicule
types were deterrent, including oxeas (X. muta), acan-
thostyles (A. clathrodes), and spherasters (Chondrilla
nucula, Geodia neptuni) (Figs. 1 & 2).

To corroborate the lack of deterrency in field and
laboratory assays of sponge spicules, there was no
relationship between the concentration of inorganic
structural elements and the elaboration of chemical
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Fig. 11. Correlation of the deterrency of organic extracts with (A} protein, (B) carbohydrate, (C) lipid and (D) energy content of
the tissues of 71 species of Caribbean sponges
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A
25
20
Fig. 12. Comparison of mean (+ SE) ]
protein, carbohydrate and lipid con- 15 3
tent (A} and energy content (B) of £ ]
the tissues of sponges that yield E’ i
palatable and unpalatable crude 107
organic extracts. The mean values
of 20 palatable and 51 unpalatable 53
sponges were compared in each ]
case. There were no significant dif-
ferences in the mean values for any 0

comparison except for lipid content

defenses. Ash content was used as a measure of struc-
tural elements, whether as siliceous spicules (most spe-
cies) or incorporated sand grains {e.g. species in the
genera Dysidea, Hippospongia, and Spongia). Inverse
relationships between the concentrations of structural
and chemical defenses have been demonstrated for
some marine algae (Hay et al. 1988) and octocorals
(e.g. Harvell & Fenical 1989, see next paragraph), but
were not evident in the present study.

Previous investigations have found that calcitic scle-
rites from the coenenchyme of alcyonacean and gorg-
onacean corals deter the feeding of both generalist and
specialist predators (Gerhart et al. 1988, Harvell et al.
1988, VanAlstyne & Paul 1992, VanAlstyne et al. 1992,
1994). In light of these past studies, the results of the
present investigation are surprising, given that soft
coral sclerites are similar in size, morphology, and
abundance to the spicules in the tissues of many spe-
cies of sponges. One important difference may be in
the composition of the structural elements: siliceous
spicules are largely inert, while sclerites of calcium
carbonate may dissolve and alter the pH of an acidic
gut. In this regard, the calcitic sclerites of octocorals
may be acting more as an inorganic chemical defense
than a structural defense, as has been suggested for
calcified algal defenses against herbivores (Hay et al.
1994). Siliceous spicules pass through the guts of
sponge-eating marine reptiles (Meylan 1988), fish
(Randall & Hartman 1968), and invertebrates (Biren-
heide et al. 1993) without obvious long-term ill effects,
and the same was noted for the wrasses used as assay
fish in the present investigation.

The relationship between the nutritional quality of
an assay food and the deterrent capacity of structural
elements or secondary metabolites is another impor-
tant consideration. Recent work by Duffy & Paul
(1992) and Pennings et al. (1994) has demonstrated
that low-quality assay foods containing secondary
metabolites may be rejected by potential predators,
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but that high-quality foods containing the same com-
pounds at the same concentrations may be eaten. To
address this concern, we analyzed the nutritional
quality of control assay foods used in this and the pre-
vious study (Pawlik et al. 1995) and compared the val-
ues of protein, carbohydrate, lipid, and energy con-
tent to the mean values for sponge tissue determined
in this study (Table 2). Aquarium assay food used in
this study compared favorably with sponge tissue in
protein content, which is the nutritional component
most likely to influence the effectiveness of a chemi-
cal defense (Duffy & Paul 1992). Therefore, it seems
unlikely that the results of feeding experiments in this
or the previous study (Pawlik et al. 1995) were influ-
enced by the nutritional quality of the aquarium assay
food, but instead by the addition of spicules or organic
extracts.

Do chemically undefended sponges have tissues that
are tougher or less nutritious?

The results of this study indicate that there is little
difference in tissue toughness and nutritional quality
between sponges that have palatable organic tissue
extracts and those that have deterrent extracts. The
only significant difference was that deterrent sponges
had a higher mean concentration of lipid than palat-
able species (Fig. 12A), but this did not translate into a
difference in the mean energy content of the tissues of
the 2 groups. Assessments of food quality generally
use protein content as a key indicator (Duffy & Paul
1992, Pennings et al. 1994); in the case of coral reef
environments, nitrogen is generally considered to be
the limiting nutrient (Grigg et al. 1984), yet there was
no difference in the mean protein content of chemi-
cally defended and undefended sponges.

It is possible that one major source of protein found
in sponges may be unavailable to some generalist con-
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sumers because it requires long periods of digestion.
The spongin skeleton of many demosponges, if suffi-
ciently condensed and cross-linked, is difficult to
digest (Bjorndal 1990, Meylan 1991). Hawksbill turtles,
for example, are unable to fully digest the skeletons of
some fibrous sponges (Meylan 1985, 1991). Sponge-
eating fish, such as angelfish (Randall & Hartman
1968), may have longer gut retention times, allowing
spongin digestion, while other predatory fish, such as
wrasses, may eliminate their gut contents before spon-
gin fibers are digested. We have examined the gut
contents of several species of angelfish and found that
samples from the foregut have clearly identifiable
spongin fragments, while hindgut samples do not. This
situation may be analogous to that found among ter-
restrial herbivores that digest cellulose (with the aid of
microorganisms) by decreasing the rate of food pas-
sage through the gut (as in cows) or by passing food
through the gut repeatedly (as in rabbits).

If sponges that are chemically undefended do not
use structural or nutritional defenses as an alternative,
how do they survive (and thrive, e.g. Callyspongia va-
ginalis and Niphates erecta) on Caribbean coral reefs?
One possibility is that chemically undefended sponges
grow faster than unpalatable species, perhaps because
energy used for the production of secondary metabo-
lites is instead used for growth. Unlike most other
invertebrates, sponges can survive and regenerate
after considerable tissue damage, to the point that
some reef species appear to rely on storm-induced
fragmentation for reproduction (Wulff 1991). Palatable
sponges may sustain non-fatal grazing by sponge-eat-
ing fish and counter with faster growth. In the same
vein, palatable sponges may allocate the energy other-
wise used to synthesize secondary metabolites to pro-
duce more offspring, and thereby experience higher
rates of recruitment to offset the effects of spongivory.
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