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Summary

1. An inverse association between ability to regenerate and structural complexity (i.e.
internal differentiation and integration), illustrated by comparisons among animal
phyla, suggests a dichotomy between suites of morphological traits that promote
recovery from damage vs traits that promote resistance to damage.

2. The phylum Porifera is particularly suited for exploration of relationships among
regeneration, resistance to damage and complexity. Sponges are noted for their
structural simplicity and great facility at regeneration, relative to members of all other
animal phyla; but sponge species vary widely in ability to recover from damage, and in
overall morphology and skeletal properties.

3. Morphological strategies related to resistance to damage and recovery from damage
were explored using data on the amount and type of damage incurred by 576 sponge
individuals representing 67 species in a major hurricane. Five weeks of monitoring each
individual for continued deterioration or recovery demonstrated an inverse relationship
between the extent of injuries dealt by the storm and recovery success.

4. A trade-off between morphological strategies that promote resistance to damage vs
those that promote efficient recovery could result in the disproportionate and permanent
loss of resistant species, as these poor recoverers are increasingly overwhelmed by

multiple simultaneous challenges.
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Introduction

A pattern of decreased regenerative ability with in-
creased structural complexity is evident in comparisons
among animal phyla (e.g. Huxley 1912), suggesting the
possibility of a trade-off between regeneration and
complexity. If ‘complexity’ can be defined for living
organisms as greater internal differentiation and inte-
gration among parts (e.g. Bonner 1988; Slobodkin
1992), complex organisms stand to lose more by injury
or partial mortality than do simple organisms. Thus
apparent incompatibility between complexity and
regeneration may be related to both the difficulty of
regenerating multiple parts and also to selection for
traits that prevent injury, and thereby preserve struc-
tural integrity. Complexity, regeneration and resistance
to damage may be related to each other in interesting
ways that shape morphological strategies for coping
with physical disturbance.

tAuthor to whom correspondence should be addressed.
E-mail: wulff@bio.fsu.edu

Comparisons among phyla direct attention to the
possibility of trade-offs among complexity, regeneration
and resistance; but exploration of mechanism is best
made within particular groups. The phylum Porifera is
especially intriguing for studies of strategies for coping
with, or preventing, injury. Sponges are known for
their legendary ability to survive severe damage, regen-
erate and reorganize to function fully again, as well as
for extreme simplicity and homogeneity of structure.
But although all sponges, which ‘endure mutilation
better than any known animal’ (de Laubenfels 1949,
p- 221), cluster together at one end of a continuum
between simply constructed efficient regenerators vs
complexly constructed poor regenerators, sponge
species do vary in their ability to recover from damage,
as well as in their ability to resist damage, and in the
degree to which they are internally differentiated.

Morphological traits likely to help sponges resist
damage include low profile (i.e. high base : volume
ratio), tough or extensible skeletal materials (high
spongin : spicule ratios), a sturdy cortex, collaboration
with organisms that have resistant characteristics
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(e.g. algae, corals), and ability to inhabit cryptic spaces
in the reef frame. Traits favouring efficient recovery
include rapid growth rate, quick reconstruction of sur-
faces, ability to reattach with any part of their surface
and ability to reorganize for efficient pumping (neces-
sary for food capture and gas exchange) in a new
orientation. Why traits conferring resistance might
be incompatible with traits promoting recovery is not
immediately clear, but it may be related to the other
requirements that shape suites of morphological traits
(e.g. Jackson & Hughes 1985). For example, overall
growth form and skeletal materials influence resistance
to injury, but these traits may also be shaped by the need
to overgrow neighbours, or to obtain light for photo-
synthetic symbionts. Likewise, rapid growth rate may
speed recovery, but growth rate may be curtailed by
expenditures of energy and materials on sexual repro-
duction, skeletal construction, and chemical and
physical defences. The high morphological diversity of
sponges in many habitats, including coral reefs (e.g.
Riitzler 1978; Wulff 2001), may reflect the variety of ways
in which the ability to resist damage (by storms, predators,
disease) can be balanced against ability to recover.

To explore these ideas, hurricane damage to 576
fore-reef sponges (representing 67 species), and their
first several weeks of recovery, is here analysed with
respect to suites of morphological characters. A pre-
liminary analysis of a subset of the data was included
in a general report on the immediate effects of Hur-
ricane Allen on the reefs near Discovery Bay, Jamaica
(Woodley et al. 1981). At that time it seemed that the
reef, and its sponges, would surely recover; but the reef
has not recovered, and failure of coral reefs to recover
has now become a worldwide phenomenon (Bellwood
& Hughes 2001; Lang 2003; Gardner et al. 2003;
Wilkinson 2004; Pandolfi ef al. 2005). It is time to
apply all relevant data to understanding why some
organisms recover and others continue to deteriorate
after injury. Monitoring individual sponges allowed
the amount and type of damage sustained by each
sponge to be directly related to its subsequent deterio-
ration or recovery, to answer the question: do sets of
traits conferring (a) resistance to damage vs (b) efficient
recovery from damage represent opposing morpho-
logical strategies?

Methods

SPONGES

Sponges are the simplest multicellular animals, but
their species diversity exceeds that of any other group
of sessile clonal invertebrates on coral reefs (640
described species in the Caribbean reported by van
Soest 1994), and they play many key functional roles in
reef ecosystems (e.g. Diaz & Riitzler 2001; Wulff 2001;
Riitzler 2004). Sponges exhibit a wide variety of species-
specific morphologies, from thin crusts to intricately
branching bushes, to vases, and massive globular shapes.

Individual sponges can be from less than a centimetre
to over 2 m in largest dimension, and in some reef
zones they constitute the most abundant animals. A
sponge individual is essentially a mass of impermanently
specialized, and somewhat independent, cells, pervaded
by a supportive skeletal framework and by a canal
system through which water is continuously pumped.
As a consequence of their relatively homogeneous and
informal organization, sponges are masters of regene-
ration and remodelling after partial mortality.

STUDY SITES AND TECHNIQUES

Beginning on the day after an exceptionally strong
hurricane passed near the north coast of Jamaica, the
damage to, and recovery of, the diverse and abundant
sponge fauna of the fore-reef was quantified. At
Discovery Bay, on 6 August 1980, Hurricane Allen
winds reached 110 km h™ and waves of over 12 m were
observed breaking in water 15 m deep, causing extensive
damage to corals and reef framework as deep as 50 m
(Woodley et al. 1981). On the fore-reef, between 12 m
and 15 m, two census plots were established in areas of
contrasting topography and coral growth forms. One
(95 m?) was on the edge of a buttress composed primarily
of a dense thicket of the Staghorn Coral Acropora cer-
vicornis on Upper Buoy Reef, and the other (71 m?) was
on a flat plane dominated by medium-sized massive
corals, gorgonians and sponges on the East Fore Reef
(sites D and E in Fig. 1 of Woodley et al. 1981; sites
explicitly compared with respect to coral communities
and underlying geomorphology, and how these might
influence, and be influenced by, hurricanes, by Liddell
& Ohlhorst 1981).

Data recorded for each of the 576 sponge individuals
(in 67 species) that were in the two plots included volume
(by approximation to geometric solids), substratum
type (massive vs branching corals), and the amount
and type of damage. Fragments of tissue that could
readily be identified to species remained on the sub-
stratum, even from sponges that were torn off at the
base or otherwise seriously damaged. Estimates of
original size of sponges before hurricane damage were
made on the basis of species-characteristic growth
forms, informed by familiarity with the sites and their
sponges as a result of daily diving focused on sponges
during the 6 weeks prior to the storm. Although
imprecise, these estimates did allow each individual to
be confidently placed in one of the following four
broad categories: ‘unharmed’; ‘minor damage’ (i.e. <1/
3 lost, killed or damaged), ‘serious damage’ (i.e. >1/3
lost, killed or damaged) and ‘completely dead’ (i.e. the
entire sponge was necrotic or only the skeleton
remained). Distinction between the second and third
categories was generally unambiguous, as injuries to
most sponges influenced either less than 1/4 or more
than 3/4 of their original tissue volume. It should be
stressed that inference of prestorm sponge presence
was only possible because (1) it was done in the first
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days after the storm, before any damaged sponges
deteriorated completely and vanished, and (2) the
specific sites and their sponges (including species
identities) were well known prior to the hurricane.

The sponge faunas of the two sites were similar,
sharing 72% of the total number of sponge species,
but they appeared quite different because of a few
large and conspicuous species present in the EFR
plot but not in the UB plot (Xestospongia muta,
Mpycale laxissima and Callyspongia plicifera). Species
diversity was slightly higher on the EFR (61 species
vs 59 species at UB), and there were twice the number
of sponge individuals in the EFR plot as in the UB
plot.

Detailed maps of the sites, on which every sponge
was plotted, allowed monitoring of recovery, or
continued deterioration, of every individual. Recovery
of a sponge was deemed complete when the surface
cell layer (pinacoderm) was fully reconstituted and
the sponge was pumping (determined by ejection of
injected fluorescein dye). Detached fragments were
labelled with numbered pieces of forestry tape so their
reattachment could be monitored for up to 5 weeks
after the hurricane.

Patterns in the amount and type of damage, and
subsequent recovery, were evaluated by dividing the 67
sponge species into six morphological categories based
on a combination of profile presented to moving water,
skeletal materials and construction (i.e. resistance to
breaking or tearing), and exposure (i.e. entire sponge
out in the open vs inhabiting cryptic spaces in the reef
frame). Categories based on profile, skeletal properties
and exposure (illustrated in Fig. 1) were: (1) ‘erect
branching’, small bases and relatively constant branch
diameters throughout (‘trees’ or ‘vines’ in Jackson
1979; ‘ropes’ in Woodley et al. 1981); (2) ‘fans, vases,
tube clusters’, small bases with flared tops; (3) ‘massive,
breakable’, large bases and soft or brittle consistency
(in most cases a high proportion of siliceous spicules
relative to spongin fibres); (4) ‘massive tough’, large
base and tough consistency; (5) ‘encrusting’, very low
profile; and (6) ‘cryptic’, generally amorphous lumps
assuming the shape of their crevices, or encrusting
forms and small tubes on undersurfaces of corals.

The 67 species represented 12 of the 13 recognized
(Hooper & van Soest 2002) extant orders of the class
Demospongiae, and one order of the class Calcarea.
Although some sponge orders exhibit only a few
growth forms, and skeletal materials (i.e. only spongin
vs silica spicules and spongin) are determined by taxon,
in general taxonomic relatedness of these Jamaican
reef sponges did not reliably predict growth form
categories, or vice versa: each of the form categories
included representatives of three to six orders (mean
number of orders represented in a form category was
five), and individual sponge orders were represented in
from one to five form categories (mean number of
form categories in which each order was represented
was 2-3).

Fig. 1. Examples of the six morphological categories: erect
branching, fan or vase, massive breakable, massive tough,
encrusting and cryptic. The following were the most common
species in each category. Erect branching: Ilotrochota
birotulata Higgin, Aplysina cauliformis Carter, Amphimedon
compressa Duchassaing & Michelotti, Callyspongia armigera
(Duchassaing & Michelotti), Agelas sceptrum (Lamarck);
Fan, tube, vase: Aplysina fistularis (Pallas), Verongula
gigantea (Hyatt), Niphates digitalis (Lamarck), Callyspongia
plicifera (Lamarck), Mpycale laxissima (Duchassaing &
Michelotti). Massive soft or brittle: Neofibularia nolitangere
(Duchassaing & Michelotti), Ectyoplasia ferox (Duchassaing
& Michelotti), Erylus formosus Sollas, Xestospongia muta
(Schmidt). Massive tough: [Ircinia strobilina (Lamarck),
Verongula rigida (de Laubenfels), Aoiochroia crassa (Hyatt),
Geodia neptuni (Sollas), Agelas dispar (Duchassaing &
Michelotti), Smenospongia aurea Hyatt. Encrusting:
Chondrilla nucula Schmidt, Scopalina ruetzleri (Wiedenmayer),
Spirastrella hartmani (Boury-Esnault et al.), Dysidea etheria
de Laubenfels, Placospongia intermedia Sollas, Cliona varians
(Duchassaing & Michelotti);.Cryptic: Mycale laevis (Carter),
Halichondria sp., Haliclona sp., Callyspongia sp.

Results

AMOUNT AND TYPE OF DAMAGE

Amount of damage, in terms of the proportion of the
original sponge individual that was lost to immediate
damage during the hurricane (i.e. none, <1/3 =
‘minor’, 1/3 = ‘serious’, or all tissue gone or dead),
differed significantly among the six morphological
categories (G = 27-8, P < 0-005, Fig. 2). Sponges with
smaller base: volume ratios suffered more serious
damage (significant differences between small base :
volume, i.e. erect branching and vases, vs all others
except cryptic, G = 20-9, P < 0-:001); and those of the
lowest profile, encrusting sponges, suffered the least
damage (significant differences between encrusting
and all others except cryptic, G = 57-3, P <0-001).
Cryptic sponges were excluded from these statistical
analyses of differences among growth forms, because
the number of undamaged cryptic sponges was cer-
tainly underestimated, as many surviving individuals
were tucked too deep in the reef frame to be counted.
Data for the two sites and two substratum types were
combined, as the amount of damage did not differ
between sites (G =025, P>0-5), and damage to
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Fig. 2. The percentage of sponge individuals in six
morphological categories that were not damaged, lost <1/3 of
their prestorm volume (i.e. minor damage), or lost >1/3 of
their prestorm volume (i.e. serious damage) in Hurricane
Allen, Discovery Bay, Jamaica. Of the 576 sponge individuals
monitored after the hurricane, the 83 unattached fragments
are not included in this analysis, so n = 493. Total numbers of
individuals in each morphological category (the complete list
can be obtained from the author): 84 erect branching, 77 fan
or vase, 66 massive breakable, 114 massive tough, 91
encrusting, 61 cryptic.

sponges on massive vs branching substrata did not
differ (G = 0-09, P > 0-9).

Type of damage fell readily into three categories:
‘battered’, with pieces removed by impact of flying
debris; ‘macerated’, with living cells rotting away from
or lost from part or all of the skeletal framework (mas-
sive sponges became macerated by being buried or
crushed, whereas cryptic sponges became macerated
by exposure due to movement of corals); and ‘broken
or torn off”. Frequency of different types of damage did
not differ between the two plots (G = 5-57, P> 0-1),
but growth forms were damaged differently (G = 4-54,
P < 0-001). Erect branching sponges, and other forms
with very small base : volume ratios or massive forms
with soft or brittle skeletons, were vulnerable to
being torn off; while encrusting species tended to be
battered; and cryptic and large base, tough consistency,
species were macerated (Fig. 3).

RECOVERY vs CONTINUED DETERIORATION

Of the 291 damaged sponges, 41% had completely
regenerated their surfaces and were pumping within
4 weeks after the hurricane, but the other 59% of
damaged individuals continued to deteriorate or had
completely died. The proportion of damaged sponges
that recovered after minor damage did not differ
significantly among growth forms (G = 4-16, P > 0-5),
but recovery after serious damage did (G =25-63,
P < 0-001; Fig. 4).

Recovery success differed among types of wounds.
Abrasion wounds due to battering healed within a
week, as did basal portions of sponges left behind when

90 7 [ Battered [-] Macerated

R Broken off

% of sponges damaged in each way

Sponge growth forms

Fig. 3. Percentage of sponge individuals battered, macerated
(due to being buried, crushed or exposed) or broken off
during Hurricane Allen, Discovery Bay, Jamaica. Total
numbers of damaged individuals in each morphological
category: 53 erect branching, 55 fan or vase, 36 massive
breakable, 71 massive tough, 38 encrusting, 38 cryptic. Of the
576 sponges followed, only the 291 individuals that were
damaged are included in this figure. Common species in each
morphological category are listed in the caption of Fig. 1.

erect portions were broken off. By contrast, necrotic
patches often continued to spread, killing sponges by
progressive rotting. A few species (e.g. Amphimedon
compressa and Agelas spp.) were able to reconstruct
their surface pinacoderm underneath macerated por-
tions, which then fell off as spongin fibres deteriorated.
Recovery of some of the cryptic sponges that were
exposed as corals broke and overturned was precluded
by fishes entirely consuming them.

RECOVERY Vs RESISTANCE TO DAMAGE

Recovery from serious damage is inversely related to
resistance to damage (Fig. 4). The negative correlation
between the percentage of individuals of each morpho-
logical category that recovered after serious damage
and the percentage of individuals with no or only
minor damage (i.e. relatively high resistance) in the
hurricane was significant (r = —1-73; P < 0-01).

RECOVERY OF LOOSE FRAGMENTS

During the first 1-3 weeks after the hurricane, 70% of
the unattached sponge fragments found on the reef
became reattached to solid substrata, and survival of
reattached fragments was confirmed by continued
monitoring for up to 5 weeks. Reattachment rate was
higher for erect branching species (74% of 66 hurricane-
generated fragments) than for tubes and vases (33% of
9 hurricane-generated fragments, G =45, P <0-001);
and no live fragments of other morphological types
reattached (0% of 8 fragments, G = 98-6 for comparison
of erect branching with all other growth forms,
P <0:001). Smaller numbers of live fragments of
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Fig. 4. Inverse association of recovery rate with resistance to
damage for 576 individual sponges in six morphological
categories (the correlation is significant, with r =—1-73, P <
0-01). Total numbers of sponge individuals in each morpho-
logical category that suffered serious damage: 36 erect
branching (large diamond); 30 fan or vase (small diamond);
24 massive breakable (circle); 35 massive tough (square);
16 encrusting (black triangle); 17 cryptic (grey triangle). The
resistance of cryptic sponges was greatly underestimated
because many undamaged cryptic sponges remained tucked
within the reef frame, and could not be counted. The total
numbers of individuals in each morphological category are
given in the caption of Fig. 2.

massive sponges reflect morphology-dependent
transport of fragments off the reef during the storm.
Broken-off portions of erect branching and erect
flared forms were retained on the reef at a much higher
rate (75 live fragments/62 bases = 1-:21 fragments/
base) than fragments of the large base : volume mor-
phological categories (8 live fragments/55 bases = 0-14
fragments/base).

Discussion

RESISTANCE vs RECOVERY

Resistance to and recovery from damage due to
physical disturbance appear to represent opposing
strategies for coral reef sponges (Fig.5). Although
responses of a diverse assortment of sponges to nat-
urally dealt injuries have not been reported before,
sponge recovery has been the focus of many intriguing
studies in the field and lab. The potential for ultimate
losses to be much greater than indicated by immediate
partial mortality has been pointed out by authors who
have monitored individual sponges after damage by
natural disturbances (Reiswig 1973; Shield & Witman
1993; Schmahl 1999). Relatively poor recovery of more
resistant species was also suggested by comparisons of
transplantation success among Australian coral reef
sponges (Wilkinson & Thompson 1997). Regeneration
after experimental wounding has demonstrated the
importance of rapid regeneration to prevent fouling
of exposed skeletal elements (Leys & Lauzon 1998),
prevent settlement of algae on bared substratum
separating portions of damaged encrusting sponges
(Turon et al. 1998), maintain competitive superiority

in space-limited systems (Jackson & Palumbi 1979),
reattach if fragmented (Wilkinson & Thompson 1997),
and to regain optimal size and shape for feeding (Bell
2002).

Data from the present study, on recovery vs continued
deterioration of individuals of many sponge species
after a hurricane, provides a framework for evaluation
of other data on sponge responses to damage by physical
disturbance, organized by morphological categories
(Fig. 5), as follows.

Completely hidden sponges: cryptic species

Cryptic sponges rely on their hidden habitat to pro-
tect them from physical disturbance or large mobile
predators. When sponge species that live concealed to
different degrees were exposed to parrotfishes, grazing
rate increased with the normal degree of concealment
(Fig. 4 in Wulff 1997b). Fish have also been observed
to completely consume some cryptic sponges that live
under coral slabs in the west Pacific (Bakus 1964),
under coral rubble in the Caribbean (Dunlap & Pawlik
1996), and under cobbles and in crevices in the reef
frame in the tropical eastern Pacific (Wulff 1997¢). The
poor recovery of cryptic sponges observed in this study
is not surprising in this context: ability to regenerate is a
moot point for a sponge that has been entirely consumed.

Very low profile sponges. encrusting species

Encrusting sponges escaped damage by Hurricane
Allen altogether (58%) better than those of any other
growth form (although escape by cryptic species was
underestimated). Half the damaged individuals were
battered, which is especially problematic for encrusting
species because tissue is removed to the substratum,
allowing opportunistic algae to colonize bared spaces
between separated bits of an individual (also remarked
on by Turon et al. 1998). Encrusting sponges that lost
>1/3 of their original bodies recovered at a low rate
(25%).

Small holes made by Jackson & Palumbi (1979) in
seven species of encrusting sponges regenerated at
rates ranging from 1 to 2 days to 21-30 days to never.
Descriptions (by the authors) of slowly regenerating
species as ‘tough’ and ‘coarse and tough (hard to
penetrate)’, contrast with their descriptions of rapidly
regenerating species as ‘wispy’ or ‘firm’, suggesting
that, even within the ‘encrusting’ morphological
category, sponge regeneration rate is inversely related
to resistance to damage.

Breakable vs tough massive sponges

Contrasting abilities to resist damage vs recover are
well illustrated by breakable vs tough massive sponges.
Fragments of soft, crumbly, or brittle massive sponges
ended up in sand channel graveyards of dead and
dying sponges, but bases regenerated readily. By
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Fig. 5. Contrasting morphological strategies of coral reef sponges. Morphological categories are based on a combination of
overall growth form, skeletal materials, and cryptic vs exposed life habit. Evaluations of relative resistance and recovery ability
are made on the basis of reactions of sponges in each morphological category to the severe physical damage meted out by

Hurricane Allen in Discovery Bay, Jamaica.

contrast, many massive sponges with tough skeletons
were unscathed; but those that were crushed or buried
developed necrotic patches, which spread until the
sponges died. Thus the hurricane ultimately killed a
larger percentage of tough massive sponges than those
in any other morphological category (total losses after
5 weeks were 36% for massive tough, vs 21-4% for erect
branching, 27-3% for massive breakable, and 27-5% for
encrusting sponges). Resistance of massive tough
sponges to rough water movement per se helps them to
survive moderate disturbance (e.g. Wulff 1995); but a
storm extreme enough to hurl chunks of solid carbonate
resulted in low survival. Corroborating these data,
regeneration of small holes made in the surfaces of
three massive sponge species, two highly resistant and
one very easily broken, was most rapid in the easily
broken species (Hoppe 1988).

Branched vs flared morphologies of erect sponges

Small base : volume sponges were damaged mostly by
breakage. Bases of fans and vase left on the substratum

recovered well, but the flared portions were not adept
at reattaching; a pattern also reported by Reiswig
(1973) and Wilkinson & Thompson (1997). By contrast,
any living portion of an erect branching sponge is able
to reattach to solid carbonate, facilitating fragment
recovery. Propagation by fragmentation is an integral
part of the life histories of branching sponges (e.g.
Wulff 1985, 1986, 1991), so selection for attributes
contributing to fragment survival is continuous in these
species.

Influence of skeletal materials on resistance and recovery
of erect species

Influence of skeletal materials on resistance to break-
age is illustrated by effects of a hurricane on six common
erect sponge species (four erect branching species,
one erect tube cluster and one open vase) in Panama
(Wulff 1995). Bases of sponges with skeletons solely of
spongin snapped less than half as frequently as bases
of sponges with skeletons combining spicules and
spongin.
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Fig. 6. Inverse relationship between mean breaking strain
(i.e. resistance to breaking, n = 25 for each species; data from
Wulff 1997a) and percentage reattachment and survival of
fragments for the first 4 weeks after experimental fragment
generation (n = 100 for each species; data from Wulff 1985) of
the erect branching sponge species lotrochota birotulata,
Amphimedon compressa and Aplysina fulva.

Skeletal materials further subdivide the erect
branching sponges with respect to a resistance—recovery
continuum. Significant differences in extensibility
among three species (Wulff 1997a) coincided with
differences in survival of attached sponges during a
hurricane: Iotrochota birotulata, with lowest breaking
strain, survived the worst (42-4%, n = 430), Amphimedon
compressa was intermediate (57-1% survived, n = 202),
and Aplysina fulva, capable of stretching the most with
each wave before snapping, survived the best (68-8%,
n = 386).

After the storm waves calm down, recovery of loose
fragments depends on their reattachment to solid
substrata. Traits that ensure success at reattachment
differ from traits that aid survival of individuals that
remain attached, as experimentally generated fragments
of these same three species differed in survival for
the critical first 4 weeks (Wulff 1985), in an inverse
relationship to resistance to breaking (Fig. 6).

INTEGRATION WITHIN AN INDIVIDUAL,
AND THE COMPLEXITY—REGENERATION
TRADE-OFF

Julian Huxley explored the trade-off between increased
complexity and decreased ability to regenerate in his
1912 book The Individual in the Animal Kingdom.
Sponges intrigued him as a clear endpoint in a contin-
uum between simplicity/regeneration and complexity/
integration; but debate on how to define an individual
in sponges continued until Hartman & Reiswig (1973)
compiled sufficient evidence to confirm that a sponge is
morphologically, developmentally and physiologically
an integrated individual, capable of reorganizing itself
to optimize the functioning of the entire individual
during size and orientation changes associated with
growth and recovery from injury.

For all organisms, internal integration is most
important for species with functional and morphological

differentiation among parts. Sponges exhibit the least
differentiation among parts of all multicellular animals,
but some sponges have differentiated, for example, into
supportive stalks with flared upright portions, cortex
portions surrounding inner medulas, or bulbous bases
with upright papillae or fistules. Years of transplantation
experiments on the Great Barrier Reef illustrate
relatively poor recovery of internally differentiated
sponges (Wilkinson & Thompson 1997). Among 16
sponge species representing various growth forms and
higher taxa, the three stalked species stood out by never
reattaching. The authors suggested that the stalks,
differentiated to provide support, had lost the ability
to reattach. Reiswig (1973) also reported the inability
of a stalked vase-shaped Caribbean species, Mycale lax-
issima, to reattach; and vase-shaped sponges broken by
Hurricane Allen reattached significantly less than the
morphologically homogeneous erect branching forms.

Some sponges are functionally differentiated into
surface vs inner tissue. Concentration of predator-
deterrent compounds in surfaces (Uriz et al. 1996;
Wulff 1997b; Becerro, Paul & Starmer 1998; Schupp
et al. 1999; Furrow et al. 2003) may optimize deployment
of expensive secondary metabolites, as long as the
surface is not breached. Mycale laevis, one of the most
common semicryptic species on the Jamaican fore-reef,
is protected from consumption by parrotfishes when
the surface is intact, but consumed when the surface is
removed (Wulff 1997b); and was never observed to
recover after damage by Hurricane Allen.

A tough outer cortex surrounding an inner medulla
may also protect against predators (with the exception
of Hawksbill Turtles, with their large and powerful
beaks) and most physical disturbances, but sponges
with cortex regions (e.g. Geodia neptuni and Cinachyrella
keukenthali) were never seen to heal after damage by
Hurricane Allen, and in a comparison of 2 temperate
sponge species (Duckworth 2003), experimental wounds
regenerated move slowly in the species with structured
surface layers. The amount and type of damage appear
to influence regeneration success in species with tough
cortex regions (e.g. Connes 1966, as cited by Simpson
1984; van Dam & Diez 1997; Hoffmann et al. 2003).

Curiously, as was also pointed out by Jackson
(1979) in his discussion of ‘Morphological strategies of
sessile animals’, regeneration might be expected to be
most important for forms with internal division of
function, because the individual depends on integration
among all its parts. Yet, among the sponges, these are
the forms that appear least able to regenerate, suggesting
an incompatibility between resistance and recovery
strategies that is not negotiable.

These accumulated data raise the following questions
about underlying mechanism: are there physiological
or morphological conflicts in what is required to be
adept at resistance vs recovery that make these inher-
ently opposing strategies? If so, might phylogenetic
constraints influence these conflicts? Or do the patterns
result from an allocation issue, with limited resources
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divided differently between resistance and recovery by
each species?

RESISTANCE vs RECOVERY IN THE CONTEXT
OF CORAL REEF CONSERVATION

Sponges play many key functional roles on coral reefs,
many of which are influenced by sponge growth form.
Of particular importance with respect to health of
coral reef ecosystems are efficient water-filtering by
sponges and the ability of sponges to mediate regener-
ation of damaged reefs, and to increase survival of
living corals for which basal attachment has been
compromised (e.g. reviews in Diaz & Riitzler 2001;
Wulff 2001, 2006; Riitzler 2004).

Collection of postdisturbance data solely in the
form of population or community level data on per-
centage cover, or number of individuals (i.e. the typical
approach) would have provided an overly optimistic
view of hurricane survival (59% of the individual
sponges that had partially survived the storm had died
or continued to deteriorate 1 month after the storm),
and also obscured the trade-off between resistance to
damage and the capacity to recover (Figs 4 and 5) that
may explain how the more resistant species suffered
the greatest losses.

Sponges are not the only sessile clonal animals
for which resistance and recovery may be opposing
strategies. An inverse relationship between resistance
to breaking and rate of recovery was reported for two
branching coral species (Acropora palifera, A. millepora)
in Australia (Liddle & Kay 1987); and studies of re-
covery from hurricane damage by readily fragmented
Caribbean species such as Acropora cervicornis
(Staghorn Coral) and A. palmata (Elkhorn Coral)
conclude that their rapid growth and ability to reattach
help to transform damage into propagation (e.g.
Highsmith, Riggs & d’Antonio 1980; Tunnicliffe 1981;
Highsmith 1982). This transformation can be derailed,
however, as it was for A. cervicornis damaged by
Hurricane Allen. The unanticipated death, within
S months, of 98% of the live fragments that were
labelled and monitored after the storm (Knowlton
et al. 1981) focused attention on recovery threshold
effects that depend on disturbance size and responses
of coral predators (Knowlton, Lang, & Keller 1990).

For species that have been served well, until now, by
suites of traits that promote resistance instead of
recovery; the ability to resist might be overwhelmed
by the increasing rate and intensity of physical dis-
turbances affecting coral reefs. If there is a trade-off
between resistance and recovery, we might expect
to see disproportionate, and difficult to remedy, loss of
resistant species. Although most clonal animals are
also capable of recovery at the population level by
recruitment of sexually produced larvae, this mode is
steadily becoming less effective as growth of filament-
ous and fleshy algae renders reef surfaces inhospitable
to settlement of larvae (e.g. Pandolfi et al. 2005).

Exclusive focus on population or community level
responses to physical disturbance fails to distinguish
susceptibility to injury from lack of recovery. This is
a critical distinction. Conservation concerns tend
to be focused on species most drastically and directly
diminished by disturbance. But the counterintuitive
results reported here make a strong case for more
attention to the resistant species that may be less
immediately affected, but ultimately lost because
they are unable to recover. At the same time, learning
how to facilitate recovery of organisms that are adept
at individual recovery after damage may be useful.
These good regenerators may increasingly come to
characterize life on coral reefs; as population level
recovery by recruitment is stymied by reef surfaces
coated with opportunistic algae, and resistance to
damage is increasingly overwhelmed by disturbances
that are too novel, frequent or large. The degree to
which resistance and recovery are incompatible
strategies for other groups of organisms may influence
how biotas change in response to increasing disturbance
in other ecosystems.
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