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Abstract

Benthic-pelagic coupling and the role of bottom-up versus top-down processes are recognized as having a major impact on
the structure of marine communities. While the roles of bottom-up processes are better appreciated they are still viewed as
principally affecting the outcome of top-down processes. Sponges on coral reefs are important members of the benthic
community and provide a critically important functional linkage between water-column productivity and the benthos. As
active suspension feeders sponges utilize the abundant autotrophic and heterotrophic picoplankton in the water column.
As a result sponges across the Caribbean basin exhibit a consistent and significant pattern of greater biomass, tube
extension rate, and species numbers with increasing depth. Likewise, the abundance of their food supply also increases
along a depth gradient. Using experimental manipulations it has recently been reported that predation is the primary
determinant of sponge community structure. Here we provide data showing that the size and growth of the sponge
Callyspongia vaginalis are significantly affected by food availability. Sponges increased in size and tube extension rate with
increasing depth down to 46 m, while simultaneously exposed to the full range of potential spongivores at all depths.
Additionally, we point out important flaws in the experimental design used to demonstrate the role of predation and
suggest that a resolution of this important question will require well-controlled, multi-factorial experiments to examine the
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independent and interactive effects of predation and food abundance on the ecology of sponges.
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Introduction

Sponges are ecologically and functionally important members of
the benthic community on coral reefs [1-6]. In the Caribbean over
80 species have been recorded on reefs in the Florida Keys [7] and
close to 300 species have been identified on Bahamian reefs [8]. In
addition to their efficient filtering of seawater during feeding [9—
11], sponges provide essential reef ecosystem functions such as
providing habitat for numerous reef species including fish, brittle
stars, and shrimp [12,13]. It is also increasingly recognized that
sponges are crucial members of benthic food webs because of their
ability to couple water column productivity with the secondary
productivity of benthic communities [11,14-16].

Many mobile predators consume sponges (e.g., sea stars, fish,
sea turtles), and spongivores can influence competitive interactions
between sponges and corals [17]. Sponges have been proposed to
be generally well defended against predation by both physical (i.e.,
spicules) and chemical means [18-21]; but see Thoms and Schupp
[22] regarding the experimental difficulties of demonstrating
chemical defenses in sponges. While it has been shown that cryptic
or mangrove sponge species may be limited to specific refugia by
spongivores [18,23-25], sponges throughout the Caribbean show
a repeatable pattern of increasing biomass and diversity with depth

to 150 m [7,8,26-31].
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There is continuing interest in the relative importance of
bottom-up versus top-down processes in structuring marine
communities generally [32,34], and coral reef sponge communities
in particular [6,24]. Many studies examining the bottom-up, top-
down dichotomy have been conducted on suspension feeding
mvertebrates in rocky intertidal and subtidal habitats [35]. These
studies have generally supported the importance of bottom-up and
top-down processes, and the interaction of the two, on the
structure of these communities [33,34]. For sponges on coral reefs,
factors that change with depth, such as macro-scale flow velocities,
solar irradiance, food supply and water temperature, have all been
shown to influence sponge biology and ecology [1,2,6,7,11,36-38].
Recently, a paper by Pawlik et al. [39] reported on the growth
rates of several species of sponge and concluded that rather than
bottom-up processes (i.e., food supply) being a primary determi-
nant of sponge growth and abundance, predation, mediated by the
presence or absence of chemical defenses, is solely responsible for
controlling the ecology of sponge communities. Here we present a
natural field experiment sensu Diamond [40] demonstrating the
mmportance of food supply in the ecology of C. vaginalis, one of the
species used in Pawlik et al. [39], and compare this study with
studies by Lesser [11], Trussell et al. [15] and Pawlik et al. [39] on
C. vaginalis. In addition, we discuss in detail the experimental
design flaws of Pawlik et al. [39] that make it difficult to come to
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the conclusions that predation alone structures sponge communi-
ties. We do so without any a prior: dismissal of the potential role
that predation, competition or food supply has alone, or together,
on the ecology of this species, and on sponges generally.

Materials and Methods

Ethics Statement

No endangered or protected species were involved in this field
study. No vertebrates were collected in this study; surveys were
through visual census only. No “taking” of any flora or fauna was
conducted except for samples of seawater. This study was
conducted under a research license from Belize Fisheries, which
was obtained by the Smithsonian Institution’s Caribbean Coral
Reef Ecosystems Program.

Study Site

Callyspongia vaginalis Lamarck is a common tubular morphology
sponge exhibiting a wide bathymetric and geographic distribution
in the Caribbean. Sponge size frequency distributions, picoplank-
ton availability, feeding, tube extension rates and assessments of
the total number of sponge species and individual sponge species
numbers were conducted at Carrie Bow Cay, Belize (16° 48.16" N,
88° 04.94" W) from 3 to 46 m between 2000 and 2001.

Abundance, Size Frequency and Tube Extension Rates

Transects at 3, 10, 17, 23, 30 and 46 m were conducted by
placing a 30 m transect tape parallel to the reef at each depth.
Along each transect ten 1.0 m? quadrats were randomly placed
and all sponges within the quadrat were enumerated and identified
to species where possible. The mean * SE number of sponges,
and number of sponge species, per m? were calculated. Tube
length was measured to the nearest 0.1 cm on sponges (N = 10) at
each depth, and tubes (N = 3) on individual sponges (N = 10) were
tagged 1.0 cm below the lip of the osculum at each depth. Sponges
were then left undisturbed for one year when all tagged sponges
were re-measured, and tube extension rates (cm mo” ') were
calculated by subtracting 1 cm from the total change in tube
length. In contrast to Pawlik et al. [39], these sponges were not
caged so this growth data actually represents the most ecologically
relevant condition (i.e., net growth in the presence of both biotic
and abiotic factors) although we cannot directly separate the
effects of food supply from predation.

Food Availability and Feeding

Sponge pumping was assessed using sodium fluorescein dye. A
small amount of dye (~1 ml) was injected into the exterior wall of
a tube at the base of the sponge (N =3) with a syringe, and the
time it took for the dye to move over a known distance was
measured and used to estimate pumping velocity, at a resolution of
0.5 cm s~ ', The diameter of each osculum was directly measured
after dye ejection, and its area estimated using the formula for the
surface area of a circle or ellipse. Volume flow rate was estimated
by multiplying pumping rate by the cross-sectional area of the
osculum. Volume flux was then computed by multiplying ejection
speed by the cross-sectional area. This computation assumes plug
flow rather than laminar flow coming out of the tube [15]. Caretful
examination of the dye fronts indicated that plug flow was the
better approximation.

After pumping measurements were determined for the same
sponges (N =13) at cach depth, ambient seawater was collected
approximately 5 cm from the sponge. Matched samples of the
excurrent flow were collected from approximately 3 cm inside the
osculum of each sponge. Both ambient and excurrent samples
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were collected with 10 ml Vacutainer® syringes. All samples were
fixed at a final concentration of 0.5% electron microscopy grade
glutaraldehyde in filtered (0.2) seawater and initially frozen at 0°C
for transportation on dry ice to the University of New Hampshire.
Samples were then sent frozen to the Bigelow Laboratory for
Ocean Sciences Flow Cytometry Facility where they were stored
in liquid nitrogen until analysis as described previously [11,41].
Briefly, each sample was analyzed for cell abundances using a
Becton Dickinson FACScan flow cytometer equipped with a
15 mW, 488 nm, air-cooled Argon ion laser. Simultaneous
measurements of forward light scatter (FSC, relative size), 90
degree light scatter (SSC), chlorophyll fluorescence (>650 nm),
and phycoerythrin fluorescence (560-590 nm) were made on all
samples. Differentiation of cyanobacteria from prochlorophytes
was based on the presence of phycoerythrin fluorescence. Cell
abundance of the heterotrophic bacteria was determined by the
use of PicoGreen (Molecular Probes), a dsDNA specific dye, which
stains all bacteria (emission fluorescence 515-525 nm). Subtrac-
tion of the chl « containing picoplankton from total bacteria
yielded the heterotrophic bacterial component of the community.

Food availability was separated into cyanobacteria, prochlor-
ophytes, phytoplankton, heterotrophic bacteria, and then total
cells. Filtration efficiency was calculated as 1 — (concentration of
cells in the ex-current stream/ambient concentration of cells).
Cells filtered per second were then computed by multiplying
filtration efficiency (dimensionless) x volume flow rate (ml s~ ') x
ambient concentration (cells ml™"). All filtered cells were
converted to carbon equivalents using the following conversions;
heterotrophic bacteria: 20 fg C cell ™" [42], Prochlorococcus: 53 fg C
cell ™! [43] and Synechococcus: 470 fg C cell”" [44]. The total carbon
acquired sponge” ' d”! was then converted to energetic units (J
s~ ") using a conversion factor of 1 mg C = 23.03 Joules, assuming
an RQ) =1.0 which is appropriate for ammonotelic animals such
as sponges [45].

Spongivores

The diversity and abundance of spongivorous fishes was
assessed on replicate 2x10 m band transects at three depths (10,
30, and 46 m) on the fore-reef of Carrie Bow Cay (n =5 transects
per depth). Since spongivores tend to be home ranging [46], on
subsequent dives we were able to collect dietary data from
replicate individuals (n=95 from each depth) during 5 min
observation periods of each fish. Specifically, we recorded the
percent of bites on sponges during the observation period, the total
number of bites on sponges during the time period, the number of
bites on the same individual, and the number of sponges that each
fish species grazed. In addition, the 3-dimensional cover (=
volume) and identity of sponges within randomly-assigned
replicate (n=5) 1 m” quadrats on ecach of the transects was
assessed. From this data, we were able to determine the ranked
abundance of the resident sponges relative to feeding preference
(i.e., the ranked bites on specific species).

Statistical Analysis

Abundance, size frequency, tube extension rates, food avail-
ability and spongivore observations were analyzed using one-way
ANOVAs at a significance level of 5%, using depth as a fixed
factor. No unequal variances were detected using the F, .. test,
and when significant treatment effects were detected individual
treatment differences were assessed using the Tukeys HSD
multiple comparison test. Where appropriate, ratios and percent-
ages were arcsin or log transformed for analysis and back
transformed for presentation. Because the feeding rate of
Callyspongia vaginalis scaled linearly with sponge size in a previous
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study [11] an ANCOVA was run on all feeding data with sponge

size as a covariate.

Results

At Carrie Bow Cay sponge density increases significantly
(ANOVA: p<0.0001) with increasing depth, as does the number
of species (ANOVA: p<0.0001, Fig. 1). Sponge density and
species number were significantly different between shallower
(7.5-23 m) and deeper (3046 m) depths (Tukeys HSD: p<<0.05).
Additionally, the density of Callyspongia vaginalis increased signifi-
cantly with depth (ANOVA: p<0.0001, Fig. 1) with significant
differences between the shallowest and deepest depths, and the
middle depths exhibiting overlapping differences (Tukeys HSD
p<<0.05).

Sponge size, measured as tube length, showed a significant
(ANOVA: p<<0.0001) effect of depth for Callyspongia vaginalis with
larger sponges found at deeper depths (Fig. 2 a). Multiple
comparison testing showed that tube length at each depth was
significantly different (Tukeys HSD: p<<0.05) from each other
(Fig. 2 a). Measurements of tube extension rates (cm mo ')
showed a significant effect (ANOVA: p<<0.0001) of depth for
Callyspongia vaginalis (Fig. 2 b). Multiple comparison tests showed
that sponges from the deeper depths (23-46 m) grew significantly
faster (Tukeys HSD: p<<0.05) than sponges from shallow depths,
and sponges at 46 m grew faster than sponges at all other depths
(Fig. 2 b).

Total food availability for C. vaginalis increased significantly
(ANOVA: p<0.031) with depth (Fig. 3 a) with the highest
concentration of picoplankton found at 46 m (Tukeys HSD:
P<0.05). As observed in previous studies [11], the density of
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12 B Sponge Species

1 [l Callyspongia vaginalis Densities
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Sponges/Species m® (Mean * SE)
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cyanobacteria within the picoplankton decreased while both the
prochlorophytes and heterotrophic bacteria increased with depth
(data not shown). The calculated percentage clearance for C.
vaginalis was also significantly different with depth (ANOVA:
p<<0.0013), and ranged from 53% at 7.5 m to 84% at 46 m. The
clearance rate at the shallowest depth (7.5 m) was significantly
different (Tukeys HSD: p<<0.05) from all other depths that were
not significantly different from each other (data not shown). Unlike
previous observations from the Florida keys where only two depths
were analyzed [11] the ANCOVA analysis for the effects of depth,
with tube length as a covariate, on feeding rates as well as carbon
and energy acquisition was not significant (ANCOVA: p<<0.05)
and was not considered further. Combining the available food
with percentage clearance and the volume flux calculations
showed that C. vaginalis consumed significantly more food with
increasing depth (ANOVA: p<0.0001), and acquired more
carbon as particulate organic carbon (ANOVA: p<<0.0001) and
more energy (J d~'; ANOVA: p<<0.0001), based on an assumption
of constant pumping rate and feeding (Fig. 3 b). In all cases
multiple comparison tests showed that sponges at shallower depths
had significantly lower rates of feeding, total carbon (Fig 3 c) and
total energy acquisition (Fig. 3 d) when compared to deeper depths
(Tukeys HSD: P<<0.05).

There were no significant differences in spongivorous fish
densities between the shallow reefs (10 and 30 m) and the deep
reef (46 m), with the exception of spadefish that were not observed
shallower than 39 m (Table 1; ANOVA: p=0.0326). The percent
of sponges in spongivorous fish diets was consistent across the
depth gradient (ANOVA: p=10.0897), although the number of
sponge species in the diet of spongivores increased significantly

7.5 15 23
Depth (m)

Figure 1. Sponge densities and diversity on Carrie Bow Cay, Belize (m? mean =* SE). Density of sponges, number of sponge species and
density of Callyspongia vaginalis from different depths. Common superscripts indicate groups not significantly different from each other.

doi:10.1371/journal.pone.0079799.g001
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Figure 2. Tube length and growth for Callyspongia vaginalis on Carrie Bow Cay, Belize. Tube length (cm, mean * SE) (A). Growth over a
one-year period (cm, mean * SE) (B). Common superscripts indicate groups not significantly different from each other.

doi:10.1371/journal.pone.0079799.g002

with depth (ANOVA: p<<0.0001). Finally, the number of bites per
unit time was consistent across the depth gradient (ANOVA:
p=0.1121), but spongivores on the deeper reef exhibited
significantly more focal bites on individual sponges than did their
conspecifics on the shallow reefs (ANOVA: p<<0.0001). Callyspongia
vaginalis was the 12" and 23" most common sponge, by volume,
on the shallow and deep reefs, respectively (data not shown).
Additionally, C. vaginalis represented the 19™ and 24™ most
common prey species on shallow and deep reefs respectively,
based on focal bites.

Discussion

In tropical ecosystems neritic and pelagic productivity is
dominated by picoplankton, including both photoautotrophic
and heterotrophic bacteria [11,47,48]. The small size of these
picoplankton (1.0 pm or less) makes them an ideal food resource
for sponges that are active suspension feeders and consume a large
fraction of these microbes [10,11,49]. Caribbean sponges such as
Callyspongia vaginalis, Agelas conifera, and Aplysina fistularis have been
shown to acquire their food heterotrophically [11,15], unlike their
photoautotrophic counterparts typical of Pacific reefs such as the
Great Barrier Reef [1,2].

Here we show that the bathymetric pattern of picoplankton
distribution for cyanobacteria (Synechococcus sp.), prochlorophytes
and heterotrophic bacteria (likely including various chemoauto-
trophs and Archaea) is similar to what has been previously
reported for the waters adjacent to coral reefs across the
Caribbean [11]. The carbon and energy acquired by sponges
from these planktonic resources are substantial and result in a
consistent and repeatable pattern of increasing sponge size and
growth rates for both chemically defended and undefended species
with increasing depth ([11], this study). The natural experiment
described here used a chemically undefended sponge that is fully
exposed to equivalent numbers of spongivores, specifically fishes
[30,39,50], at depths up to 46 m, with no evidence for depth
dependent differences in spongivory on this species. If anything,
since spongivorous fishes are likely to follow their food supply [6]
one would predict higher rates of sponge biomass removal by these
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predators with increasing depth that is not evident in this study or
others [e.g., 11]. We did observe a greater dietary breadth at
depth, and more focal bites on individual sponges, but this
apparently had no effect on growth rates of sponges at depths
greater than 30 m.

For Callyspongia vaginalis in particular, a well-controlled recipro-
cal transplant experiment was conducted on Conch Reef in the
Florida Keys [15] the same reef where Pawlik et al. [39] conducted
their studies. In that study C. vaginalis from the deep reef grew
significantly (27%) more than conspecifics from the shallow
habitat. To examine the effect of depth and the genetic or
environmental basis of habitat-specific variation in sponge growth,
Trussell et al. [15] conducted a reciprocal transplant experiment
between deep (25 m) and shallow reefs (12 m). Sponges returned
to their native site served as transplant controls (e.g., shallow —>
shallow). A significant depth effect on sponge growth indicated
that: 1) deep control sponges exhibited significantly higher growth
rates than both shallow sponge controls and deep sponges
transplanted to the shallow site, 2) there were no significant
differences in growth between deep and shallow sponges
maintained at the deep site, and 3) shallow sponges transplanted
to the deep site showed only a trend of increased growth
(0.36£0.11 cm) over their controls (0.20+0.11 cm). These data
indicate that deep sponges generally grow faster than shallow
sponges but are not able to maintain their high growth rates when
transplanted to the shallow habitat. In addition, the large
differences in growth observed between both control groups were
not apparent between shallow sponges transplanted to the deep
site and deep site controls. Hence, shallow sponges placed in the
deep habitat and deep controls exhibited comparable growth
rates. Moreover, without having tested directly the effects of
predation, all of these results occurred while being exposed to the
full suite of spongivores.

These results are also supported by simultaneous assessment of
food availability, feeding and energetic budgets for sponges at each
depth and the reciprocal transplants [15]. Deep reef habitats at
Conch Reef are more conducive to higher growth rates than the
shallow reef, which is consistent with the larger overall population
size structure of sponge populations in the deep vs. shallow reefs on
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Figure 3. Picoplankton availability and feeding for Callyspongia vaginalis on Carrie Bow Cay, Belize. Depth-dependent concentrations of
total picoplankton (A). Instantaneous total cells consumed per individual at each depth (B). Instantaneous intake of total particulate carbon per
individual (C). Daily intake of total energy (J) per individual (D). Common superscripts indicate groups not significantly different from each other.

doi:10.1371/journal.pone.0079799.g003

Conch Reef [11]. Moreover, the shift in the growth rates of deep
reef sponges between the two habitats and the trend for shallow
sponges suggests a phenotypically plastic response to different
environments, rather than genetically different populations which
has since been quantified for C. vaginalis [51]. The work on sponges
at Conch Reef by Lesser [11] and Trussell et al. [15] is also
consistent with transplant experiments done by Leichter et al. [52]
that showed higher growth rates at 30 m versus 15 m for the coral
Madracis mirabilis on Conch Reef. Additionally, long-term popu-
lation studies on the giant barrel sponge Xestospongia muta, a sponge
that exhibits highly variable chemical defenses [20], showed that
sponge densities increased 2-5 times faster at 30 m compared to
10 m and 20 m, while sponge size frequency distributions shifted
to smaller sponge sizes across all depths at Conch Reef [53].
McMurray et al. [53] attributed increases in sponge densities to
episodic recruitment events and subsequent survival but did not
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explain the depth dependent density differences. If recruitment
potential is the same over the depth range of 10-30 m, and the
densities of spongivores are equivalent across depths at this
location [39], then we would hypothesize recruitment survival
could be explained by access to greater food resources at 30 m.
There are several flaws with the experimental design of Pawlik
et al. [39] that reduce the impact of their conclusion regarding
control by spongivorous fish for Caribbean sponge communities.
First, in their C. vaginalis experiment Pawlik et al. [39] lost an entire
treatment group which necessitated the use of multiple #tests
rather than the planned multifactorial ANOVA. However, the
authors appear to use multiple f-tests without correcting the
comparison-wise p value to control for the experiment-wise o of
0.05 (i.e., the 30 m uncaged treatment group was used in more
than one comparison) and avoid making a Type I error [54]. In
fact, it appears that correcting the p value for the number of
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Table 1. Depth-specific spongivore densities and their diet on Carrie Bow Cay, Belize.

Density: 10-30 m
(2x10m) " N=10

Density: 46 m
Spongivore

Dietary Breadth (% bites on
sponges) [# sponge species
(2x10 m) ' N=5 eaten]

Bites (15 min) ™’ Bites (individual) ™’

CHAETODONTIDAE

Chaetodipterus jaber 0 26*1.6 na/31.4*+4.5 [na/10.4+1.3] 0/10.2+3.1 0/4.2+0.9

MONOCANTHIDAE

Cantherhines macrocerus 0.2*0.1 0.6+0.4 66.7+3.6/77.2+3.7 [7.9%+0.5/ 21.3%2.7/18.6*+29 1.6+0.3/5.0=1.0
10.2+1.3]

POMACANTHIDAE

Holocanthus ciliarus 0.3+0.2 04+04 94.5+1.7/98.4+0.9 [24.7£1.0/ 12.2*+1.4/13.0£1.9 2.6+0.4/4.0+0.8
35.2+2.7]

Holocanthus tricolor 0.6+0.3 0.4%+0.2 92.8+1.5/97.0+1.5 [21.5£1.2/ 17.8%+1.2/19.0£2.1 1.6+0.2/10.2*+1.5
28.8+0.9]

Pomacanthus arcuatus 0.5*+0.3 04+04 70.7+2.5/74.8+2.7 [21.2+1.3/ 124+0.9/14.2%1.9 1.2%0.1/6.0+0.7
28.8+0.9]

Pomacanthus paru 0.4+0.2 0.2+0.2 76.5+2.5/73.4+2.9 [19.7+0.7/ 14.9+0.8/14.8£2.2 1.2%0.1/6.2+1.2
30.4*1.4]

TETRODONTIDAE

Canthigaster rostrata 48*+1.5 44+18 20.3+2.4/45.4+2.1 [11.2+0.8/ 47.9+12.1/48.8£9.1 1.920.3/12.8+2.9

28.0*0.7]

second number refers to the deep depth.
doi:10.1371/journal.pone.0079799.t001

multiple comparisons to an o of 0.025 shows that their results for
caging effects (p =0.0486) would not be significant. Also, there is
no explanation for running a one-tailed #test. Prior data in fact
already shows greater growth at deeper depths [11] which a prior:
should have led the authors to conduct a two-tailed test to test for
the possibility of greater growth in either shallow or deeper depths
and the required doubling of those p values. Second, not having
cage controls is a clear experimental design flaw, despite the report
of no cage effects from Leong and Pawlik [55] where similar
problems with post hoc multiple comparison analyses also occur; a
study that itself did not report the cage control data. Cages will
affect the hydrodynamics outside and inside the cage and therefore
the flow speed and residency time of the water within the cage [56]
with potential effects on food availability and sponge metabolism.
Another underappreciated effect of caging would be a significant
reduction in flow-induced feeding by sponges [57,58]. Further-
more, cages could also affect light levels within these structures
(i.e., they will act as neutral density filters) that could negatively
affect sponges in Pawlik et al. [39] that contain photoautotrophic
symbionts (i.e., Aplysina cauliformis) [59,60]. There were, however,
clearly no effects of cages or depth on the growth of Amphimedon
compressa and Aplysina cauliformis and, not withstanding the lack of
cage controls, this suggests that food supply, predation, and in the
case of A. cauliformis light, did not significantly affect the growth of
these sponges in these experiments so broad conclusions about the
role of predation appear unsupported in this case. But controlling
for cage effects in each experiment, even if the results agree with «a
priort anticipated outcomes, is required and when conducted
appropriately can be very informative regarding the role of fish
predation [61,62]. Third, sponges were collected from “10-30 m”
and then divided into depth treatment groups (15 m and 30 m)
with no regard to their prior history at the depths of collection.
The appropriate design is to conduct reciprocal transplants, with

PLOS ONE | www.plosone.org

Notes: Data presented are the mean number of fish = SE per 2x10 m band transects (n =5 replicates at each of three depths: 10 m, 30 m and 46 m). Percent of bites on
sponges for each fish species are based on 15 min bite count observations of five fish on the shallow- and deep- reefs (na = not applicable: no fish observed at depth);
the number of sponge species sampled during that period are included in parentheses. The average number of bites per 15 min observation period, and the average
number of focal bites on individual sponges are recorded. In all cases where numbers are separated by a hash (“/”), the first number refers to the shallow depths and the

disturbance controls [15,63], that match experimental depths with
the sponge collection depths [15,64] such that any genetic, or prior
environmental history differences or disturbance effects can be
detected and accounted for. Finally, the assessment of sponge
growth by Pawlik et al. [39] is by buoyant weight but the results
are described on a percentage basis that has the potential to mask
what are actually very small increases in biomass. While we
appreciate the importance of volumetric parameters (i.e., wall-
thickening) as a component of growth (e.g., [5]), in the specific case
of C. vaginalis previous work has shown that both volume and tube
length, in absolute units, increases with depth in C. vaginalis
[11,15].

We also disagree with Pawlik et al. [39] that Conch Reef is
typical of the coral reefs around the Caribbean basin. Pawlik et al.
[39] note that the unique oceanography at Conch Reef (ie.,
internal waves that drive a “plankton pump” [52]), should provide
the strongest signal in the Caribbean basin for bottom-up
processes, but the feeding and physiological experiments by Lesser
[11] and Tussell et al. [15] were actually conducted during times
when internal waves were absent. We do, however, appreciate
how internal waves integrated annually would increase produc-
tivity and food availability to deeper coral reef communities sensu
Leichter et al. [52,65,66] and effect long-term growth rates. It is
therefore important to see similar results for C. vaginalis reported
here from Carrie Bow Cay, Belize; the site is a Caribbean coral
reef system that is not significantly affected, in terms of frequency
or amplitude [67], by an internal wave driven plankton pump but
there is a significant increase in picoplankton abundance with
increasing depth, and the sponges on this reef are exposed to
abundances of spongivores that are similar to what is found on
Conch Reef ([6], Table 1).

Pawlik et al. [39] go on to argue that Conch Reef and other
reefs throughout the Caribbean basin have a similar diversity of
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sponges and spongivores. In fact, sponge diversity on Conch Reef
may be the lowest in the region (e.g., [7] vs. [8]), and even if
diversity is similar function can be quite different [68]. Also, while
spongivore diversity is much more similar across the region at
depths up to 30 m, except for parrotfishes which arguably are not
important spongivores [6,50,69], differences in spongivore abun-
dance and diversity can have significant impacts on community
structure, and likely function but mostly for reefs >50 m in depth
([30], Slattery and Lesser unpublished data).

When exposed to spongivorous fishes, Callyspongia vaginalis, a
widely distributed and chemically undefended sponge ([20],
Slattery unpublished data), maintains greater biomass and grows
faster in proportion to the abundance of picoplankton ([11,15],
this study). This abundant sponge is also of poor nutritional quality
[70], and sponge nutritional quality has been shown to be more
important than chemical defenses in determining whether fish
consume different species of sponges [71]. Despite claims that
differential predation, mediated by chemical defenses, 1s the major
process controlling the ecology of sponges [19,39], this view is not
universally supported [6,50] and the data on food availability and
growth, differences in sponge nutritional quality, competition and
disease all support roles for other processes in the ecology of
sponges [5,72]. In fact, our data (Table 1) indicates that
spongivory is consistent across depths from 10 to 46 m at Carrie
Bow Cay, but the greater sponge biodiversity and biomass on
deeper reefs has resulted in a more opportunistic feeding strategy
that includes more sponge species as food and potentially less time
searching for prey (i.e., more focal bites per individual). It is also
possible that the latter behavior implies that these sponges are less
defended than their shallow reef counterparts (e.g., Slattery et al.
unpublished data), although this reinforces our point that
predation has limited control on sponge growth rates on deep
reefs since any tissue loss is compensated by enhanced food supply
for either defended or undefended sponges [11]. It is interesting to
note that based on their rank availability (12™) and their ranking as
a prey species (l9th) shallow reef C. vaginalis may have some feeding
deterrent characteristics (i.e., chemical defenses and/or lowered
nutritional content). In contrast, deep reef C. wvaginalis are
consumed at a level consistent with their availability in the
population.

Understanding the ecology of sponges is more important than
ever as there is increasing awareness that some tropical reefs could
undergo a phase transition to sponge dominated reefs [73]. There
is some evidence from long-term data that this is already
happening [74], even in the presence of spongivorous fishes
[75]. But evidence of sponge declines, putatively from disease
outbreaks, also exist [5,76], and a recent cold-water event in the

References

1. Wilkinson CR (1983) Net primary productivity in coral reef sponges. Science
219: 410-412.

2. Wilkinson CR (1987) Interocean differences in size and nutrition of coral reef
sponge populations. Science 236: 1654-1657.

3. Wilkinson CR, Cheshire AC (1990) Comparisons of sponge populations across
the Barrier Reefs of Australia and Belize: evidence for higher productivity in the
Caribbean. Mar Ecol Prog Ser 67: 285-294.

4. Bell JJ (2008) The functional biology of sponges. Est Coast Shelf Sci 79: 341
353.

5. Wulff JLL (2006) Rapid diversity and abundance decline in a Caribbean coral reef
sponge community. Biol Cons 127: 167-176.

6. Wulff JL (2012) Ecological interactions and the distribution, abundance, and
diversity of sponges. Adv Mar Biol 61: 273-344.

7. Schmahl GP (1990) Community structure and ccology of sponges associated
with four Southern Florida coral reefs. In: New Perspectives in Sponge Biology.
Riitzler K, editor. Smithsonian Institution Press, Washington, D.C, pp. 384—
390.

PLOS ONE | www.plosone.org

Ecology of Caribbean Sponges

Florida keys resulted in significant decreases in both coral and
sponge cover [77]. Importantly, Caribbean wide declines in coral
reef fish have also been reported with significant declines in
“invertivores” that include well-known spongivorous species [78].
Paddock et al. [78] conducted a meta-analysis of data from 1955—
2007 and found that the most significant decline in fish
populations occurred during 1996-2007. This begs the following
question; if you believe, or can show, that spongivory by fishes is
the primary process controlling sponge populations, is there a
“tipping point” for sponge populations where predation pressure
becomes so low that abiotic factors (e.g., food supply) become
more important over time [79]? Additionally, the Caribbean wide
mvasion by lionfish has further reduced fish populations since
2005, including spongivores, on both shallow [80] and mesophotic
[30] reefs.

Pawlik et al. [39], despite claims to the contrary, did not directly
test the role of bottom-up factors, or food supply and feeding, on
the ecology of their target sponges. Similarly, Lesser [11], Trussell
et al. [15] and the data presented here did not directly test the role
of predation on sponges. This is reminiscent of early discussions on
the role of nutrients versus herbivory on the phase transition of
reefs from coral- to algal-dominated reefs [75,81-84]. No one had
yet carried out the multi-factor, multi-level experiments required
to tease apart the respective roles of nutrients versus herbivory,
and their interaction, in these phase transitions (sensu [85]). When
that was finally accomplished it was found that herbivory controls
algal production, but that nutrients can play an important role
under certain circumstances [86]. In a similar manner, no one has
yet conducted carefully controlled experiments that examine the
independent and interactive effects of predation and food supply
on the ecology of sponges. To do this requires a detailed and
controlled experimental approach carried out on sponges under
varying levels of food supply and predation pressure. We predict
that, similar to algal phase shifts on coral reefs [75,84,87], the
controlling factors will be much more complex than either
predation or food levels in isolation.

Acknowledgments

We thank Deborah Gochfeld for constructive comments on the
manuscript.

Author Contributions

Conceived and designed the experiments: MPL MS. Performed the
experiments: MPL MS. Analyzed the data: MPL MS. Contributed
reagents/materials/analysis tools: MPL MS. Wrote the paper: MPL MS.

8. Reed JK, Pomponi SA (1997) Biodiversity and distribution of deep and shallow
water sponges in the Bahamas. Proc of the 8" Int Coral reef Symp 2: 1387
1392.

9. Reiswig HM (1974) Water transport, respiration and energetics of three tropical
marine sponges. ] Exp Mar Biol Ecol 14: 231-249.

10. Pile AJ (1997) Finding Reiswig’s missing carbon: quantification of sponge feeding
using dual-beam flow cytometry. Proc 8" Int Coral Reef Symp 2: 1403-1410.

11. Lesser MP (2006) Benthic-pelagic coupling on coral reefs: feeding and growth of
Caribbean sponges. ] Exp Mar Biol Ecol 328: 277-288.

12. Diaz MC, Ruiitzler K (2001) Sponges: An essential component of Caribbean
coral reefs. Bull Mar Sci 69: 535-546.

13. Fiore CL, Jutte PC (2010) Characterization of macrofaunal assemblages
associated with sponges and tunicates collected off of the southeastern United
States. Invert Biol 129: 105-120.

14. Gili JF, Coma R (1998) Benthic suspension feeders: their paramount role in
littoral marine food webs. Trends Ecol Evol 13: 316-321.

15. Trussell GC, Lesser MP, Patterson MR, Genovese SJ (2006) Depth-specific
differences in growth of the reef sponge Callyspongi vaginalis: role of bottom-up
effects. Mar Ecol Prog Ser 323: 149-158.

November 2013 | Volume 8 | Issue 11 | 79799



20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31

40.

41.

42,

43.

44.

46.

. Perea-Blazquez A, Davy SK, Bell JJ (2012) Estimates of particulate organic

carbon flowing from the pelagic environment to the benthos through sponge
assemblages. PLoS ONE 7: ¢29569.

. Hill MS (1998) Spongivory on Caribbean reefs releases corals from competition

with sponges. Oecologia 117: 143-150.

. Pawlik JR (1997) Fish predation on Caribbean reef sponges: an emerging

perspective of chemical defenses. Proc 8 Int Coral reef Symp 2: 1255-1258.

. Pawlik JR (2011) The chemical ecology of sponges on Caribbean reefs: natural

products shape natural systems. Bioscience 61: 838-898.

Pawlik JR, Chanas B, Toonen R]J, Fenical W (1995) Defenses of Caribbean
sponges against predatory reef fish. I. chemical deterrency. Mar Ecol Prog Ser
127: 183-194.

Becerro MA, Thacker RW, Turon X, Uriz M, Paul VJ (2003) Biogeography of
sponge chemical ecology: comparisons of tropical and temperate defenses.
Oecologia 135: 91-101.

Thoms C, Schupp PJ (2007) Chemical defense strategies in sponges: a review. In:
Porifera Research: Biodiversity, Innovation and Sustainability. Custodio MR,
Lobo-Hadju G, Hajdu Muricy G, editors. Série Livros. Museu Nacional, Rio de
Janeiro, pp. 627-637.

Wulff JL (1997) Parrotfish predation on cryptic sponges of Caribbean coral reefs.
Mar Biol 129: 41-52.

Wulff JLL (2005) Ecological interactions of marine sponges. Can J Zool 84: 146
166.

Pawlik JR (1998) Coral reef sponges: Do predatory fishes affect their
distribution? Limnol Oceanogr 43: 1396-1399.

Riitzler K, Macintyre IG (1982) The habitat distribution and community
structure of the barrier reef complex at Carrie Bow Cay, Belize. In: The Atlantic
Barrier Reef Ecosystem at Carrie Bow Cay, Belize. 1 Structure and
Communities. Riitzler K, Macintyre IG, editors. Smithsonian Institution Press,
Washington, pp. 9-45.

Suchanek TH, Carpenter RC, Witman JD, Harvell CD (1984) Sponges as
important space competitors in deep Caribbean coral reef communities. In: The
ccology of deep and shallow coral reefs. Reaka ML, editor. Symposia Series for
Undersea Research, NOAA’s Undersea Research Program. U.S. Department of
Commerce, pp 55-60.

Liddell WD, Avery WE, Ohlhorst SL (1997) Patterns of benthic community
structure, 10-250 m, the Bahamas. Proc 8th Int Coral Reef Symp 1: 437-442.

. Lehnert H, Fischer H (1999) Distribution patterns of sponges and corals down to

107 m off north Jamaica. Mem Queensland Mus 44: 307-316.

Lesser MP, Slattery M (2011) Phase Shift to Algal Dominated Communities at
Mesophotic Depths Associated With Lionfish (Prerois volitans) Invasion on a
Bahamian Coral Reef. Biol Invasions 13: 1855-1868.

Slattery M, Lesser MP (2012) Mesophotic Coral Reefs: A Global Model of
Community Structure and Function. Ecology of Mesophotic Coral reefs, Proc
12th Int Coral Reef Symp, Cairns, Australia, 9-13 July 2012, 5 pp.

. Power ME (1992). Top-down and bottom-up forces in food webs: do plants have

primacy. Ecology 73: 733-746.

. Menge BA (1992) Community regulation: under what conditions are bottom-up

factors important on rocky shores. Ecol Monogr 73: 755-765.

. Menge BA (2000) Top-down and bottom-up community regulation in marine

rocky intertidal habitats. J Exp Mar Biol Ecol 250: 257-289.

. Coma R, Ribes M, Gili J-M, Zabala M (2000) Seasonality in coastal benthic

ecosystems. Trends Ecol Evol 15: 448-453.

. Wilkinson CR, Vacelet J (1979) Transplantation of marine sponges to different

conditions of light and current. J Exp Mar Biol Ecol 37: 91-104.

. Alcolado PM (1979) Ecological structure of the sponge fauna in a reef profile of

Cuba. In: Biologie des Spongiaires. Levi C, Boury-Esnault N, editors. Colloques
Internationaux du C.N.R.S., Paris, France, pp. 297-302.

. Palumbi SR (1986) How body plan limits acclimation: Responses of a

demosponge to wave force. Ecology 67: 208-214.

. Pawlik JR, Loh T-L, McMurray SE, Finelli CM (2013) Sponge communities on

coral reefs are controlled by factors that are top-down, not bottom-up. PLoS
ONE 8: e62573.

Diamond J (1986) Overview: laboratory experiments, field experiments, and
natural experiments. In: Community Ecology. Diamond J, Case TJ, editors.
New York: Harper and Row, pp 3 — 22.

Lesser MP, Shumway SE, Cucci T, Smith J (1992) Impact of fouling organisms
on mussel rope culture: Interspecific competition for food among suspension-
feeding invertebrates. J Exp Mar Biol Ecol 165: 91-102.

Ducklow HW, Kirchman DL, Quinby HL, Carlson CA, Dam HG (1993) Stocks
and dynamics of bacterioplankton carbon during the spring bloom in the eastern
North Atlantic Ocean. Deep Sea Res 40: 245-263.

Morel A, Ahn YH, Partensky F, Vaulot D, Claustre H (1993) Prochlorococcus and
Synechococcus: a comparative study of their optical properties in relation to their
size and pigmentation. ] Mar Res 51: 617-649.

Campbell L, Nolla HA, Vaulot D (1994) The importance of Prochlorococcus to
community structure in the central North Pacific Ocean. Limnol Oceanogr 39:
954-960.

. Parsons TR, Takahashi M, Hargrave B (1984) Biological Oceanographic

Processes. 3rd Ed. Pergamon.

Hourigan TF, Stanton FG, Motta PJ, Kelley CD, Carlson B (1989) The feeding
ecology of three species of Caribbean angelfishes (family Pomacanthidae).
Environ Biol Fishes 24:105-116.

PLOS ONE | www.plosone.org

47.

48.

50.

51.

53.

54.

56.

59.

60.

61.

62.

66.

67.

68.

69.

70.

71.

73.

74.

76.

77.

Ecology of Caribbean Sponges

Partensky F, Hess WR, Vaulot D (1999) Prochlorococcus, a marine photosynthetic
prokaryote of global significance. Microbiol Mol Biol Rev 63: 106-127.

Ting CS, Rocap G, King J, Chisolm S (2002) Cyanobacterial photosynthesis in
the oceans: the origins and significance of divergent light harvesting strategies.
Trends Microbiol 10: 134-142.

9. Ribes M, Coma R, Atkinson MJ, Kinzie IIT RA (2003) Particle removal by coral

reef communities: picoplankton is a major source of nitrogen. Mar Ecol Prog Ser
257: 13-23.

Randall JE, Hartman WD (1968) Sponge-feeding fishes of the West Indies. Mar
Biol 1: 216-225.

Lopez-Legentil S, Erwin PM, Henkel TP, Loh T-L, Pawlik JR (2010) Phenotypic
plasticity in the Caribbean sponge Callyspongia vaginalis (Porifera: Haplosclerida).
Scientifica Marina 74: 445-453.

. Leichter JJ, Shellenbarger G, Genovese SJ, Wing SR (1998) Breaking internal

waves on a Florida (USA) coral reef: a plankton pump at work? Mar Ecol Prog
Ser 166: 83-97.

McMurray SE, Henkel TP, Pawlik JR (2010) Demographics of increasing
populations of the giant barrel sponge Xestospongia muta in the Florida Keys.
Ecology 91: 560-570.

Sokal RR, Rohlf FJ (2012) Biometry: the principles and practice of statistics in
biological research. 4™ ed., W.H. Freeman and Co, New York.

. Leong W, Pawlik JR (2010) Evidence of resource trade-off between growth and

chemical defenses among Caribbean coral reef sponges. Mar Ecol Prog Ser 406:
71-78.

Miller LP, Gaylord B (2007) Barriers to flow: the effects of experimental cage
structures on water velocities in high-energy subtidal and intertidal environ-
ments. ] Exp Mar Biol Ecol 344: 215-228.

. Vogel S (1977) Current-induced flow through living sponges in nature. Proc Natl

Acad Sci 74: 2069-2071.

. Leys SP, Yahel G, Reidenbach MA, Tunnicliffe V, Shavit U, et al. (2011) The

sponge pump: the role of current induced flow in the design of the sponge body
plan. PLoS ONE 6: ¢27787.

Erwin PM, Thacker RW (2007) Incidence and identity of photosynthetic
symbionts in Caribbean coral reef sponge assemblages. ] Mar Biol Ass UK 87:
1683-1692.

Maldonando M, Ribes M, van Duyl FC (2012) Nutrient fluxes through sponges:
biology, budgets, and ecological implications. Adv Mar Biol 62: 113-182.
Steele MA (1996) Effects of predators on reef fishes: separating cage artifacts
from effects of predation. J Exp Mar Biol Ecol 198: 249-267.

Connell SD (1997) Exclusion of predatory fish on a coral reef: the anticipation,
pre-emption and evaluation of some caging artifacts. ] Exp Mar Biol Ecol 213:
181-198.

Slattery M, Starmer J, Paul V (2001) Temporal and spatial variation in defensive
metabolites of the tropical Pacific soft corals Sinularia maxima and S. polydactyla.

Mar Biol 138: 1183-1193.

. Wulff JL. (2005) Trade-offs in resistance to competitors and predators, and their

effects on the diversity of tropical marine sponges. J Animal Ecol 74: 313-321.

. Leichter JJ, Wing SR, Miller SL, Denny MW (1996) Pulsed delivery of

subthermocline water to Conch Reef (Florida Keys) by internal tidal bores.
Limnol Oceanogr 41: 1490-1501.
Leichter JJ, Stewart HL, Miller SJ (2003) Episodic nutrient transport to Florida
coral reefs. Limnol Oceanogr 48: 1394-1407.
Leichter JJ, Helmuth B, Fischer AM (2006) Variation beneath the surface:
quantifying complex thermal environments on coral reefs in the Caribbean,
Bahamas and Florida. J Mar Sci 64: 563-588.
Mouillot D, Graham NA]J, Villéger S, Mason NWH, Bellwood DR (2013) A
functional approach reveals community responses to disturbances. Trends Ecol
Evol. 28: 167-168.

Cardosa SC, Soares MC, Oxenford HA, Cote IM (2009) Interspecific
differences in foraging behavior and functional role of Caribbean parrotfish.
Mar Biod Rec 2: e148.
Chanas B, Pawlik JR (1995) Defenses of Caribbean sponges against predatory
reef fish. II. Spicules, tissue toughness, and nutritional quality. Mar Ecol Prog
Ser 127: 195-211.
Duffy JE, Paul VJ (1992) Prey nutritional quality and the effectiveness of
chemical defenses against tropical reef fishes. Oecologia 90: 333-339.
Gochfeld DJ, Easson CG, Freeman CJ, Thacker RW, Olson JB (2012) Disease
and nutrient enrichment as potential stressors on the Caribbean sponge Aplysina
cauliformis and its bacterial symbionts. Mar Ecol Prog Ser 456: 101-111.
Bell JJ, Davy SK, Jones T, Taylor MW, Webster NS (2013) Could some coral
reefs become sponge reefs as our climate changes. Global Change Biol doi:
10.1111/gcb.12212.

“olvard NB, Edmunds PJ (2011) Decadal-scale changes in abundance of non-
scleractinian invertebrates on a Caribbean coral reef. J Exp Mar Biol Ecol 397:
153-160.

. Norstrom AV, Nystrém M, Lokrantz J, Folke C (2009) Alternative states on

coral reefs: beyond coral-macroalgal phase shifts. Mar Ecol Prog Ser 376: 295
306.

Webster NS (2007) Sponge disease: a global threat? Environ Microbiol 9: 1363~
1375.

Colella MA, Ruzicka RR, Kidney JA, Morrison JM, Brinkhuis VB (2012) Cold-
water event of January 2010 results in catastrophic benthic mortality on patch

reefs in the Florida Keys. Coral Reefs 31: 621-632.

November 2013 | Volume 8 | Issue 11 | 79799



79.

80.

81.

82.

. Paddack MJ, Reynolds JD, Aguilar C, Appledoorn RS, Beets J, et al. (2009)

Recent region-wide declines in Caribbean reef fish abundance. Current Biol 1:
590-595.

Hughes TP, Linares C, Dakos V, van de Leemput IA, van Nes EH (2013) Living
dangerously on borrowed time during slow, unrecognized regime shifts. Trends
Ecol Evol 28: 149-155.

Green SJ, Akins JL, Maljkovic’A, Céte IM (2012) Invasive lionfish drive Atlantic
coral reef fish declines. PLoS ONE 7: 32596.

LaPointe BE (1997) Nutrient thresholds for bottom-up control of macroalgal
blooms on coral reefs in Jamaica and Southeast Florida. Limnol Oceanogr 42:
1119-1131.

Hughes T, Szmant AM, Steneck R, Carpenter R, Miller S (1999) Algal blooms
on coral reefs: what are the causes? Limnol Oceanogr 44: 1583-1586.

PLOS ONE | www.plosone.org

83.

84.

86.

87.

Ecology of Caribbean Sponges

Smith JE, Hunter CL, Smith CM (2010) The effects of top-down versus bottom-
up control on benthic coral reef community structure. Oecologia 163: 497-507.
Dudgeon SR, Aronson RB, Bruno JF, Precht WF (2010) Phase shifts and stable
states on coral reefs. Mar Ecol Prog Ser 413: 201-216.

. Worm B, Lotze HK, Hillebrand H, Sommer U (2002) Consumer versus

resource control of species diversity and ecosystem functioning. Nature 417:
848-851.

Burkepile DE, Hay ME (2006) Herbivore vs. nutrient control of marine primary
producers: context-dependent effects. Ecology 87: 3128-3139.

Bruno JF Sweatman H, Precht WF, Selig ER, Schutte VGW (2009) Assessing
evidence of phase shifts from coral to macroalgal dominance on coral reefs.
Ecology 90: 1478-1484.

November 2013 | Volume 8 | Issue 11 | 79799



