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ABSTRACT: Sponge diseases have recently emerged as potential forces structuring coral reefs.
The increasing prevalence of disease on reefs may be due to changes in the virulence of
pathogens and/or to decreases in host resistance as a result of changing environmental conditions.
Coral reef ecosystems typically thrive in oligotrophic waters; however, runoff of fertilizers or
sewage that contains elevated concentrations of nutrients can lead to eutrophic conditions.
Aplysina cauliformis is a dominant member of the Caribbean sponge community, and is susceptible to Aplysina Red Band Syndrome (ARBS), a disease that causes reduced sponge growth and
survival. We assessed the independent and interacting effects of nutrient enrichment and disease
on A. cauliformis, using a factorial field experiment in which healthy and diseased sponges were
exposed to nutrient-enriched or non-enriched treatments. Impacts on ARBS virulence (rate of
lesion growth) and host response (both sponge and cyanobacterial symbiont growth and physiology) were assessed. ARBS lesions increased rapidly regardless of nutrient treatment, and disease
had a significantly greater detrimental impact on sponges than did nutrient enrichment, as
evidenced by a decline in sponge mass and reduced total protein content. The sponge−cyanobacterial symbiont relationship was less impacted by disease, although the sponge-associated
bacterial community was significantly affected by sponge condition, with healthy sponges and
diseased tissue hosting significantly different bacterial assemblages. In contrast, nutrient enrichment had no effects on sponge or symbiont physiology. Disease is a much greater stressor than
eutrophication on the growth and physiology of A. cauliformis and its cyanobacterial symbionts.
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Coral reef ecosystems face increasing threats from
a combination of natural and anthropogenic impacts,
including pathogenesis, global climate change, and
local disturbances that affect overall water quality
(Rosenberg & Loya 2004, Fabricius 2005, HoeghGuldberg et al. 2007, Carpenter et al. 2008). Coastal
development has intensified dramatically in recent
decades, generating increased sedimentation and

turbidity, as well as elevated concentrations of inorganic nutrients, particularly those derived from fertilizers and insufficiently treated sewage (Fabricius
2005). Increasing eutrophication of coastal waters
has contributed to dramatic phase shifts from coraldominated to macroalgal-dominated reefs over the
past several decades (Lapointe 1997, McCook 1999),
even though the relative strengths of top-down
versus bottom-up factors in coral reef phase shifts
remain controversial (Szmant 2002).
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Diseases of marine invertebrates have received
increasing attention recently, as infectious diseases
of the sea urchin Diadema antillarum and scleractinian corals are considered to be major causes of the
accelerating destruction of Caribbean coral reef
ecosystems (Hughes 1994, Porter et al. 2001, Aronson
et al. 2004, Rosenberg & Loya 2004). The best
described marine diseases are those of hard corals,
and new coral diseases have been reported with
increasing frequency in an expanding number of
hosts on a global scale (Rosenberg & Loya 2004,
Ward & Lafferty 2004, Raymundo et al. 2008). Diseases of sponges were documented as early as the
1940s, when disease ravaged the commercial sponge
industry in the Caribbean (Galtsoff et al. 1939, Smith
1941). Sponge diseases have recently been rediscovered across the globe (Rützler 1988, Gaino et al.
1992, Vacelet et al. 1994, Webster et al. 2002, Cervino
et al. 2006, Cowart et al. 2006, Olson et al. 2006,
Wulff 2006, 2007, Webster 2007, Maldonado et al.
2010).
Nutrient enrichment is hypothesized to contribute
to the onset and severity of coral diseases by elevating
microbial growth rates, enhancing virulence of
pathogens, and promoting blooms of algae or cyanobacteria (Glibert et al. 2004, Rodier & Le Borgne
2008). Correlative studies suggest that increased concentrations of nutrients are associated with increased
prevalence of various coral diseases, including Black
Band Disease (Kuta & Richardson 2002, Kaczmarsky
et al. 2005), White Plague type II (Kaczmarsky et al.
2005), Porites Ulcerative White Spots, and Porites
growth anomalies (Kaczmarsky & Richardson 2011).
In experimental nutrient exposures, Black Band
Disease (Voss & Richardson 2006), aspergillosis, and
Yellow Band Disease (Bruno et al. 2003) exhibited
increased virulence with increased nutrient dose, as
measured by rate of disease progression.
Sponges are represented by enormous structural,
functional, and taxonomic diversity (Diaz & Rützler
2001, Rützler 2004, Bell 2008) and provide critical
ecosystem services, including essential habitat and
structure, consolidation of reef structures, food for
predators, and removal of particulate matter from the
water column. Like corals, some of the success of
coral reef sponges comes from their photosymbiosis,
typically with cyanobacteria, that provides some
sponge hosts with significant inputs of carbon and
nitrogen (Erwin & Thacker 2008, Freeman & Thacker
2011) and contributes to nutrient cycling (Fiore et al.
2010).
One of the dominant sponges on shallow Caribbean reefs is the branching sponge Aplysina cauli-

formis. Healthy individuals of this species harbor
dense populations of the unicellular cyanobacterium
Synechococcus spongiarum and a diverse community of bacterial associates (Erwin & Thacker 2007,
Hardoim et al. 2009); these microbial symbionts contribute photosynthates to host sponge metabolism
(Freeman & Thacker 2011). A. cauliformis is affected
by Aplysina Red Band Syndrome (ARBS), which
manifests as a red band that progresses along the
branch of the sponge, leaving behind necrotic tissue
that becomes colonized by algae (Olson et al. 2006).
The red band is comprised primarily of red filamentous cyanobacteria (Olson et al. 2006), but the etiologic agent of this disease has not yet been identified.
Although widely distributed throughout the greater
Caribbean region, ARBS is particularly common in
the Exuma Cays, Bahamas, where up to 15% of A.
cauliformis are affected (Olson et al. 2006). Gochfeld
et al. (2007) suggested that population densities of
this sponge can serve as indicators of environmental
conditions. For example, in Bocas del Toro, Panama,
ARBS prevalence was greatest at the site impacted
by elevated nutrient concentrations and polycyclic
aromatic hydrocarbons, even though Aplysina sponges
were rare at that site (Gochfeld et al. 2007).
Over the past several years, we have observed
formerly uninhabited regions of the Bahamian
islands undergoing accelerating coastal development, increasing the exposure of previously pristine
ecosystems to land-based stressors. Due to its abundance, its potential use as a bioindicator species, and
its susceptibility to ARBS, we used Aplysina cauliformis as a model to study the impacts of elevated
nutrient concentrations on ARBS progression. To test
the effects of nutrient enrichment on healthy and
ARBS-affected A. cauliformis, we conducted a factorial field experiment. This enabled us to evaluate
the effects of disease and nutrient enrichment, independently and together, on ARBS virulence, sponge
condition, symbioses between sponges and their
cyanobacterial symbionts, and sponge-associated
microbial communities.

MATERIALS AND METHODS
Study site and species
This study was conducted at the Caribbean Marine
Research Center/Perry Institute for Marine Science
on Lee Stocking Island (LSI), Exuma Cays, Bahamas,
from 11 June to 9 July 2009. The Exuma Cays are
relatively pristine by most Caribbean standards, and
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LSI is over 40 km from the nearest major town. However, the study site is located ~3.5 km from a small
cay where a private resort with a golf course is under
construction.
Aplysina cauliformis is common on shallow reefs in
the Bahamas. Samples of healthy and diseased A.
cauliformis (thin branching morph) were collected at
North Norman’s reef (23° 47.388’ N, 76° 08.273’ W)
from a depth of 5 m, and the experiment was
deployed 0.3 km to the south at Big Point
(23° 47.301’ N, 76° 08.118’ W), at the same depth.

Field nutrient experiment
To assess the relative impacts of disease and nutrient enrichment on the health of Aplysina cauliformis
and its cyanobacterial symbionts, we performed a
factorial field experiment in which healthy and diseased sponges were exposed to ambient (control) or
nutrient-enriched conditions (n = 12 in each treatment), modifying experimental methods previously
reported by Freeman & Thacker (2011). Fragments
(20 cm) of sponges from North Norman’s reef were
collected into individual resealable plastic bags and
transported to the wet lab on LSI, where they were
maintained overnight. Healthy sponges were placed
in a separate water table from diseased sponges.
From each individual, initial samples were collected
for analysis of total protein concentration, cyanobacterial symbiont density, chlorophyll a (chl a)
concentration, and bacterial community composition.
Sponges were cut to 10 cm, photographed, weighed,
and measured. All sponges were cut on both ends, so
any potential stress resulting from the cutting should
be similar in all sponges. Stress due to cutting was
considered minimal, as new sponge tissue was noted
at these cut ends by the end of the first week. After
dark on the day of collection, pulse-amplitude modulated fluorometry (PAM) measurements were made
on dark-adapted sponges using a Diving-PAM (see
below). Sponges were then attached to 20 × 20 cm
plastic racks using plastic cable-ties, at a distance of
5 cm on either side of a nutrient pack wrapped in
window screen (Thacker et al. 2001) or a window
screen control pack (empty). Each rack contained 2
sponges from the same treatment group. The nutrient pack contained 10 g of Osmocote® slow-release
fertilizer (14-14-14 N-P-K), and both nutrient packs
and empty control packs were replaced weekly for
the 4 wk duration of the experiment. Within 24 h of
sponge collection, racks were attached at a depth of
5 m on the reef at Big Point. All racks were placed
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parallel to the reef, with a minimum distance of 5 m
between racks. Water samples were collected in
250 ml Nalgene bottles immediately over 1 sponge
on 3 control and 3 nutrient racks prior to nutrient
pack deployment (Day 0) and on Days 1 and 7, to
assess the degree of nutrient enrichment to which the
sponges were exposed. Samples were filtered
through a 0.2 µm filter and frozen for transport to the
Woods Hole Oceanographic Institute (Woods Hole,
Massachusetts, USA). Nitrate (+nitrite) measurements were performed using the Lachat QuickChem
Method 31-107-04-1-E (Wood et al. 1967). Phosphate
measurements were performed using the Lachat
QuickChem Method 31-115-01-1-H (Murphy & Riley
1962). The limit of detection for both of these methods was 0.05 µM.
At the end of the experiment, racks were placed
in resealable plastic bags underwater and transported to the wet lab at LSI, where they were
maintained over night. After dark on the day of
collection, PAM measurements were recorded. The
following day, sponges were removed from the
racks, photographed, weighed, and measured.
Small pieces (5 mm thick cross-sections) of healthy
tissue from each sponge were collected for total
protein concentration, cyanobacterial symbiont density, chl a concentration, and bacterial community
analysis. Small pieces of the active red band were
also collected for bacterial community composition.
Samples were preserved or frozen until analyzed, as
described below.

Analytical methods
Lesion growth and development. Measurements
of the length of healthy tissue, red bands, and
necrotic portions of lesions on each diseased sponge
were made initially and at the conclusion of the
experiment. In all cases, measurements in a shallow
basin of seawater were made with a ruler on the side
of the sponge where the lesion was largest. In addition, photographs of the sponge were taken from all
sides for comparison of changes in lesion development or appearance of new lesions.
Sponge growth. Sponge weights were determined
initially and at the conclusion of the experiment.
Sponges were briefly blotted with a paper towel to
remove excess water prior to weighing. Time spent
out of water was minimal. The relative percent
change in sponge weight was calculated using the
equation: ([final weight − initial weight]/initial
weight) × 100.
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Total protein concentration. Soluble protein content
was measured as an indicator of sponge tissue condition, using the Bradford assay (Bradford 1976). Briefly,
10 mg of lyophilized sponge tissue was extracted in
5 ml of 1M sodium hydroxide for 18 h. After extraction,
100 µl of extract were mixed with 5 ml of Quick
StartTM Bradford Dye Reagent (Bio-Rad). Absorbance
of each sample was quantified at 595 nm and plotted
against a standard curve using bovine serum albumin
to determine µg protein mg−1 sponge tissue.
Cyanobacterial symbiont densities. The abundance of cyanobacteria in sponge tissue was quantified using a histology-based metric (Freeman &
Thacker 2011). Cross-sections of the sponges were
placed into 2 ml cryovials with 4% paraformaldehyde solution and stored at 4°C for 24 h, after which
this solution was replaced with 70% ethanol.
Cyanobacterial cell abundance was quantified using
paraformaldehyde-fixed samples that were dehydrated, embedded in paraffin wax, cut into 20 µm
sections, and mounted onto glass slides. These
sections were viewed under oil at 1000× using an
epifluorescence microscope. For each sample, 10
photographs were taken from haphazardly chosen
regions of a section. The number of cyanobacterial
cells was counted in each picture using the ‘analyze
particles’ feature of Image-J. Total cell number in
each field of view was averaged to obtain a mean
number of cells per viewing area (2886 µm2).
Chlorophyll a concentration. We also used chl a
as a metric for cyanobacterial symbiont abundance.
Chl a was measured using the methods of Erwin &
Thacker (2007), except that sponges were lyophilized
prior to extraction. We extracted 0.25 g wet weight of
Aplysina cauliformis in 10 ml of 90% acetone in the
dark for 18 h at 4°C. The absorbance of each extract
was quantified at 750, 664, 647, and 630 nm using an
Agilent 8453 spectrophotometer. Estimations of chl a
concentrations were calculated as µg mg−1 sponge
tissue, using formulas from Parsons et al. (1984),
standardized to the mass of the extracted sponge.
Fluorescent yield. Photosynthetic efficiency of the
photosymbionts within the host sponge tissue was
estimated from chlorophyll fluorescence measurements taken with a PAM fluorometer (DIVING-PAM,
Walz). Measurements were made at 3 locations on
each sponge by placing a fiber optic probe at a standard distance and angle from the sponge. Measurements were made 1 to 1.5 h after sunset to obtain
maximum potential quantum yield (Fv /Fm, where Fv =
minimum fluorescence [F0]– maximum fluorescence
[Fm]) of dark-adapted symbionts. PAM readings were
made on the night prior to deployment in the field

and on the night following collection from the field at
the conclusion of the experiment. For diseased
sponges, only the healthy tissue was sampled.
Microbial community profiles. Total DNA was
extracted from small pieces of sponge tissue from a
subset of healthy sponges (n = 5), and both ARBSaffected (n = 5) and visibly healthy (n = 5) tissue on
ARBS-affected sponges, for both nutrient-enriched
and control individuals using the FastDNA® Spin Kit
for Soil (Qbiogene). For terminal restriction fragment
length polymorphism (T-RFLP) analyses, small subunit rRNA genes were amplified by polymerase
chain reaction (PCR) using the universal bacterial
primers 8F with a fluorescent S-hexachlorofluorescein (HEX) label (5’-AGA GTT TGA TCM TGG
CTC AG-3’) and 1392R (5’-ACG GGC GGT GTG
TAC A-3’). Each 50 µl PCR mixture contained 50 to
100 ng of template DNA, 2 U MasterTaq DNA polymerase (5 Prime), 1× Taq buffer (5 Prime), 2.75 µM
Mg(O-acetate)2, 1× Taq Master PCR Enhancer (5
Prime), each deoxynucleoside triphosphate at a
concentration of 20 µM, and each primer at a concentration of 0.4 µM. The PCR conditions were 85°C for
5 min, 30 cycles of 94°C for 45 s, 55°C for 1 min, and
72°C for 90 s, and a final 7 min extension at 72°C.
Triplicate 50 µl PCR products were individually
cleaned using QIAquick PCR purification columns
(Qiagen), pooled, and the amount of DNA was quantified using a NanoDrop 2000 spectrophotometer
(Thermo Scientific).
Digests were conducted individually using Hae III
and Hha I restriction endonucleases (New England
Biolabs). Reactions were carried out using 400 ng
cleaned PCR products, 1× enzyme buffer (New England Biolabs), 2 U of restriction endonuclease, and
sterile distilled H2O to a total volume of 50 µl. Reaction mixtures were incubated at 37°C for 8 h prior
to denaturing the endonuclease and stored at 4°C.
DNA was ethanol-precipitated overnight and centrifuged, and the pellet was dried using a Centrivac.
Pellets were resuspended in 10 µl of deionized formamide and 0.5 µl 6-carboxytetramethylrhodamine
size standard prior to being analyzed with an ABI
3100 genetic analyzer with a 50 cm capillary array
(Applied Biosystems). Fragment lengths were determined using the Local Southern size-calling algorithm of the Genemapper analysis software version
3.7 (Applied Biosystems).
Data matrices were constructed using peaks above
a threshold of 50 fluorescence units, which was considered to be the background level. Peaks smaller
than 100 bp and greater than 500 bp were removed
from the data set to avoid uncertainties associated
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with fragment size determination. The variable
threshold method proposed by Osborne et al. (2006)
was used to determine which peaks were analyzed.
These data were normalized to the total fluorescence
units per sample and analyzed in T-REX (Culman et
al. 2009).
Data analysis. Length of the bands, necrotic tissue,
and healthy tissue in diseased sponges were analyzed
using analysis of variance (ANOVA) with nutrient
dose and time as main factors and rack as a blocking
factor. Percent change in sponge weight was arcsine
transformed and analyzed using an ANOVA with
sponge condition and nutrient dose as the main
factors and rack as a blocking factor. Total protein
concentration, cyanobacterial symbiont density, chl a
concentration, and dark-adapted fluorescent yield
were analyzed using ANOVA with sponge condition,
nutrient dose, and time as the main factors and rack
as a blocking factor. The relationship between chl a
concentration and cyanobacterial symbiont density
was analyzed using regression analysis.
To compare microbial communities among treatments, Bray-Curtis similarity matrices were constructed using PRIMER 6.0 software (University of
Plymouth), with fourth root transformations of the
distance matrices calculated from T-REX estimates
of peak area. Nonmetric, multidimensional scaling
(MDS) plots were used to visualize differences in the
T-RFLP profiles. One-way and 2-way analyses of
similarity (ANOSIM) were used for statistical comparisons between treatments (PRIMER 6.0).

Lesion growth and development
ARBS lesions increased substantially in size over
the course of the experiment (Fig. 1a,b). Nutrient
enrichment had no significant effect on the growth of
bands (ANOVA, p = 0.94) or necrotic tissue (ANOVA,
p = 0.12), or in the reduction of healthy tissue
(ANOVA, p = 0.14) (Fig. 1c). Red bands and necrotic
tissue on diseased sponges increased significantly in
size (bands: 0.87 ± 0.42 cm initially versus 1.64 ±
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Ambient concentrations of nitrates and phosphates
were near or below detection limits on the control
racks throughout the experiment, ranging from ≤0.05
to 0.07 µM for nitrate and ≤0.5 µM for phosphate. On
the nutrient racks, enrichment occurred throughout
the experiment. Initial (Day 0) nutrient concentrations were ≤0.05 µM for both nitrate and phosphate
on the nutrient racks. At the distance of the sponges
from the fertilizer packs (5 cm), nitrate concentrations were enriched at least 4.4-fold (0.05 ± 0 µΜ
versus 0.22 ± 0.11 µΜ NO3, mean ± SE) after 1 d, and
at least 4.8-fold (0.05 ± 0 µΜ versus 0.24 ± 0.08 µΜ
NO3) after 7 d of fertilizer deployment. Phosphate
concentrations were enriched at least 2.1-fold (0.05 ±
0 µΜ versus 0.11 ± 0.04 µΜ PO4) on Day 1, although
they returned to ambient concentrations by Day 7.
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Fig. 1. Aplysina cauliformis. Representative specimen
affected by Aplysina Red Band Syndrome (ARBS) (a) initially, and (b) finally, showing the expansion of the lesion
along the sponge. (c) Percent change (mean ± SE) in length
of healthy tissue (open bars), red bands (hatched bars), and
necrotic tissue (solid bars) on control (n = 12) and nutrientenriched (n = 12) A. cauliformis affected by ARBS. H:
healthy; B: band
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1.55 cm finally; ANOVA, p = 0.015 for time; necrotic
tissue: 0.99 ± 0.70 cm initially versus 2.89 ± 3.87 cm
finally; ANOVA, p < 0.001 for time), and healthy
tissue on diseased sponges decreased significantly
(8.08 ± 0.89 cm initially versus 5.49 + 3.18 cm finally;
ANOVA, p < 0.001 for time) both in the presence and
absence of exogenous nutrients (Fig. 1c). There were
no significant effects of rack on any of these measures. Six diseased sponges developed a second
lesion; however, 3 of these were controls and 3 were
in the nutrient treatment.

on cyanobacterial symbiont densities. There was a
significant amount of variation among racks (p =
0.016), which could reflect individual variation
among sponges or the rack’s position in the reef
environment.

Sponge growth
Overall, healthy sponges increased in weight by
8.65 ± 1.45% while diseased sponges lost 6.04 ±
3.02% of their weight during the experiment
(ANOVA, p < 0.001). Sponge growth was not significantly affected by nutrient dose (ANOVA, p = 0.31).
Healthy sponges increased in weight by 0.45 ± 0.15 g
for controls and 0.8 ± 0.11 g in the nutrient treatment,
whereas diseased sponges decreased in weight by
0.66 ± 0.43 g in controls and 0.4 + 0.27 g in the nutrient treatment. The interaction between sponge condition and nutrient dose was not significant, and
there was no significant effect of rack on sponge
growth (ANOVA, p = 0.76).

Total protein concentration
Overall, diseased sponges had reduced total protein content compared to healthy sponges (ANOVA,
p < 0.0001 for condition; Fig. 2a). Initial total protein
concentrations were 157.8 ± 3.81 µg mg−1 sponge
tissue for healthy sponges and 126.8 ± 4.02 µg mg−1
for diseased sponges. Protein content in diseased
sponges did not change significantly over time;
however, protein content in healthy sponges declined over time to 142.8 µg protein mg−1 sponge
tissue (ANOVA, p = 0.042 for time). Protein content
was not significantly affected by nutrient dose
(ANOVA, p = 0.67), and there were no significant
interactions or rack effects.

Cyanobacterial symbiont densities
Symbiont density ranged from 44 to 50 cells per
viewing area (2886 µm2). There was no significant
effect of sponge condition (ANOVA, p = 0.63;
Fig. 2b), nutrient dose (p = 0.75), or time (p = 0.081)

Fig. 2. Aplysina cauliformis. Mean (± SE) initial (open/solid
bars) and final (hatched bars) (a) protein concentration, (b)
cyanobacterial symbiont density, (c) chlorophyll a concentration, and (d) dark-adapted fluorescent yield, in healthy
(H) and diseased (D) sponges exposed to control or nutrientenriched treatments (n = 12 of each)
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Chlorophyll a concentration
Chl a concentrations were significantly higher in
healthy sponges (ANOVA, p < 0.0001 for condition; Fig. 2c), and there was a pronounced increase
in chl a concentrations over time in the healthy
sponges, but not diseased sponges (ANOVA, p =
0.0067 for time × condition interaction). Initially, chl a
concentrations in healthy sponges were 0.11 ±
0.01 µg mg−1 sponge tissue in both treatments, and
these increased to 0.13 ± 0.0075 µg mg−1 in controls
and 0.13 ± 0.0085 µg mg−1 in the nutrient treatment
by the end of the experiment. Chl a concentrations in
diseased sponges decreased from 0.066 ± 0.0088 µg
mg−1 sponge tissue to 0.059 ± 0.011 µg mg−1 in the
controls and from 0.059 ± 0.0062 µg mg−1 to 0.041 ±
0.0055 µg mg−1 in the nutrient treatment. There was
no effect of nutrient dose (ANOVA, p = 0.17; Fig. 2c),
time (p = 0.31), or rack (p = 0.13) on chl a content.
Overall, an increased density of cyanobacterial symbionts was not correlated with an increase in chl a
content (regression, p > 0.05). Only the healthy
control sponges exhibited a trend towards increasing
chl a content with increasing symbiont density
(regression, p = 0.054).

2D Stress: 0.17

Fig. 3. Aplysina cauliformis. Non-metric multi-dimensional
scaling plot showing similarities of bacterial communities
from healthy (d) and diseased (j) tissues on diseased
sponges, as compared to healthy sponges (m). Bacterial
communities from sponges in both the control and nutrient
treatments did not differ and are therefore pooled within
each sponge condition

community structure with either restriction endonuclease (ANOSIM, p > 0.05), so sponges from both
control and nutrient treatments are pooled in Fig. 3,
which shows only the data from HhaI digestions.

Fluorescent yield

DISCUSSION

Dark-adapted fluorescent yield increased significantly over time in all sponges (ANOVA, p = 0.047 for
time; Fig. 2d), and was unaffected by sponge condition or nutrient treatment (ANOVA, p = 0.087 for condition, p = 0.44 for dose). There was no effect of rack
on fluorescent yield (p = 0.83). Fluorescent yield of
healthy sponges increased from 0.432 ± 0.019 to
0.448 ± 0.017 in controls and from 0.435 ± 0.025 to
0.464 ± 0.023 in the nutrient treatment. Fluorescent
yield of diseased sponges increased from 0.45 ± 0.015
to 0.481 ± 0.031 in controls and from 0.455 ± 0.024 to
0.513 ± 0.023 in the nutrient treatment.

Response to disease

Bacterial community profiles
Bacterial community profiles from tissues of
healthy sponges and from diseased tissues of diseased sponges each exhibited tight clumping, indicating similar communities, whereas the communities from apparently healthy tissues of diseased
sponges were not clumped, indicating greater variability (ANOSIM, p = 0.001 for condition; Fig. 3).
There was no effect of nutrient treatment on bacterial

107

Coral reefs are simultaneously exposed to multiple
natural and anthropogenic stressors, but the interactive effects of these impacts are rarely evaluated. In
this study, the effects of both disease and nutrient
enrichment on individuals of Aplysina cauliformis
were investigated using a factorial experimental
design. During this field-based experiment, healthy
sponges gained weight (8.65% of their starting
mass), while diseased sponges lost 6% of their tissue
mass, likely due to the rapid progression of ARBS
bands that left behind expanding areas of necrosis
(Fig. 1). Diseased sponges also had reduced total
protein concentration (Fig. 2a), a measure of tissue
nutritional content (Freeman & Gleason 2010) and
therefore, tissue condition. ARBS progressed rapidly,
leaving behind increasing areas of necrotic tissue,
over the course of the month-long experiment.
In contrast to changes in the host sponge tissue,
disease did not affect the density of cyanobacterial
symbionts in the healthy portions of diseased
Aplysina cauliformis (Fig. 2b). Rützler (1988) suggested that pathogenesis in the mangrove sponge
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Geodia papyracea resulted from an inability to
control proliferation of the sponge’s cyanobacterial
symbionts. In ARBS-affected A. cauliformis, Synechococcus spongiarum is absent from the red bands
and necrotic regions, but symbiont density remains
similar to healthy sponges in the remaining healthy
portions of the diseased individuals. In spite of the
similar densities of symbionts, chl a concentrations
were significantly lower in the diseased sponges
(Fig. 2c). However, the reduced chl a content of A.
cauliformis did not have a measurable impact on
fluorescent yield (Fig. 2d). The photosynthetic system in cyanobacteria is far more complex than in
plants, algae, or dinoflagellates, relying not just on
chlorophyll but on phycobilliproteins as well, and
therefore measurements of chlorophyll fluorescence
using PAM fluorometry must be interpreted with
caution (Campbell et al. 1998). However, maximum
potential quantum yield (Fv/Fm) is still considered a
useful parameter, particularly when the same individual is sampled over time (Campbell et al. 1998).
PAM fluorometry has rarely been used an indicator
of the condition of sponge photosymbiosis, although
high densities of cyanobacteria were associated with
high PAM fluorometry readings in a survey of
sponges from Western Australia (Lemloh et al. 2009).
Sponges of the genus Aplysina host diverse microbial communities in addition to their photosymbiont
populations (Friedrich et al. 2001, Hentschel et al.
2006, Hardoim et al. 2009). The sponge-associated
bacterial communities in diseased tissues of A. cauliformis were distinct from those in tissues of healthy
sponges (Fig. 3). In contrast, bacterial communities in
healthy tissues from diseased sponges were highly
variable and were not statistically different from
those of either tissues of healthy sponges or diseased
tissues, suggesting a transition from one type of community to another. Webster et al. (2008) also found
localized differences in bacterial community composition in A. aerophoba affected by a different disease,
and similar observations have been made in several
species of corals affected by a diversity of diseases
(Pantos et al. 2003, Bourne 2005, Sunagawa et al.
2009, Vega Thurber et al. 2009).

Response to nutrients
Disease had a much greater effect on Aplysina
cauliformis than did nutrient enrichment, and there
were few interactions. Using a similar nutrient enrichment treatment, Voss & Richardson (2006) found
that elevated concentrations of nutrients doubled the

rate of progression of Black Band Disease in the coral
Siderastrea siderea on reefs near LSI, and increased
the rate of tissue loss. Likewise, Bruno et al. (2003)
found that a 2- to 5-fold increase in nutrient concentrations nearly doubled the rate of progression of
Yellow Band Disease in Montastraea annularis in
Puerto Rico. Proposed mechanisms for this increased
rate of disease progression include enhancing the fitness or virulence of pathogens (Bruno et al. 2003),
possibly through the release of pathogens from nutrient limitation (Voss & Richardson 2006). In contrast to
these studies on coral diseases, the rate of progression of ARBS was similar under enriched and ambient nutrient regimes (Fig. 1), suggesting that the
ARBS pathogen(s) is not limited by nitrate or phosphate, or that diseased sponges are able to limit the
rate of ARBS progression to some extent, possibly
through up-regulation of chemical or other defenses.
The absence of nutrient effects, particularly related
to measures of the sponge−cyanobacterial symbiosis,
is surprising. Nutrient enrichment has been widely
demonstrated to destabilize the host−symbiont relationship in corals, likely due to an increase in zooxanthellar population growth that out-competes the
coral host for the CO2 necessary for calcification, or
for nitrogen that would otherwise be translocated to
the coral host (Dubinsky & Stambler 1996, Szmant
2002, Fabricius 2005). As a result of the increased
zooxanthellae population in corals, chl a content
increases and gross primary production is often
enhanced (Ferrier-Pagès et al. 2000, Fabricius 2005).
In contrast to corals, few studies have considered the
effects of nutrient enrichment on sponges, but this is
surprising given the importance of sponges to nitrogen cycling in coral reef ecosystems (Fiore et al.
2010). Roberts et al. (2006) found that nutrient
enrichment had no effect on sponge growth rate or
chl a concentrations, suggesting that elevated nutrients did not enhance symbiont population growth.
The few data available suggest that sponges may be
more tolerant of nutrient stress than corals, possibly
due to the presence of extracellular cyanobacteria
instead of intracellular zooxanthellae as the dominant photosymbiont. The absence of nutrient effects
observed in the present study may be due to the low
nutrient doses used in our treatments (10 g versus
15 g in Voss & Richardson 2006, and 30 g in Bruno et
al. 2003). However, our nutrient treatment resulted in
up to 4.8-fold enrichment of nitrate and up to 2.1-fold
enrichment of phosphate over the course of 1 wk, and
concentrations of both nutrients were greater than
the proposed threshold values for shifts in relative
dominance of coral reef functional groups (Lapointe
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1997). It appears that Aplysina cauliformis in this
system may not be nutrient-limited. Even in the
absence of anthropogenic nutrient enrichment, water
motion due to surge and tidal flushing may still provide sufficient nutrient flux for these sponges and
their symbionts (Miller et al. 1999), and Lapointe et
al. (2004) previously reported higher nitrate concentrations on reefs near our study site.

change in cyanobacterial density for all treatments
except the healthy controls, suggests that stress,
either due to nutrients or disease, may inhibit chl a
production.
The results observed in this study contrast with
those from Gochfeld et al. (2007) in which Aplysina
spp. sponges were virtually absent from a site of
anthropogenic stress in Bocas del Toro, Panama,
which included elevated nutrient concentrations as
well as other stressors. This may be due to the
already high levels of stress on these Panamanian
reefs, where high rainfall and terrestrial runoff result
in coral reef organisms that are already living near
their stress tolerance points. A preliminary nutrient
enrichment experiment on A. cauliformis in Panama
resulted in a decline in fluorescent yield (D. J. Gochfeld & J. B. Olson unpubl. data), a response that was
not observed in the Bahamas, where sponges may be
able to utilize additional low concentrations of
exogenous nutrients. However, nutrient enrichment
on coral reefs rarely occurs alone. Coastal development, agriculture, and sewage runoff also expose
reefs to sedimentation, turbidity, and toxic pollutants,
all of which may affect sponges and other reef organisms directly or indirectly. The impacts of multiple
abiotic stressors and their interactions with biotic
stressors such as pathogenesis need to be further
elucidated on coral reefs.

Changes over time
Many of the endpoints in this study changed over
time, independent of sponge condition or nutrient
treatment. This is likely due to changes in seawater
temperature and light regimes as summer progressed. This study was conducted from mid-June to
mid-July, during which average daily seawater temperature at the study site increased from 27.6 to
29.4°C, while solar irradiance and UV exposure also
presumably increased. Cyanobacterial growth is
facilitated by high light and temperature (van der
Grinten et al. 2005). Elevated temperatures may also
result in changes in sponge-associated bacterial
communities (Lemoine et al. 2007). The rate of ARBS
progression during this period was also much more
rapid than previously reported (Olson et al. 2006),
likely an effect of the elevated seawater temperature.
Total protein content has also been reported to
change seasonally in sponges (Elvin 1979), possibly
due to reproductive stage. In addition, all sponges,
regardless of their original orientation in the water
column, were placed horizontally on racks in the
field. For some individuals that were previously
growing vertically, this may represent a change in
orientation to light that could alter measures of the
photosymbiosis (Fig. 2).
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Interactive effects
There were few significant interactions between
nutrients and disease in Aplysina cauliformis, indicating that nutrients and disease act on different
aspects of sponge physiology. The only significant
interaction effect was for chl a concentration,
which increased over time in healthy sponges and
decreased over time for diseased sponges (Fig. 2c).
This, and the overall lower chl a concentration in
the diseased sponges, suggests that ARBS inhibits
the ability of the cyanobacterial symbionts to produce chl a. Likewise, the absence of a correlation between change in chl a concentration and
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