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Effects of dredging-related stressors on sponges: laboratory experiments

Executive Summary
The responses of sponges to dredging-related pressures are not well known, posing a significant challenge to
their effective management. Sponges can be differentially affected by dredging-related pressures depending on
their nutritional mode, their overall morphology and their behavioural and physical adaptations to exclude
sediment 1. For instance, due to their high filter-feeding activity, heterotrophic sponges may be affected by
elevated suspended sediment concentrations (SSCs) with long term exposure to high SSCs clogging their
aquiferous systems and reducing the flow of oxygenated seawater to the sponge. In parallel, phototrophic
sponges may be affected by the reduction in benthic light availability that occurs during dredging plumes.
Sediment deposition may also cause smothering and suffocation of recruits and adult sponges, especially
encrusting, massive, cup and plate-like morphologies which can trap sediments. These effects are expected to
have flow on consequences for host energetics, health and reproductive output, potentially impacting
community structure and functioning.
The identification of cause-effect pathways and derivation of dose:response relationships are essential for
effective dredging management and impact-prediction. For this purpose, and in order to avoid confounding
interactions of stressors, light attenuation, SSCs and sediment smothering were tested in isolation. Results of
these individual experiments contributed to the derivation of trigger values that can be used to interrogate
models for impact prediction and in water quality monitoring programs to alert dredging proponents to levels of
stressors that, if continued, could detrimentally impact sponge populations. However, during dredging
operations these three pressures occur in combination which may have additive or synergistic negative effects
on sponges under realistic field conditions. Therefore, a final experiment which investigated the combined
effects of these stressors under different dredging scenarios was also performed.
Five laboratory experiments were performed at the National Sea Simulator (SeaSim; Australian Institute of
Marine Science, Townsville, QLD). Experiments were conducted in custom-designed small and large tank systems
that provided reliable automated sediment delivery, and continuous monitoring of turbidity, light intensity and
sediment deposition (i.e. sediment falling out of suspension). The state of the art laboratory infrastructure at
SeaSim is globally unique, hence these experiments could not have been performed elsewhere in Australia. To
ensure direct transferability of experimental results to Western Australia, a number of procedures were
established; 1) 5 out of the 6 selected sponge species (Cliona orientalis, Carteriospongia foliascens,
Coscinoderma matthewsi, Ianthella basta and Stylissa flabelliformis) are common throughout the Indo-Pacific,
including the east and west coasts of tropical Australia. The sixth species, Cymbastela coralliophila has not been
reported from outside Queensland, however a closely related sister species, Cymbastela stipitata with similar
morphology and symbiont composition 2 is known to occur across the Northern Territory and tropical Western
Australia, including areas where dredging occurred. The shared morphology and symbiont composition infer
similar responses to dredging-related pressures in the two species. 2) Sediment used in Experiments 3
(suspended sediment), 4 (smothering) and 5 (combined) was selected after an initial comparison (Experiment 1;
range finding) between the siliclastic sediment collected subtidally from Onslow (WA) and the calcareous
sediment collected from the lagoon of Davies Reef, a mid-shelf reef centrally located in the GBR (QLD), showed
similar responses in sponges from comparative dosing. Of note, the sediment from Onslow was only
representative of a specific location in WA, subjected to high terrestrial influence, while the sediment from
Davies Reef was representative of most reef environments where dredging occurs in WA. Taking all this into
consideration, the calcareous sediment from Davies Reef was selected for use in Experiments 3 – 5. Most
importantly, all sediments were ground to ~30 µm (with 80% of the sediment 3 – 65 µm), being predominantly
silt-sized, typical for dredge plumes, to ensure environmental relevance. Finally, experimental treatments
1

See review by Schönberg CHL (2016) Effects of dredging on filter feeder communities, with a focus on sponges. Report of Theme 6 – Project
6.1 prepared for the Dredging Science Node, Western Australian Marine Science Institution, Perth, Western Australia. 139 pp.
2
See Report for Project 6.2: Fromont J et al. (2016) Patterns of sponge biodiversity in the Pilbara, Northwestern Australia. Diversity 8(4):21
doi:10.3390/d8040021
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incorporated in these experiments were based on field data from dredging sites in WA (water quality analysis
from WAMSI DSN Theme 4).
Experiments were conducted from Oct 2013 – Oct 2016. Experiment 1 – 4 tested dredging related pressures in
isolation to establish cause:effect pathways and determine thresholds of stress for adult sponges to individual
stressors; Experiment 5 tested the combined effects of these stressors under realistic dredging scenarios. The
effects of dredging-related pressures on sponges were determined using a suite of response variables, with a
particular focus on sponge health and feeding strategies (growth, bleaching, necrosis, mortality, respiration
rates, lipids, histology), and changes in sponge symbiosis (pigment analyses and chlorophyll fluorescence for
assessing phototrophy and molecular analyses for assessing the composition of the entire sponge microbial
community).
Experiment 1 (range-finding; Project 6.4_1) was performed in Oct 2013 and tested the effects of a single pulse
of sediments (0, 250 and 500 mg L-1; resulting in 0, 8 and 16 mg cm-2 of settled sediment, respectively) on ten
sponge species encompassing the 4 main morphologies (massive, erect, cup and encrusting) over a 14 d period.
The effects of high sedimentation included mortality of cup shaped Callyspongia confoederata and small areas
of tissue necrosis in other species, with massive, encrusting and wide cup morphologies particularly affected.
However, the sediment concentrations tested did not cause changes in the concentration of sponge pigments or
the structure of the symbiotic microbial community in any species. Experiment 1 facilitated selection of the most
appropriate species for further experimental work, based on their ability to survive in aquaria under experimental
conditions. Results also indicated that a single pulse of sediments less than 16 mg cm-2 is not detrimental to most
sponge species.
Experiment 2 (light attenuation; Project 6.4_2) was performed in May 2014 and tested the effects of five
different light levels (daily light integrals [DLIs] of 0, 0.8, 3.1, 8.1 mol photons m-2 d-1 and a natural light control
of ~3.2–6.5 mol photons m-2 d-1) on a selection of three phototrophic (Carteriospongia foliascens, Cymbastela
coralliophila and Cliona orientalis) and two heterotrophic (Ianthella basta and Stylissa flabelliformis) sponge
species for 28 d, followed by a 14 d recovery period under natural light. Increases in chlorophyll fluorescence
under low light intensity treatments (≤3.1 mol photons m-2 d-1) during the first weeks revealed a potential for
short term acclimation to different light levels (photoacclimation) among the phototrophic species. Light
reduction impacted the three phototrophic species differently: 1) C. orientalis bleached after 72 h in the 0 DLI
treatment, concomitant with reduced fluorescence yields and chlorophyll concentrations, but recovered
completely after 14 d under natural light conditions, 2) C. foliascens bleached after 7 d in the 0 DLI treatment,
concomitant with significantly reduced fluorescence yields, reduced chlorophyll concentrations, a significant shift
in the composition of the microbial community and was unable to recover under natural light, with bleached
individuals dying during the recovery period, 3) C. coralliophila was least affected by low light, exhibiting a slight
decrease in photosynthetic pigments and growth rates, but with all individuals fully recovering under natural
light conditions. As expected, the heterotrophic species were unaffected by light attenuation over the course of
the experiment.
Experiment 3 (suspended sediments; Project 6.4_3) was performed in Dec 2014 and tested the effects of five
different SSCs (0, 3, 10, 30 and 100 mg L-1) on the same species used in Experiment 2 (note: I. basta was replaced
by Coscinoderma matthewsi to include a massive morphology) for 28 d, followed by a 14 d recovery period in
clear seawater. Light intensity was adjusted so that it was similar across SSC treatments (all sponges experienced
a daily light integral of 5 mol photons m-2). Most sponges survived the experimental conditions, although an
overall reduction in size and lipid reserves along with increased bleaching/necrosis was observed in most
individuals exposed to high SSC (≥30 mg L-1). Mortality was only observed in C. foliascens and C. matthewsi
exposed to ≥30 and 100 mg L-1, respectively. At high SSC, phototrophic sponges relied more on photosynthesis
to obtain energy indicated by 1) a reduction in the number of choanocyte chambers, 2) increased Symbiodinium
sp. cells in C. orientalis, 3) increased Chl d concentrations (i.e. Cyanobacteria) in both C. foliascens and C.
coralliophila and 4) increased OTUs affiliated to the Cyanobacteria among the phototrophic species.

ii
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Following the experimental exposure, most of the five sponges tested recovered after 14 d in control conditions.
However, the phototrophic C. foliascens exposed to ≥30 mg L-1 exhibited necrosis and subsequent mortality, and
20% mortality was recorded for the heterotrophic C. matthewsi at the end of the recovery periods when exposed
to 100 mg L-1 SSC.
Experiment 4 (smothering; Project 6.4_4) was undertaken in May 2015 with the same sponge species used in
Experiment 3 to test the effects of sediment smothering (~50 mg cm-2 every ~4 d) for 4, 16 and 30 d, followed by
a 14 d recovery period. All sponges survived the 30 d smothering period and subsequent recovery phase and, in
most species, sediment smothering did not cause any visible signs of stress (i.e. necrosis). While partial bleaching
was observed in some specimens of the phototrophic species C. orientalis after exposure to 16 and 30 d of
smothering, full recovery was evident at the end of the observational phase. Smothering varied among sponge
morphologies with massive and cup shaped species covered most by deposited sediments. Some sponge species
produced mucus sheets that would bind deposited sediment, which water flow subsequently sloughed off. Most
sponges exposed to 16 or 30 days of sediment smothering shrunk in size. However, sediment smothering (even
for up to 30 days) did not cause lipid depletion or overall changes in sponge respiration rates and did not affect
the photosymbiont activity or microbiome composition of any of the five sponge species.
Experiment 5 (combined effects; Project 6.4_5) was undertaken in April 2016 and tested combined elevated
SSCs, light attenuation and sedimentation under realistic dredging scenarios based on field data. Experimental
treatments ranged from scenarios of a high impact site (SSC of ~70 mg L-1 and DLI of 0.11, i.e., twilight or near
darkness) to a low impact reference site (SSC of <3 mg L-1 and DLI of >3). The experiment ran for 28 d followed
by a 14 d observational period in clean seawater, and focussed on three of the six species used in previous
experiments, including the phototrophic C. foliascens and C. orientalis, and the heterotrophic I. basta. These
species represent different morphologies, nutritional modes and showed disparate responses to the individual
dredging-related stressors tested previously. High levels of bleaching/partial mortality (90%) and total mortality
(20%) were reported in C. foliascens and C. orientalis respectively, after 28 d exposure to the high impact
treatment (SSC of ~70 mg L-1 and DLI of 0.11). In C. foliascens, stress responses were observed in all treatments
≥10 mg L-1, with an LC50 of 47.02 mg L-1 (95 % confidence interval range: 39.8−56.0 mg L-1) with 0.266 mol photons
m-2 day-1 (range: 0.214–0.334), and an LC10 of 22.50 mg L-1 (range: 13.9−30.6 mg L-1) with DLI of 0.861 mol photons
m-2 day-1 (range: 0.615–1.256 mol photons m-2 day-1). Although C. orientalis was adversely affected in the high
impact dredging scenario, this species fully recovered during the 14 d observational period. Ianthella basta
showed signs of stress including tissue regression and mucus production when exposed to ≥10 mg L-1, but this
species did not experience any mortality and showed high potential for recovery during the post-exposure
observational period. Hence, the combination of stressors simulating field conditions at a dredging site had a
higher impact on sponges than turbidity, smothering or light attenuation alone. However, the impacts were
highly species-specific and were most detrimental to the phototrophic species C. foliascens. In contrast, the
phototrophic C. orientalis exhibited 100% survival for up to 21 d under the high impact dredging scenario,
reducing to 80% survival after 28 days of exposure, while the heterotrophic species I. basta tolerated even longer
periods (i.e. up to 28 d) and was able to recover once returned to pre-dredging conditions.
Appendix Experiment 6 (thermistor; Project 6.4_Appendix). Sponge pumping rates have been shown to
significantly decrease or arrest when exposed to elevated SSCs. A digital, four-channel thermistor flowmeter
integrated with time-lapse cameras was therefore developed to provide an experimental tool for measuring
pumping rates in marine sponges, particularly those with small excurrent openings (oscula) such as Cliona
orientalis. Combining flowmeters with time-lapse imagery yielded valuable insights into the contractile behaviour
of oscula in sponges. Osculum cross-sectional area in C. orientalis was positively correlated to measured
excurrent speeds, indicating that sponge pumping and osculum contraction are coordinated behaviours. Both
osculum area and excurrent speed are positively correlated to sponge pumping rate. Diel trends in pumping
activity and osculum contraction were observed, with sponges increasing their pumping activity to peak at
midday and decreasing pumping and contracting oscula at night. Short-term elevation of SSC initially decreased
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pumping rates in sponges by up to 90%, ultimately resulting in closure of the oscula and cessation of pumping
after ~1 hour. The development of the thermistor flowmeter has provided a methodological platform for future
quantification of changes in sponge pumping due to dredging-related stressors.

Considerations for predicting and managing the impacts of dredging
Sponges respond to dredging-related stressors in a highly species-specific way, making it difficult to predict the
population level consequences of dredging activity. Across all dredging pressures, the phototrophic cup sponge
Carteriospongia foliascens was the most sensitive species, exhibiting rapid bleaching and mortality under low
light and high impact dredging scenarios. Due to the broad geographic range of C. foliascens, we propose this
species as a sensitive bioindicator for dredging-related stress. Notably, phototrophic cup sponges
(Carteriospongia spp. and the sister genus Phyllospongia spp.) have previously been shown to be depth limited
in clear water reefs of the GBR, presumably influenced by light attenuation at >30 m; as these species rely on
phototrophy for >50% of their carbon needs 3,4,5.
Pre-development Surveys
Identifying sensitive bioindicators and relevant monitoring sites
As phototrophic sponges are expected to be the most sensitive filter feeders to dredging pressures, areas/
habitats where these sponges occur should be identified as part of pre-dredging surveys and then regularly
monitored over the course of the dredging activity. In particular, phototrophic sponges at proposed reference
sites and within the modelled Zone of Influence (ZoI), Zone of Moderate Impact (ZoMI) and Zone of High Impact
(ZoHI) should be identified to allow for sub-lethal stress detection. For example, Carteriospongia foliascens or
Carteriospongia spp., which can be easily identified in high resolution photographs of the benthos, can be
surveyed over large spatial scales using towed video surveys or ROVs. Water quality monitoring loggers should
be deployed at the reference and impact monitoring sites to assess baseline water quality parameters before
the start of dredging and maintained during dredging activity.
Assessing the baseline health of sponges
Based on laboratory experiments, bleaching and necrosis are relevant visual indicators of sub-lethal stress in
sponges. These visual indicators can be incorporated into pre-dredging surveys to establish the baseline health
of sponge populations, and would facilitate the interpretation of impacts from dredging activity, as opposed
to effects from pre-existing sub-optimal biological conditions. Baseline surveys should be performed at
sufficient temporal (e.g. ≥1 year) and spatial scales (e.g. 20 km) to allow for the assessment of natural disturbance
events on sponge health over different seasons.
Impact Prediction
A detailed summary of how sponges respond to dredging-related stressors, including experimentally derived
stress thresholds are provided in Table 1.
Light attenuation and associated reduced light availability as a predictor of impact
Experimental results indicate that light attenuation is an important dredging–related parameter affecting sponge
health in phototrophic species. Phototrophic and heterotrophic sponge species survived under low light
intensities (DLI ≤3.1 mol photons m-2 d-1) for 28 d. However, some phototrophic species bleach within 72 h and
the health of other species is seriously impaired after 7–14 d of complete darkness. Species-specific mortalities
were detected within the phototrophic sponges, with C. orientalis fully recovering when returned to natural light
after 28d of continuous darkness (DLI 0 mol photons m-2 d-1). In contrast, C. foliascens exhibited 100% mortality
3

Wilkinson C (1983) Net primary productivity in coral reef sponges. Science. 219(4583):410–412
Wilkinson C (1988) Foliose Dictyoceratida of the Australian Great Barrier Reef . II . Ecology and distribution of these prevalent sponges.
Biomass 9:321–327
5
Wilkinson C and Evans E (1989) Sponge distribution across Davies Reef, Great Barrier Reef, relative to location, depth, and water movement.
Coral Reefs 8:1-7.
4
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under the same experimental and recovery conditions. This highlights the complex and variable sensitivities of
sponges to light attenuation and the importance of considering species-specific thresholds when managing
dredging-related stressors. C. foliascens is highly susceptible to prolonged acute light reduction, bleaches
readily and has low recovery potential.
Relevance of SSCs and smothering to impact prediction
Most sponges can survive short-term (<28d) exposure to elevated SSC, although an overall reduction in size and
lipid reserves and increased bleaching/necrosis occurred in most species at high SSC (≥30 mg L-1). In addition to
the adverse effects on sponge feeding behavior (with associated depletion of energy reserves), mortality of C.
foliascens and C. matthewsi occurred at SSC of ≥30 mg L-1. The LC50 in C. foliascens, for SSC in isolation, was 40.6
mg L-1 (95 % CI: 28.9−57.0 mg L-1) and the LC10 was 21.5 mg L-1 (95 % CI: 13.1−35.2 mg L-1). These values were
slightly lower than when all stressors were applied in combination; however the confidence intervals for both
overlap, with narrower intervals in the combined experiment. LC values could not be determined for C.
matthewsi because mortality in the highest treatment, i.e. 70 mg L-1, after 28 days was only 20%. However, it is
expected that a longer term exposure would result in greater mortality. Overall, SSC ≤10 mg L-1 (in isolation) for
<28 d was tolerated by most species and could be established as a reasonable sub-lethal threshold for adult
sponges.
Sponges were able to survive smothering from a single pulse of sediment exposure <16 mg cm-2 for 14 d, however
necrosis was detected in massive, encrusting and horizontal cup morphologies. Additionally, while negative
growth rates were observed in most sponges exposed to 16 and 30 d of non-continuous smothering (where
sponges were exposed to sediment every 4 days, simulating intermittent stress under dredging scenarios), the
30 d sediment smothering period did not cause any mortality, visible signs of host stress, lipid depletion or overall
changes in sponge respiration rates, and this treatment did not affect the photosymbiont activity or microbiome
composition of any of the five sponge species. Non-continuous sediment smothering for up to 30 days did not
alter the health of adult sponges as most species possessed either active or passive self-cleaning strategies
which allowed them to continue feeding. Nevertheless, symptoms of sub-lethal SSC and sedimentation stress
which could be used as indicators of dredging impact include the reduction of lipids, bleaching, necrosis, tissue
regression, mucus production and oscula closure.
Combined effects of light attenuation, SSC and smothering
A faster and greater sponge stress response was observed when all three dredging-related pressures (light
attenuation, suspended sediments and sedimentation) were tested in combination, simulating near dredging
site conditions. Overall, stress responses (i.e. bleaching, necrosis, tissue regression, mucus production and oscula
closure) were detected in sponges exposed to SSC ≥10 mg L-1 with DLI of ≤1 mol photons m-2 d-1 for up to 28 d
exposure, corresponding to a “moderate impact” treatment, although extensive mortality was only observed in
one species and under higher impact scenarios (≥30 mg L-1 with DLI of ≤0.5 mol photons m-2 d-1 for 28 d;
Experiment 5).
Most sponges can survive under low-moderate dredging impact scenarios (i.e. ≤30 mg L-1, ≥0.5 DLI) for up to
28 d, with 20% and 90% mortality observed in C. orientalis and C. foliascens under the highest impact scenario
(i.e. 70 mg L-1, 0.1 DLI). The combination of high SSCs and low light availability accelerated and increased
mortality in both phototrophic species, although most sponges presented mechanisms or adaptations to
effectively deal with dredging-related pressures in the short term. However, these tolerance mechanisms come
at a cost, as evidenced by reduced lipids and deterioration of sponge health in all species towards the end of the
experiment, suggesting that longer term exposure to similar conditions is likely to result in higher mortality.
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Monitoring
Environmental monitoring
The laboratory experiments identified the physical factors of light attenuation and SSC as relevant dredgingrelated stressors for sponges. Therefore, light (DLI; mol photons m-2 d-1) and SSCs (mg L-1) at distances from
dredging or within the Zones of Influence, Moderate Impact and High Impact as described in EPA (2016) 6
should be monitored before and during the dredging program, to facilitate the management of dredging on
sponge communities. Other contributing factors, such as water depth and ambient light which would inevitably
influence the amount of light reaching the benthos through time should also be considered and monitored. The
threshold levels for light attenuation and SSCs are provided (Table 1).
Biological monitoring
In addition to environmental monitoring, changes in the visible biological health status of sponge communities
should also be monitored through time. The potential visual indicators of sponge health are tissue
discolouration (i.e. bleaching), tissue necrosis, mucus sheet production and tissue regression, which can be
detected using high resolution photographs or in-situ observations by diving, towed video or remotely
operated underwater vehicles (ROVs). Oscula closure, which was a stress response observed in sponges under
dredging-related stress in the laboratory, is expected to be technically challenging to implement in non-diver
based monitoring programs.
From this present study, C. orientalis and C. foliascens represent robust bioindicator species for monitoring
programs, as they showed different sensitivities (i.e. fast and reversible bleaching versus slow and irreversible
bleaching and necrosis, respectively) to stress associated with dredging activity. These bioindicator species
should therefore be included in routine monitoring programs for dredging operations.
Management
The thresholds and pressure:response relationships derived from this experiment can be used in management
guidelines, however it is important to note that considerable inter-species variability exists in how sponges
respond to dredging pressures. It is therefore imperative to assess the sensitivity of ecologically important or
endemic species at planned dredging sites.
Although most phototrophic sponge species showed short-term (i.e. hrs–days) light acclimation potential,
longer-term (i.e. days–weeks) light attenuation events led to detrimental and in some cases irreversible effects
on the sponge holobiont (host sponge and associated microbiome). Considering the abundance and ecological
importance of photosynthetic sponges in marine ecosystems, the maximum duration of dredging-related light
attenuation to complete darkness should be limited to <7 d to enable phototrophic sponges to recover
between events. The LC50 (SSCs: 47.02 mg L-1; DLI: 0.266 mol photons m-2 d-1, for 28 d) and LC10 (SSCs: 22.50 mg
L-1; DLI: 0.861 mol photons m-2 d-1, for 28 d) values derived for C. foliascens can be used by managers and dredging
proponents when implementing zones of impact based on dredge plume models. Similarly, exposure to high
SSC (≥23 mg L-1) for extended periods (28 d) had a negative effect on sponge feeding behaviour and associated
depletion of energy reserves, while an exposure to SSCs ≤10 mg L-1 (in isolation) was tolerated by most species.
The monitoring of light attenuation and SSCs using in-situ loggers and real-time sentinel monitoring stations
would allow for the detection of detrimental stressor trajectories approaching threshold levels, and can inform
managers and proponents when corrective measures are required.

6

EPA (2016) Technical Guidance: Environmental Impact Assessment of Marine Dredging Proposals. Environmental Protection Authority,
Perth, Western Australia.
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Table 1: Summary of biological responses and dredging-related pressure thresholds in six sponge species investigated in the laboratory experiments of WAMSI DSN Theme 6.4. Light attenuation
(DLI; mol photons m-2 d-1), suspended sediment concentrations (SSCs; mg L-1) and sediment smothering (mg cm-2) were tested in isolation and in combination on three phototrophic (Cliona
orientalis, Carteriospongia foliascens and Cymbastela coralliophila) and three heterotrophic (Coscinoderma matthewsi, Ianthella basta and Stylissa flabelliformis) sponge species.
Thresholds for dredging related pressures in sponges
Light attenuation

Suspended sediments (SS)

Sediment smothering

Combined stressors

Species

Morphology
/ Nutritional
mode

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Cliona orientalis

Encrusting
(endolithic)/
Phototrophic

100% survival
in DLI 0–8.1 for
28 d

Yes

Not
observed

100% survival
in SSCs >70 mg
L-1 for 28 d

Yes

Not observed

100% survival
to 28 d
smothering

Yes

Not
observed

100%
survival
under lowmoderate
impact
scenarios
(≤30 FNU,
≥0.5 DLI)

Yes

Yes, 20%
mortality
after 7 d
under high
impact
scenarios
(70 FNU,
0.1 DLI)

(RESILIENT:
sensitive
indicator species
with potential
for recovery)

Bleaching under
low light (in <7
d, under DLI
<0.8), but 100%
recovery

Bleaching
under high
SSCs but 100%
recovery

Mechanism: Ability to switch between
nutritional modes (compensates with
heterotrophic feeding)

Mechanism: Ability to increase
phototrophic feeding (decrease
choanocyte chambers and increase
symbiont activity) under high SSCs as long
as light is available.

No effects <23
mg L-1

Partial
bleaching
under
smothered
tissue but
100% recovery
Mechanism: High sediment removal
rates (probably due to its microhispid
surface and large exhalant oscula).

Mechanism: Oscula closure under
high SSCs led to lipid depletion, but
photosymbiont activity partially
compensated, likely contributing to its
high survival.
Possesses passive self-cleaning
strategy (microhispid surface).
Good recovery once returned to
control conditions.

Dredging Science Node | Theme 6 | Project 6.4

vii

Effects of dredging-related stressors on sponges: laboratory experiments

Table 1. continued.
Light attenuation

Suspended sediments (SS)

Sediment smothering

Combined stressors

Species

Morphology
/ Nutritional
mode

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Carteriospongia
foliascens

Cup (wide) /
Phototrophic

100 % survival
under >0.8 DLI

Yes, for
DLI ≥0.8

Yes,
for
SSCs
<23 mg
L-1

Yes, >80%
mortality at
SSCs >70 mg
L-1 for 28 d
(necrosis
from 7 d at
SSC>23 mg L1
)

100% survival
to 28 d
smothering

Not
observed

No, for
DLI 0

80% survival at
SSCs <23 mg L-1
for 28 d

Yes

Bleaching in 7 d
under low light
(<0.8 DLI)

Yes, 100%
mortality
after 28 d
at DLI 0

100%
survival
under low
impact
scenarios
(<10 FNU, >1
DLI)

Yes,
under
<10
FNU

Yes, 90%
mortality
after
moderatehigh
impact
scenarios
(≥10 FNU)

(SENSITIVE:
highly
vulnerable
indicator
species)

90% necrosis
and mortality
at >23 mg L-1
from 7 d

No, for
SSCs
>23 mg
L-1

No necrosis
observed.

LC50=40 mg L1

LC10=21 mg L-

(TOLERANT
species)

EncrustingCup
(tabulate) /
Phototrophic

Mechanism: Total loss of photosymbionts.
Highly specialised microbiome. Energy
depletion.

Mechanism: Decreased respiration rates
and lipids. Disruption of the holobiont
under high SSCs. Energy depletion.

Mechanism: Mucus production and
sediment sloughing

Mechanism: Mucus production and
sediment sloughing; likely
metabolically taxing. No phototrophic
feeding under low light conditions.

100% survival
in DLI 0–8.1 for
28d (<0.8 DLI
minor
bleaching)

100% survival
under SSCs ≤70
mg L-1 for 28 d

100% survival
to 28 d
smothering

[Not tested]

Yes

Not
observed

Mechanism: Ability to feed
heterotrophically. No changes observed in
microbiome.

viii

LC50=47
mg L-1, 0.2
DLI
LC10=22mg
L-1, 0.8 DLI

1

Cymbastela
coralliophila

No,
under
≥30
FNU
treatm
ents

Yes

Not observed

Mechanism: Ability to increase
phototrophic feeding under high SSCs as
long as light is available.

Yes

Not
observed

Mechanism: Unknown. Potential selfcleaning strategies? (e.g. moving and
shedding sediment from the edges)
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Table 1. continued.
Light attenuation
Species

Morphology
/ Nutritional
mode

Sub-lethal
stress

Coscinoderma
matthewsi

Massive
(simple) /
Heterotroph.

[Not tested]

(slightly
SENSITIVE
species)

Ianthella basta
(RESILIENT
species)

Recovery?

Suspended sediments (SS)
Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

100% survival
under SSCs ≤23
mg L-1 for 28 d,
but regression
under any SSC

Yes, at
SSCs ≤
23 mg
L-1

20%
mortality at
SSCs 70 mg
L-1 for 28 d

100% survival
to 28 d
smothering

20% Some
mortality and
necrosis at
SSCs >70 mg L-1
for 28 d

Erect
(laminar) /
Heterotroph.

No effect. 100% survival in DLI 0–8.1 for
28 d

Sediment smothering
Recovery?

Yes

Mortality

Not
observed

Combined stressors
Sub-lethal
stress

Recovery?

Mortality

[Not tested]

No necrosis
observed

Mechanism: Reduced feeding ability with
depletion of energy reserves under high
SSC

Mechanism: Potential development of
new oscula. Removal of sediment by
infauna (e.g. brittle stars)

[Not tested]

[Not tested]

100%
survival
under high
impact
scenarios

Yes

Not
observed

Tissue
regression
and mucus
production
under lowmoderate
scenarios
(i.e. ≥10 mg
L-1)
Mechanism: Heterotrophic feeding

Mechanism: Tissue regression (i.e.
dormant state) to avoid clogging.
Mucus production. Lipid reduction
and some energy depletion.

Dredging Science Node | Theme 6 | Project 6.4

ix

Effects of dredging-related stressors on sponges: laboratory experiments

Table 1. continued.
Light attenuation
Species

Morphology
/ Nutritional
mode

Sub-lethal
stress

Stylissa
flabelliformis

Erect
(laminar) /
Heterotroph.

No effect. 100% survival in DLI 0–8.1 for
28 d

(Highly
TOLERANT
species)

Main Conclusions:

Recovery?

Suspended sediments (SS)
Mortality

Sediment smothering

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

Recovery?

Mortality

Sub-lethal
stress

100% survival
under SSCs ≤70
mg L-1 for 28d

Yes

Not observed

100% survival
to 28 d
smothering

Yes

Not
observed

[Not tested]

Regression
under any SSC

No necrosis
observed.

Mechanism: Heterotrophic feeding

Mechanism: Reduced feeding ability with
depletion of energy reserves under high
SSC

Mechanism: High sediment removal
rates (probably due to its erect
morphology and mucus production)

-Light reduction had an impact on some
phototrophic species

-High SSC can have an impact on the filter
feeding mode of nutrition.

-Bleaching can be used as an stress
bioindicator

-Different sponges have evolved strategies
to prevent clogging (e.g. closing oscula and
arresting pumping), although this can
compromise energy stores in the long term

-Sediment smothering for up to 30 d did
not alter the health of adult sponge
holobionts as most species possess
either active or passive self-cleaning
strategies which allow them to continue
with their feeding activity

-Limit low DLI (<0.8) to <7 d during
dredging events to prevent sponge
bleaching

Combined stressors

-High SSCs (≥23 mg L-1) for 28 d cause
lower survival, increased necrosis and
reduced feeding in some species
-SSCs ≤10 mg L-1 is suggested as a
reasonable sub-lethal threshold for SSCs in
adult sponges
-For C. foliascens: LC50=40 mg L ; LC10=21
mg L-1 (SSCs)
-1

-Strategies included sediment sloughing
via mucus production and removal of
sediment by infauna.
-Although sediment smothering did not
appear to impact symbiont health and
composition, continuous and complete
smothering which results in prolonged
light attenuation may affect the
symbiont community and therefore the
host in the longer term

Recovery?

Mortality

-The combination of stressors
(especially, high SSC and low light)
accelerated mortality in C. foliascens
and C. orientalis
-Stress responses occur in sponges
exposed to “moderate-high impact”
(≥10 mg L-1 with DLI≤1, for 28 d)
-90% and 20% mortality in C.
foliascens and C. orientalis under high
impact scenarios (≥30 mg L-1, DLI≤0.5,
for 28 d).
-Most sponges survived and
recovered under low-moderate
dredging impact (≤10 mg L-1, DLI≥1,
for 28 d)
-For C. foliascens: LC50=47 mg L-1, DLI
0.2; LC10=22mg L-1, DLI 0.8
-Suggested sub-lethal bioindicators:
bleaching, necrosis, mucus
production, oscula closure and tissue
regression

x
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Residual Knowledge Gaps
The WAMSI DSN 6.4 experimental research has enhanced our understanding of the tolerance of adult
phototrophic and heterotrophic sponges to dredging related stressors and elucidated a variety of tolerance
mechanisms (see Table 1 for summary). However, our experimental research focussed on adult sponges in short
term (<28 day) experimental exposures, and a number of knowledge gaps still exist to fully understand the extent
of dredging impacts on marine filter feeders.
Assessing longer term impacts
Most of the 6 species used in this study were relatively resistant to dredging-related stressors over the 28 day
maximum experimental period, with the exception of C. foliascens which had high mortality when exposed to
low light and high SSC. Interestingly, while some indication of sub-lethal stress, such as bleaching, was detected
in the phototrophic sponge C. orientalis when exposed to the highest level of stressors; this species exhibited a
remarkable capacity to recover to its pre-treatment state within 14 day under natural conditions. It is currently
unknown whether a longer term exposure, to various degrees or frequencies of these stressors would
cumulatively incur an irreversible condition leading to eventual mortality. As capital dredging programs can last
for durations of months to years, it is still necessary to assess the responses of sponge species over realistic
extended timeframes. In the first instance, it would be beneficial to develop LC10 and LC50 values for sponges
which have intermediate sensitivities to the stressors, such as the phototrophic C. orientalis and heterotrophic
C. matthewsi.
Assessing impacts across different life history stages
The early life history stages of benthic sessile invertebrates are important for the replenishment and
maintenance of populations, and are expected to be more sensitive to dredging-related pressures than adults.
Periods when sponges are reproductive and spawning, and when larvae are developing or being released into
the water column are critical steps in the sponge life cycle that represent important ecological windows.
However, to date, little is known about the response of sponge gametes and larvae to dredging-related pressures
and there is almost no data about the effects of sediment smothering on gametes, larvae, settlement substrate,
and settled recruits or juveniles. Future research aimed at building our understanding of the sensitivity of
different sponge life history stages would allow for a more holistic approach to managing dredging-related
impacts on sponge populations.
Assessing impacts on broader filter feeder taxa
The present research focussed on sponges as the primary filter feeding taxa in northwestern Australia, hence
findings may not be directly applicable to other filter feeding taxa such as ascidians, bryozoans and gorgonians.
The field research component of this Theme 7, which surveyed filter feeder communities before and after a 2year capital dredging program highlighted differences in the responses of the different taxonomic groups, with
colonial ascidians and hydrozoans potentially more sensitive to dredging related stressors than sponges. Similar
experimental approaches to those employed in this present study should be applied to other filter feeder taxa
to build upon our knowledge of thresholds, and the response of communities under dredging pressure.

7

See Report for Project 6.3: Abdul Wahab et al. (2017) Comparisons of benthic filter feeder communities before and after a large-scale
capital dredging program. Report of Theme 6 - Project 6.3 prepared for the Dredging Science Node, Western Australian Marine Science
Institution, Perth, Western Australia.
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Appearance matters: sedimentation effects
on different sponge morphologies
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Dredging activity poses an environmental risk to sponges as sediments from the dredge or disposal site may smother the sponge
surface, potentially affecting water ﬁltration and light penetration. Dredge related sedimentation effects may also vary
between sponge morphologies, potentially impacting community structure and functioning. To test this, 10 sponge species
encompassing four different morphologies (massive, erect, cup and encrusting), were exposed to a single pulse treatment of
three different sediment concentrations (0, 250 and 500 mg l 1) and followed over 2 weeks, in 1000 l tanks. Total suspended
solids (TSS) and sedimentation rates (SR) were recorded throughout the study. A sharp decrease in TSS was recorded within
the ﬁrst 2 3 h and a total settlement of sediments occurred within the ﬁrst 48 h of the pulse exposure (0, 8 and 16 mg cm 2 in
the control, medium and high sediment treatments, respectively). The effects of high sedimentation included mortality of cup
shaped Callyspongia confoederata and small areas of tissue necrosis in other species, with massive, encrusting and wide cup
morphologies particularly affected. However, the sediment concentrations tested in this experiment did not cause changes in
the concentration of sponge pigments or the structure of the symbiotic microbial community in any species. These results indi
cate that a single pulse of sediments less than 16 mg cm 2 is not detrimental to most of the sponge species studied.
Keywords: Australia, chlorophyll, dredging, sedimentation, sponge, symbiont
Submitted 31 July 2014; accepted 2 November 2014

INTRODUCTION

Dredging of the sea bed is required for the development and
maintenance of harbours and offshore petrochemical facilities
around the world (Morton, 1977; DEWHA, 2009). However,
this activity requires the removal and subsequent dumping
of millions of cubic metres of spoil into proximate areas,
posing an environmental risk for marine communities
(Morton, 1977; Desprez, 2000). One of the main physical
effects of dredging is the temporary increase in suspended
sediment concentrations at both dredge and disposal sites
(Morton, 1977). Dredged sediments can remain in suspension
for minutes to days depending on their particle size and com
position, and local environmental conditions, before settling
on the seaﬂoor and benthic communities (Newell et al.,
1998). Increased sedimentation and levels of total suspended
solids (TSS) are considered major causes of worldwide degrad
ation of important marine ecosystems such as coral reefs
(Rogers, 1990; McClanahan & Obura, 1997; McCulloch
et al., 2003), rocky assemblages (Airoldi, 2003; Balata et al.,
2005) and estuaries (Wilber & Clarke, 2001). The effects of
high sedimentation and TSS range from the immediate
burial and smothering of benthic organisms to negative
effects on life history processes such as settlement, recruit
ment, feeding and growth (Airoldi, 2003; Fabricius, 2005;
Lohrer et al., 2006). Competitive and predator prey
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interactions may also be affected by high sedimentation
(Airoldi, 2003).
Sponges are sessile ﬁlter feeding organisms that play
important roles in marine ecosystems including occupying
and eroding substrate, bentho pelagic energy transfer, and
positive and negative associations with other organisms
(Bell, 2008; de Goeij et al., 2013). Sponges are highly diverse
and can even be the dominant fauna in many regions includ
ing some coral reefs, inter reef habitats and deep water envir
onments (e.g. Wilkinson & Evans, 1989; Bell & Barnes, 2000a;
Diaz & Rützler, 2001; Pawlik, 2011; Murillo et al., 2012). In
areas of particularly high sponge abundance (sponge
gardens), these organisms can fulﬁl ecological roles compar
able to coral reefs (Schönberg & Fromont, 2011). However,
sponge assemblages can also be sensitive to global and local
pressures including climate change (Przeslawski et al., 2008;
Bell et al., 2013; Webster et al., 2013) and dredging associated
increases in sediment suspension and deposition (Gerrodette
& Flechsig, 1979; Wilkinson & Cheshire, 1989; Roberts
et al., 2006; Bannister et al., 2012).
The effects of sediments on sponges include clogging of the
aquiferous canals and chambers (Bakus, 1968), reduced
pumping activity (Gerrodette & Flechsig, 1979;
Tompkins MacDonald & Leys, 2008), reduced growth rates
(Roberts et al., 2006; Whalan et al., 2007) and increased res
piration rates (Bannister et al., 2012). High sediment depos
ition can also smother sponge recruits (Maldonado et al.,
2008) and even bury adults (Wulff, 1997). In addition,
sponges host dense and diverse microbial symbionts that con
tribute to the health, ﬁtness and nutrition of the host (Webster
& Taylor, 2012). Many of these symbionts are photosynthetic
which may make sponges particularly sensitive to
1
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dredge related light reduction due to increased turbidity
(Thacker, 2005; Roberts et al., 2006; Bell, 2008). High sedi
mentation can therefore greatly inﬂuence the structure, abun
dance and diversity of sponge assemblages (Bell & Barnes,
2000a, b; Carballo, 2006).
Effects of sedimentation will vary between sponge species
with morphology or shape likely to be a major contributor
to this inter species variation. For example, high sediment
deposition may smother thin, encrusting sponges while
having little impact on upright or erect sponges. The overall
aim of this study was to investigate responses of different
sponge morphologies to a range of controlled sedimentation
treatments simulating conditions associated with dredging
activity.

MATERIALS AND METHODS

reach desired treatment concentrations. Water ﬂow in the
tanks was standardized to ~300 ml min 1, resulting in a com
plete renewal of seawater in 48 h.
One to four replicates of each sponge species were random
ly placed in each tank, with all sponges separated by ≥10 cm
to prevent any antagonistic interactions. All species were
placed in their natural orientation. For example, I. basta,
Haliclona sp., S. ﬂabelliformis and Callyspongia confoederata
were ﬁxed to coral plugs using non toxic underwater putty
(Knead ITw Aqua Selleys, NSW Australia) and placed in
plastic racks, so that they were exposed to sediments in their
natural upright position. Sponges were exposed to sediments
for 15 days.
No signiﬁcant differences in initial size of replicates
among treatments were observed for any of the species
(ANOVA: P . 0.05 for all species), thus excluding initial
sponge size inﬂuencing the results.

Sponge species and morphology

Studied parameters

Ten sponge species (Table 1), representing four general
morphologies (massive, erect, cup and encrusting), were col
lected from Broadhurst Reef, Great Barrier Reef
(18851.891′ S 147841.660 E), in September 2013. Of these,
Stylissa ﬂabelliformis, Cliona orientalis, Ianthella basta and
Carteriospongia foliascens are also widely distributed through
out the Indo Paciﬁc (Fromont, 2004). Sponges were trans
ported to the Australian Institute of Marine Science and
acclimated in 1000 l tanks for .2 weeks with 5 mm ﬁltered
ﬂow through seawater at 258C and 36‰ salinity, environ
mental conditions comparable to the collection site.

Experimental set up
The experiment was conducted in three 1000 l tanks, each
dosed at one of three sediment levels: 0 mg l 1 (control),
250 mg l 1 (medium) and 500 mg l 1 (high). The siliciclastic
sediment used in this experiment was collected sub tidally
from Onslow, Western Australia (21838′ S 114856′ E) and
ground to 63 mm. Particle size distribution analysis deter
mined that the ground sediment ranged from 1 130 mm in
size, with the majority between 30 and 80 mm. Heavy metal
analysis determined that the grinding process did not contam
inate sediments but that they were naturally rich in Fe and Al.
For the medium and high treatments, ground sediment was
blended with seawater, forming a sediment slurry that was
poured slowly into each tank in a single pulse at Day 0 to

physical parameters
Total Suspended Solids (TSS) were recorded immediately fol
lowing sediment addition (T ¼ 0 h), T ¼ 8, 24 and 32 h, and
then after 7 and 14 days. For TSS analysis, triplicate water
samples (200 ml) were collected from each tank and ﬁltered
through previously weighed 0.4 mm polycarbonate ﬁlters
(Advantec MFS, Inc.). Filters were dried overnight at 608C
and dry weights were recorded the following morning.
Sedimentation Rates (SR) were measured by collecting and
ﬁltering sediments that accumulated on ﬁve SedPods (Surface
Area ¼ 25.16 cm2) (Field et al., 2013) randomly placed in
each tank. To examine sedimentation rates throughout the
experiment, SedPods were removed after 1, 2, 7 and 15 days.

determination of smothering and
assessment of sponge health
Underwater pictures of each sponge were taken with an
Olympus C 5050 digital camera prior to sediment addition
and after 2, 7 and 15 days. Image analysis software
(Image J) was then used to measure the percentage of
surface area covered by sediments for each sponge during
the experiment (Figure 1).
To determine the weight of sediment remaining on each
sponge by the end of the experiment, each sponge was careful
ly placed into a plastic zip lock bag underwater, and then
inverted and shaken so that all sediment fell off the sponge

Table 1. List of species, morphologies and number of replicates per treatment.
Species name

Functional morphology

Replicates

Callyspongia confoederata (sensu Ridley, 1884)
Carteriospongia foliascens (Pallas, 1766)
Cliona orientalis Thiele, 1900
Cymbastela coralliophila Hooper & Bergquist, 1992
Haliclona sp. Grant, 1836
Ianthella basta (Pallas, 1976)
Ircinia irregularis (Polejaeff, 1884)
Neopetrosia exigua (Kirkpatrick, 1900)
Rhopaloeides odorabile Thompson, Murphy,
Bergquist & Evans, 1987
Stylissa ﬂabelliformis (Hentschel, 1912)

Cup (narrow cup or tube)
Cup (wide cup)
Encrusting (bioeroding)
Encrusting (thick)/Cup (table)
Cup (narrow cup or tube)
Erect (laminar)
Massive (simple)
Massive/Encrusting
Massive (simple)

2
2
3
2
2
2
1
2
4

Erect (laminar)

2

sponge responses to sediments

Changes in surface area (i.e. growth), percentage of
necrosed tissue, percentage of area covered by sediments on
day 2 and total sedimentation on sponges were studied separ
ately for those species with sufﬁcient levels of replication to
enable statistical testing (i.e. ≥3 replicates: Rhopaloeides odor
abile and C. orientalis) with a one way analysis of variance
(ANOVA) using treatment as the ﬁxed factor. For all four
variables, we performed a two way general linear model
(GLM) ANOVA with sponge morphology (as per Table 1)
and treatment as ﬁxed factors. Logit and arcsine transforma
tions were performed to meet the assumptions for ANOVA.
Transformed data had homogeneity of variances in all data
sets, although in some instances normality was not accom
plished. GLM ANOVA tests were still conducted as they are
robust to departures from normality when variances are
homogeneous (Underwood, 1997). Statistical analysis and
graphs were performed using the software SigmaPlot v.11.0
(Systat Software Inc.) and NCSS v 9 (NCSS, USA).

pigment analysis

Fig. 1. Tested sponge species prior to the sediment addition (before), during
the experiment (during) and after removal of sediments (after) in the high
sediment treatment: (A) R. odorabile; (B) I. irregularis; (C) N. exigua; (D) I.
basta; (E) S. ﬂabelliformis; (F) Haliclona sp.; (G) C. confoederata; (H) C.
foliascens; (I) C. orientalis; (J) C. coralliophila. Scale bars: 1 cm.

At the completion of the experiment, two 1 × 0.5 × 0.5 cm
pieces of healthy tissue per sponge individual were excised
using sterile scalpels, cutting from the pinacoderm through
to the mesohyl. Excised pieces were brieﬂy rinsed in clean
seawater to remove surface sediments, placed into two 2 ml
cryo vials and snap frozen in liquid nitrogen for subsequent
analysis of pigments and microbial symbionts.
Chlorophyll and carotenoid concentrations were used as a
proxy for host stress and photosynthetic potential after expos
ure to sediments. Samples were allowed to thaw slightly and
approximately 0.25 g wet weight of each sample was ﬁnely
cut and extracted in 2 ml of 95% ethanol. Three stainless
steel beads were added to each vial, and samples were
shaken in a Bead Beater (Bio Spec Products Inc., Bartlesville,
USA) for 3 min. Triplicate 300 ml extracts, and the 95%
ethanol blank, were then pipetted into a microplate.
The extraction method using 95% ethanol was less toxic
and more time efﬁcient than extractions with acetone or
methanol and also yielded greater extraction concentrations
(data not shown). As ethanol is less volatile than methanol
or acetone, it can be used in 96 well microplates for assess
ment using the spectrophotometer.
Absorbance at 470, 632, 649, 665, 696 and 750 nm (i.e. tur
bidity) was read on a Power Wave Microplate Scanning
Spectrophotometer (BIO TEKw Instruments Inc., Vermont,
USA). Using the blank corrected absorbance readings minus
the absorbance at wavelength 750 nm (Ex), Chl a, Chl b,
Chl c, Chl d, Total Chl and Total Carotenoids were calculated
using the following equations (Lichtenthaler, 1987; Ritchie,
2008):
Chl a (mg ml−1 )

surface into the bag. The water and sediment within each
plastic bag was ﬁltered and weighed as described above.
Following the removal of sediments and any attached algae,
additional pictures were taken of each sponge to conﬁrm
sponge mortality, determine colour changes and calculate
the percentage of necrosed tissue. The change in sponge
surface area from day 0 to day 15 was measured for each
sample to determine approximate sponge growth (Figure 1).
Importantly however, inferred growth based on surface area
could be underestimated, especially in sponges with a three
dimensional structure such as cups and erect morphologies.

[(− 0.9394 × E632 ) + (− 4.2774 × E649 )
+ (13.3914 × E665 )]/0.794

Chl b (mg ml−1 )

[(− 4.0937 × E632 ) + (25.6865 × E649 )
+ (− 7.3430 × E665 )]/0.794

Chl c (mg ml−1 )

[(28.5073 × E632 ) + (− 9.9940 × E649 )
+ (− 1.9749 × E665 )]/0.794
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Chl d (mg ml−1 )

[(−0.2007 × E632 ) + (0.0848 × E649 )
+ (−0.1909 × E665 )
+ (12.1302 × E696 )]/0.794

Total Chl (mg ml−1 )

[(24.1209 × E632 ) + (11.2884 × E649 )

The same matrix was used for SIMPER analysis (similarity/
distance percentages), which examined the contribution of
each variable to average resemblances between sample
groups. A distance matrix was obtained using Bray Curtis
similarity and used for PERMANOVA (Permutational multi
variate ANOVA based on distances). All analyses were per
formed on Primer 6 (PRIMER E Ltd, Plymouth, UK).

+ (3.7620 × E665 ) + (5.8338
× E696 )]/0.794
Total carotenoids (mg ml−1 )

RESULTS

[((1000 × E470 )/0.794)

Physical parameters

− (2.13 × Chl a) − (97.64

Levels of TSS measured at Time 0 (directly after addition of
sediments to the tanks) were 1.8 + 0.3, 217 + 7 and 542 +
87 mg l 1 (mean + SE) in the control, medium and high
treatment tanks, respectively. Thus, measured TSS values
were close to expected values of 0, 250 and 500 mg l 1. TSS
dropped ~80% in 8 h and 99% in 48 h in both treatment tanks.
Total sedimentation levels at the end of the experiment
were 0.27 + 0.01, 8.7 + 0.7 and 16.3 + 0.3 mg cm 2
(mean + SE) in the control, medium and high treatment
tanks, respectively. Similar to the TSS levels, a ~98% decline
in SR was observed within 24 h in both sediment treatments
with all sediments settling within 48 h. The primary main
physical effect on sponges in this study was therefore sediment
deposition.

× Chl b)]/209
The factor 0.794 is a path length correction, determined by
the ratio of the absorbance of the microplate measurement
divided by the absorbance of the 1 cm cuvette at a given
wave length, using ethanol as solvent and for a volume of
300 ml of sample extract.
Pigment concentrations were normalized to wet weight
using the calculation:
[Chl a (mg ml−1 ) × extraction volume (ml)]/wet weight (g)

microbial symbionts analysis
Assessment of host associated microbial communities was
performed for all sponge species that had ≥2 replicates alive
in all treatments at the completion of the experiment (i.e. C.
foliascens, C. orientalis, Cymbastela coralliophila, I. basta,
Neopetrosia exigua, R. odorabile and S. ﬂabelliformis). DNA
extractions were performed using the Power Plantw Pro
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) and
a fragment of the 16S rRNA gene was ampliﬁed with the
primer set 1055F and 1392r containing a GC clamp
(Muyzer et al., 1993; Ferris et al., 1996). Total reaction
volume was 50 ml, including 10 ml of 5× Buffer (containing
5 mM dNTPs and 15 mM MgCl2), 0.4 ml of BSA
(10 mg ml 1), 0.25 ml (1.25 units) of My Taq DNA
Polymerase (Biolinew, London, UK), 1 ml of each primer
(10 mM), ~10 ng of template DNA and sterile Milli Q water.
PCR conditions were as follows: 1 cycle at 958C for 1 min;
32 cycles at 948C for 30 s, 548C for 30 s and 728C for 1 min,
and a ﬁnal elongation at 728C for 7 min. PCR products were
visualized on 1% agarose gels to assess ampliﬁcation speciﬁcity
and initial product quantity. 15 ml of each PCR product were
applied to 8% w/v polyacrylamide (37.5:1) gels containing a
50 70% denaturing gradient of formamide and urea. Gels
were electrophoresed at 658C for 16 h in 1 × TAE
(Tris acetic acid EDTA) buffer at 75 V using the Ingeny
D Code system (Goes, the Netherlands). Gels were stained
with 1× Sybr Gold for 10 min, visualized under UV illumin
ation and photographed. Individual band numbers were
assigned based on their migration. Bands assigned the same
number had identical migration end points, and were used
to build a presence/absence matrix. Three factors were deter
mined (i.e. species, morphology, sediment treatment). princi
pal component analysis (PCA) of microbial community
proﬁles was performed on square root transformed data.

Determination of smothering and assessment
of sponge health
With the exception of individuals of Haliclona sp. and
Callyspongia confoederata, all sponges in all treatments sur
vived until the end of the experiment. Haliclona sp. died
after 7 days in the medium and high sedimentation treatments
and after 15 days in the control, indicating that this species is
unsuitable for further aquarium based experimentation. In
contrast, C. confoederata survived in the control treatment,
but died after 7 days in the high sediment treatment and
after 15 days in the medium sediment treatment, indicating
sensitivity to elevated sediment levels (Figure 1).
With the exception of Ianthella basta, Haliclona sp. and C.
confoederata, all species showed positive growth (i.e. surface
area) in the control treatment (Figure 2). In contrast, null or
negative growth was observed in the medium and high sedi
ment treatment for all species except Cliona orientalis which
exhibited positive growth in the medium treatment but nega
tive growth in the high treatment (Figure 2). Although differ
ences in growth between treatments were not statistically
signiﬁcant for Rhopaloeides odorabile and C. orientalis
(ANOVA: P . 0.05), both morphology and treatment had a
signiﬁcant effect on growth when comparing all individuals
grouped by morphology (Table 2). Massive and encrusting
species showed a signiﬁcantly higher growth than cups and
erect sponges. Sponges exposed to medium and high sediment
treatments grew signiﬁcantly less than sponges in the control
treatment (Table 2, Figure 2).
Individuals of some species in the medium and high
sediment treatments developed areas of necrosed tissue (e.g.
2 15% of R. odorabile tissue and 2.6 5% of Cymbastela cor
alliophila tissue) although there was no signiﬁcant difference
between treatments (ANOVA: P . 0.05). Tissue necrosis
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Fig. 2. Percentage of area change (growth) at the end of the experiment for all species grouped by morphologies, at the three sediment treatments (control,
medium and high).

was not observed in any individual of the erect species Stylissa
ﬂabelliformis and I. basta and the encrusting species C. orien
talis. Signiﬁcant differences in percentage of necrosis were
Table 2. ANOVA examining the effects of treatment on size (growth)
among the sponge morphologies after 15 days.
Source

df

MS

F

P

Morphology
Treatment
Morphology × Treatment
Error

3
2
6
53

0.0198
0.0172
0.00478
0.00491

4.034
3.511
0.974

0.012
0.037
0.452

Signiﬁcant Pairwise Multiple Comparisons (Holm Sidak method).
MAS, ENC . CUP (P ¼ 0.009, 0.010).
C . M (P ¼ 0.017), H (P ¼ 0.025).

only observed when comparing among morphologies, with
cups experiencing the highest percentage of necrosis
(Table 3, Figure 1).

Table 3. ANOVA examining the effects of treatment on the percentage of
tissue affected by necrosis among the sponge morphologies after 15 days.
Source

df

MS

F

P

Morphology
Treatment
Morphology × Treatment
Error

3
2
6
53

2.964
0.301
0.126
0.164

18.027
0.301
0.769

,0.001
0.301
0.598

Signiﬁcant Pairwise Multiple Comparisons (Holm Sidak method).
CUP . ENC (P ¼ 0.009), MAS (P ¼ 0.010), ERE (P ¼ 0.013).
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Table 4. ANOVA examining the differences in percentage of sponge
surface covered by sediments among the sponge morphologies after 48 h.
Source

df

MS

F

P

Morphology
Treatment
Morphology × Treatment
Error

3
2
6
53

0.255
2.149
0.103
0.0477

5.346
45.016
2.163

0.003
,0.001
0.061

Signiﬁcant Pairwise Multiple Comparisons (Holm Sidak method).
MAS . CUP (P ¼ 0.009), ERE (P ¼ 0.010).
C , M (P ¼ 0.025), H (P ¼ 0.017).

The percentage of sponge surface covered by sediments
after 48 h differed signiﬁcantly between treatments

(ANOVA: P , 0.001, 0.03 for R. odorabile and C. orientalis,
respectively) and morphologies (Table 4, Figure 3), with
massive species having a greater coverage of sediments than
cup and erect species. Nevertheless, the percentage of
sponge surface covered by sediments decreased over time
for most species, indicating an ability to remove some sedi
ment from their surface tissue (Figure 4). This ability differed
between species with R. odorabile removing less than 20% of
the surface sediment and Ircinia irregularis removing 85%
of the surface sediment after 15 days (Figure 4).
Total sedimentation onto sponges was signiﬁcantly higher
in the sediment treatments than the control (ANOVA: P ,
0.001, 0.04 for R. odorabile and C. orientalis, respectively)
and also differed signiﬁcantly between the four main sponge
morphologies (Figure 5, Table 5). Erect species received the

Fig. 3. Percentage of sponge surface covered by sediments 2 days after the sediment pulse for all species, grouped by morphologies, at the three sediment
treatments (control, medium and high).
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Fig. 4. Mean percentage of surface covered by sediments at day 2, 7 and 15 after sediment addition, for each sponge species at the high sediment treatment.

minimum amount of deposited sediment while cup shaped
sponges, particularly those with a wide cup morphology, col
lected the highest amount of sediment (Figure 5, Table 5). No
correlation existed between total sedimentation and sponge
tissue surface area covered by sediments (R2 ¼ 0.218, P ¼
0.022).

Pigment analysis
Due to high rates of mortality, pigment concentrations were
not analysed for Haliclona sp. and C. confoederata. For the
remaining species, the concentration of photosynthetic pig
ments did not differ signiﬁcantly between treatments
(ANOVA: P . 0.05 for all species). However, pigment con
centrations and types varied between species and treatments.
For example, R. odorabile had an extremely low concentration
of chlorophylls and carotenoids, consistent with the absence
of photosymbionts previously described for this species
(Bannister et al., 2011) whereas I. basta and S. ﬂabelliformis
had low concentrations of chlorophylls, but high concentra
tions of carotenoids that decreased slightly with increasing
sedimentation (Figure 6). The relatively high concentrations
of Chl a in C. orientalis did not vary among treatments,
while Chl b in this species was reduced slightly in the high
sediment treatment (Figure 6). A slight increase in chlorophyll
concentration in the sediment treatment compared with the
control was observed in I. irregularis and Neopetrosia exigua
(Figure 6). In general, concentrations of photosynthetic pig
ments were not reduced by the increasing sediment concen
trations, although every species and every pigment
responded differently.

Microbial symbiont analysis
Microbial community proﬁling of replicate samples from
Carteriospongia foliascens, C. orientalis, C. coralliophila, I.
basta, N. exigua, R. odorabile and S. ﬂabelliformis revealed
44 unique bands (corresponding to different microbial sym
bionts). The microbial proﬁles grouped according to species
although some minor clustering according to sediment treat
ment was observable for C. foliascens, R. odorabile and C. cor
alliophila (Figure 7). The ﬁrst two factors in the principal

component analysis (PCA) explained 39.3% of the total vari
ation (Figure 7). SIMPER analysis indicated high levels of
similarity within species and moderate to high levels of simi
larity within morphologies: ≥50% for erect and encrusting,
and ≥80% for massive and cup morphologies.
PERMANOVA analysis of the microbial proﬁles revealed
that microbial communities were signiﬁcantly affected by
host species and host morphology, but not by sedimentation
treatment (Table 6).

DISCUSSION

Rapid deposition of sediments after an initial sediment pulse
combined with a rapid drop in TSS within 48 h indicates
that the primary pressures on sponges in this study were sedi
ment covering the surface tissue or clogging of their aquifer
ous system. Although the tested sedimentation treatments
are consistent with values observed near dredging operations
(e.g. 300 mg l 1; Simpson, 1988), these sedimentation levels
did not cause mortality during the 2 week experiment,
except for Callyspongia confoederata. However, low levels of
replication for this species precluded chlorophyll and sym
biont analyses, making it difﬁcult to reach deﬁnitive conclu
sions regarding the nature of the sediment sensitivity.
Colour changes, generally indicating loss of photosynthetic
symbionts or bleaching (Thacker, 2005; Roberts et al., 2006),
were not detected in any of the sponges that survived the
experiment. Bleaching due to light attenuation may have
occurred if there had not been such a rapid decrease in TSS
or if the sediments had completely smothered the sponges.
All sponge morphologies shrunk when exposed to the high
sediment treatment. Decreased or negative growth is likely
linked to reduced feeding efﬁciency due to sediments clogging
the sponge aquiferous systems (Gerrodette & Flechsig, 1979;
Tompkins MacDonald & Leys, 2008). For example, the glass
sponge Rhabdocalyptus dawsoni arrests pumping entirely in
response to sediments (Tompkins MacDonald & Leys,
2008), the pumping rate of Veronia lacunosa has been
shown to reduce with a sediment load as low as 11 mg l 1
(Gerrodette & Flechsig, 1979) and similar responses have pre
viously been observed in other species of demosponges
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Fig. 5. Total sedimentation (mg cm 2) at the end of the experiment for all species grouped by sponge morphology, at the three sediment treatments (control,
medium and high).

(Reiswig, 1971; Lohrer et al., 2006). Additionally, sponges
living under high sediment conditions can become energetic
ally stressed with efforts to expel unwanted material, contrib
uting to a depletion of their reserves in comparison to
individuals inhabiting areas less affected by sediment
(Roberts et al., 2006; Tompkins MacDonald & Leys, 2008;
Bannister et al., 2012).
Notable differences in the total amount of entrapped sedi
ments and the percentage of sponge surface covered by sedi
ments were observed between the different sponge species
and sponge morphologies. In general, massive, encrusting
and wide cup morphologies accumulated more sediment
than erect species and the narrow cup morphology. This is
consistent with what has previously been reported for other

sponge species (Gerrodette & Flechsig, 1979; Bell & Barnes,
2000b; Carballo, 2006). Although speciﬁc mechanisms were
not elucidated within the context of this study, the reduction
in sediment covering the sponges over time suggests that
either the sponges are actively removing the sediment from
their surface (i.e. through their pumping activity, production
of mucus, protrusion of spicules) or other in fauna organisms
are doing it for them. For instance, Iricinia irregularis in this
study had many brittle stars living inside their oscula, which
may have indirectly cleaned their surfaces as found for other
species (e.g. Hendler, 1984; Turon et al., 2000).
The weak correlation between total sedimentation and
sponge area covered by sediments could be explained by the
presence of algae overgrowing some of the sponge individuals
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Table 5. ANOVA examining the differences in total sedimentation
among the sponge morphologies after 15 days.
Source

df

MS

F

P

Morphology
Treatment
Morphology × Treatment
Error

3
2
6
53

5.747
101.757
1.282
1.399

4.109
72.757
0.917

0.011
,0.001
0.490

Signiﬁcant Pairwise Multiple Comparisons (Holm Sidak method).
CUP . ENC (P ¼ 0.049) . MAS (P ¼ 0.025) . ERE (P ¼ 0.013).
C , M (P ¼ 0.025), H (P ¼ 0.017).

by the end of the experiment. Algae attached to the surface of
some sponges may have immobilized the sediments, making it
difﬁcult to remove and quantify the sediments. This would

explain the observed underestimation in total sedimentation
and highlights the critical importance of controlling algal
growth in future experiments.
Chlorophyll and carotenoid analysis provided valuable
data on pigment concentrations in each of the target sponge
species. A reduction in Chl a has previously been reported
in 90 days sediment exposed (Roberts et al., 2006) and 2
weeks shaded sponges (Thacker, 2005), although these
results were not statistically signiﬁcant. However, elevated
sediment concentrations did not appear to affect the produc
tion of any photosynthetic pigments in sponges over the
15 day exposure period. Moreover, the results were extremely
variable among species and between pigments and no discern
ible trends in pigment behaviour could be determined accord
ing to sediment treatment. Therefore, the analyses of
chlorophylls and carotenoids did not appear to be a valid

Fig. 6. Chlorophylls a, b and carotenoids (mg pigment/g sponge tissue) for all species at the three sediment treatments (control, medium and high).
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Fig. 7. Principal component analysis (PCA) of DGGE banding pattern proﬁles. Labels correspond to the sediment treatment (C, M and H).

proxy for sedimentation stress in sponges following a short
term sediment pulse. Nevertheless, longer term experiments
with higher levels of replication per species may result in
more meaningful conclusions about the effect of sediments
on sponge photosynthetic pigment production.
Assessment of microbial symbionts in the studied species
revealed generally stable and species speciﬁc communities
with some similarity observed within morphologies. Shifts in
the microbial communities of sponges have previously been
reported in association with temperature and contamination
stress (Webster et al., 2001, 2008; Simister et al., 2012a; Fan
et al., 2013) although highly stable populations have also
been reported in response to nutrient and sediment stress
(Luter et al., 2012, 2014; Simister et al., 2012b). Consistent
with these latter ﬁndings, sedimentation treatments assessed
in this study did not cause large shifts in the microbial com
munities of any species. Small differences between control
sponges and sediment treated sponges were detected in the
two photosynthetic species Carteriospongia foliascens and
Cymbastela coralliophila as well as the heterotrophic species
Rhopaloeides odorabile, although greater replication would
be required to determine if these shifts are truly signiﬁcant.
In addition, whilst we don’t see the appearance of foreign
microbes or the loss of stable microbes associated with

sediment treatment, a shift in the relative abundance of the
microbes within the host (not detectable using a DGGE
approach) may still have functional implications for the holo
biont. Further research using next generation sequencing
approaches would help elucidate whether higher sediment
concentrations or longer exposure periods would trigger
shifts in the sponge associated microbial communities.
Dredging programmes often last for many weeks or
months, possibly exposing benthic organisms to periodically
high sediment loads, with sedimentation rates affected by
TSS, sediment size and local hydrodynamics. In addition,
residual plumes can persist in the area for months before
TSS returns to ambient levels. In conclusion, our results
show that high sedimentation primarily affected massive,
encrusting and wide cup sponge morphologies. However,
the sediment concentrations tested in this experiment did
not appear to cause shifts in the pigment concentrations or
microbial community structure of the sponges. These results
indicate that a single short term pulse of high TSS levels
resulting in a sediment deposition rate of 16 mg cm 2 could
be tolerated by most of the sponge species studied.
Nevertheless, the long term effects of high sedimentation,
high TSS and light attenuation on sponges should be assessed
before ﬁnal conclusions on the effect of dredging on sponge
communities can be drawn.

Table 6. PERMANOVA analysis for each factor separately.
Source

df

MS

Sedimentation
Error
Morphology
Error
Species
Error

2
43
3
42
6
39

258.62
2431.7
17,980
1217.6
14,172
514.04

Pseudo F
0.10636

P (perm)
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Effects of light attenuation on the
sponge holobiont- implications for
dredging management
Mari-Carmen Pineda1,2, Brian Strehlow1,2,3, Alan Duckworth1,2, Jason Doyle1, Ross Jones1,2 &
Nicole S. Webster1,2
Dredging and natural sediment resuspension events can cause high levels of turbidity, reducing the
amount of light available for photosynthetic benthic biota. To determine how marine sponges respond
to light attenuation, five species were experimentally exposed to a range of light treatments. Tolerance
thresholds and capacity for recovery varied markedly amongst species. Whilst light attenuation had
no effect on the heterotrophic species Stylissa flabelliformis and Ianthella basta, the phototrophic
species Cliona orientalis and Carteriospongia foliascens discoloured (bleached) over a 28 day exposure
period to very low light (<0.8 mol photons m−2 d−1). In darkness, both species discoloured within a
few days, concomitant with reduced fluorescence yields, chlorophyll concentrations and shifts in their
associated microbiomes. The phototrophic species Cymbastela coralliophila was less impacted by
light reduction. C. orientalis and C. coralliophila exhibited full recovery under normal light conditions,
whilst C. foliascens did not recover and showed high levels of mortality. The light treatments used in
the study are directly relevant to conditions that can occur in situ during dredging projects, indicating
that light attenuation poses a risk to photosynthetic marine sponges. Examining benthic light levels
over temporal scales would enable dredging proponents to be aware of conditions that could impact on
sponge physiology.
Sponges are filter-feeding organisms with important ecosystem roles including habitat provision, seawater filtration, primary production and binding and/or erosion of the carbonate reef structure1. This diversity of functional
roles means that changes to the abundance or composition of sponge assemblages is likely to significantly impact
other reef organisms and overall ecosystem functioning2. Importantly, sponges host dense and diverse microbial
symbionts that are intimately linked to their health, fitness and nutrition3,4. Many of these sponge symbionts are
photosynthetic and in some cases they produce >50% of the energy requirements of the host5,6. In these mutually beneficial partnerships, the photosymbionts obtain energy from sunlight and provide the host with glucose,
glycerol and amino acids and, in return, are provided with a protected environment and many of the compounds
required for photosynthesis7–10. These sponges are described as ‘phototrophic’ or ‘mixotrophic’ depending on
their degree of nutritional dependence from the symbiont primary production6,11.
Phototrophic sponges are common in shallow tropical reef environments world-wide, including the
Mediterranean, Red Sea and the Caribbean3,6 and can comprise up to 80% of individuals and biomass in some
coral reefs in the Indo-West Pacific and the Great Barrier Reef (GBR)3,12. In these regions phototrophic sponges
have important ecological roles as net primary producers as well as in recycling organic carbon through shedding
of cellular material which is rapidly consumed by detritivores3,13.
Due to their nutritional dependence on the products of photosynthesis, phototrophic sponges may be particularly sensitive to turbidity (water cloudiness) and light reduction caused by increased suspended sediments
in the water column14–17. One cause of high turbidity is dredging of the sea bed and the subsequent disposal of
the sediment at offshore dredge material placement sites18. Recent analyses of the effects of plumes from dredging
have shown the marked effects the suspended sediments can have on benthic light levels19–21. Close to working
dredges all benthic light can be extinguished during the daytime; however, a more common feature is very low
‘caliginous’ or daytime twilight periods, which can occur over extended periods (i.e., days to weeks)19. The high
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suspended sediment concentrations (SSCs), and the resulting light attenuation, decreases with increasing distance
from dredging and understanding the impact of light reduction at different degrees is important for environmental impact assessments and managing dredging programs when underway.
The impacts of light reduction are likely to vary between sponge species, and this is likely to depend on the flexibility of their feeding strategy. For example, whilst the nutrition of some phototrophic sponges can be adversely
affected by light reduction and a reduction of photosymbiont derived carbon, other species may have the ability to increase heterotrophic feeding rates to compensate for the decrease in photosynthetic yields6,7. Although
cyanobacteria are the dominant photosymbiont taxa in most sponges10,22, dinoflagellates (i.e., Symbiodinium spp.)
are also found in association with clionaid sponges23,24; and rhodophytes, chlorophytes and diatoms have been
reported from a diverse range of sponges22,25,26. Therefore, responses to light attenuation may also differ depending on the symbiont composition within the host. Furthermore, highly specialised, host-specific symbionts often
provide a greater benefit to their hosts than generalist symbionts14, and thus any negative effects from light attenuation will have a greater relative impact on those sponge species that host obligate photosymbionts.
Close to dredging, sponges will be exposed to low light conditions in combination with high SSCs and sedimentation20. This makes it difficult to identify cause-effect pathways, to identify potential bio-indicators and to
establish the dose-response relationships needed for impact-prediction purposes. The effects of sedimentation
on different sponge species, with a focus on sponge morphology, have been described previously27. In the current
study, we examined the effects of light reduction alone on five abundant and geographically widespread sponge
species1,28, spanning heterotrophic and phototrophic nutritional modes. In future studies, the effects of elevated
SSC alone, sediment smothering alone and a combination of all dredging related factors will be described.
Using environmentally relevant exposure scenarios is essential for risk assessment purposes, and we used
light reduction scenarios recently reported in several large-scale capital dredging projects on reefs in Western
Australia19,21. The Daily Light Integral (DLI), which is the total photosynthetically active radiation (PAR) received
each day as a function of light intensity and duration (mol photons m−2 d−1), was calculated over different running mean time periods from 1–30 days. For several shallow water sites (~6–9 m depth) located <1 Km from
the dredge, the 5th percentile (P5) of DLIs ranged from 1.3–2.1 mol photons m−2 d−1 before dredging, but was
0.4–0.7 mol photons m−2 d−1 during the dredging phase. The number of consecutive days of very low light
(<0.8 mol photons m−2 d−1) ranged from 0–10 d before dredging, but from 11–25 d during the dredging phase.
For near complete loss of all light, the worst case scenario during the baseline phase was 2 consecutive days
increasing to 5 consecutive days during the dredging phase19.
In this study, a suite of different response variables were used to examine the effects of environmentally realistic light reduction over an extended period (30 d), with a particular focus on changes in sponge symbiosis.

Results

Host response (health). All sponges survived the 28 d experimental treatments, with no observable partial

mortality (tissue necrosis). Changes in colour were observed in two of the three phototrophic species. Cliona
orientalis discoloured after 72 h in the 0 mol photons m−2 d−1 treatment, and milder discolouration occurred
in some individuals in the 0.8 mol photons m−2 d−1 treatment (see Supplementary Fig. S1). Despite this rapid
response, the colouration returned to normal when returned to natural light for the 14 d observational period.
Carteriospongia foliascens also discoloured in the 0 mol photons m−2 d−1 treatment after 7 d, and whilst there was
no partial mortality at the end of the experimental period (Supplementary Fig. S1), all discoloured individuals
died during the observational period. The third phototrophic sponge species, Cymbastela coralliophila, and the
heterotrophic species Stylissa flabelliformis and Ianthella basta, showed no signs of discolouration throughout the
experimental or recovery periods (Supplementary Fig. S1).

Host response (growth). S. flabelliformis, I. basta, C. coralliophila and C. foliascens grew, or gained weight,
over the experimental period and 14 d observational period in almost all treatments (Fig. 1a). Some individuals of
C. foliascens from the 0 and 0.8 mol photons m−2 d−1 treatments lost weight during the recovery phase. The buoyant weight of the bioeroding, encrusting sponge C. orientalis decreased across all treatments (Fig. 1a), reflecting
active bioerosion of the coral substrate. The percentage change in buoyant weight from the start of the experimental period to the end of the observational period was not significantly different between treatments for any
species except C. orientalis (Table 1A). C. orientalis exposed to the 0 and 0.8 mol photons m−2 d−1 treatments lost
significantly less weight than individuals in the 8.1 mol photons m−2 d−1 treatment. Accordingly, the mass of excavated substrate per unit area (i.e., surface area) in C. orientalis was the lowest under the 0 mol photons m−2 d−1
treatment, although this was not statistically significant (ANOVA: P =  0.870).
No change in sponge surface area between treatments could be detected at the end of the experimental
period for any species and, with the exception of C. foliascens, no significant differences in surface area were
detected between treatments from the start of the experimental period until the end of the observational period
(Table 1B). A significant reduction in surface area was observed for C. foliascens at the end of the observational
period (consistent with partial mortality in some individuals exposed to the 0 mol photons m−2 d−1 treatment,
see Supplementary Fig. S2). Surface area could not be measured in C. orientalis which grows deeper into the coral
substrate whilst still maintaining a constant surface area due to its bioeroding nature.
Microbial community response (pigment analyses). Chlorophyll a concentrations of the phototrophic
species C. coralliophila, C. foliascens and C. orientalis were typically higher than ~100 μg Chl a/g sponge, and
concentrations in the heterotrophic species S. flabelliformis and I. basta were negligible (overall, <  10 μg Chl a/g
sponge) (Fig. 1b). The only exception to this occurred in the 3.2 and 8.1 mol photons m−2 s−1 treatments for
I. basta during the observational period, in which an algal bloom corresponded with the time of sampling
(Fig. 1b). In both heterotrophic species, no significant difference in Chl a was detected between light treatments
Scientific Reports | 6:39038 | DOI: 10.1038/srep39038
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Figure 1. Physiological responses of sponges to light conditions. (a) Percentage buoyant weight change
(note: y-axis scales differ between species), and (b) Chlorophyll a concentrations, for the five species, after the
28 d experimental period and 14 d observational period (mean ± SE). Asterisks show statistically significant
differences between the experiment and recovery phase (T-tests: P < 0.05). Light treatments include 0, 0.8, 3.2,
8.1 mol photons m−2 d−1 and natural light (NL, 3.2–6.5 mol photons m−2 d−1).
Stylissa
flabelliformis
Source

df

F

P

Cymbastela
coralliophila

Carteriospongia
foliascens

Cliona orientalis

P

F

P

F

P

F

P

0.318

1.902

0.208

0.691

0.586

9.506

0.005

Ianthella basta
F

(A) Buoyant weight at the end of the observational phase
Treatment

3

Error

8

1.923

0.204

1.377

Significant Pairwise Multiple Comparisons (Holm-Sidak)

0,0.8,3.2 >  8.1

(B) Surface area at the end of the experimental and observational phases
Experimental phase
Treatment

4

Error

23

2.271

0.093

1.199

0.338

0.310

0.869

1.695

0.186

1.789

0.227

1.330

0.331

0.943

0.464

4.186

0.047

Observational phase
Treatment

3

Error

8

Significant Pairwise Multiple Comparisons (SNK)

8.1, NL, 3.2 >  0

(C) Chl a at the end of the experimental phase
Treatment

6

Error

14

1.792

0.173

1.472

Significant Pairwise Multiple Comparisons (SNK)

0.257

6.072

0.003

NL,F, T0 >  0

31.163

<  0.001

T0,NL,F >  8.1,3.2,0.8 >  0

17.271

<  0.001

NL,F,8.1,3.2,0.8 >  0

Table 1. ANOVA examining the effect of treatment on A) Total change in sponge buoyant weight at the
end of the observational phase, B) Changes in surface area for each species at the end of experimental and
observational periods (surface area was not considered a relevant metric for growth of C. orientalis), and
C) Chl a concentration at the end of the 28 d experimental period. Holm-Sidak and Student Newman-Keuls
(SNK) tests have been performed for significant pairwise multiple comparisons. In pair-wise tests, F: field
control; t = 0: time 0 control; 0, 0.8, 3.2 and 8.1 mol photons m−2 d−1 treatments and natural light controls (NL).

after the experimental or observational period (T-tests: P > 0.1) (Table 1C). The Chl a concentration of the phototrophic species under natural light was similar to the freshly collected field samples and t = 0 controls (ANOVA:
P > 0.05). There were significant differences between the light treatments in the phototrophic species, and the
highest Chl a concentration was observed in the natural light controls, followed by the 8.1, 3.2, 0.8 and 0 mol photons m−2 d−1 treatments (Fig. 1b, Table 1C). In the lower light treatments (0 and 0.8 mol photons m−2 d−1) there
was an overall increase in Chl a concentration after the observational period in natural light (Fig. 1b).
Total chlorophyll was highly correlated to Chl a in the three phototrophic species (R2 = 0.834, 0.992, 0.994 for C.
coralliophila, C. foliascens and C. orientalis, respectively, P < 0.001). However, total chlorophyll was also marginally
Scientific Reports | 6:39038 | DOI: 10.1038/srep39038

3

www.nature.com/scientificreports/
Source

df

MS

Pseudo-F

P (perm)

A) Spectrophotometry
Species

2

85.707

13.234

0.001

Treatments

2

47.827

7.3848

0.002

2.2526

0.019

Sp ×  Treatm.

4

14.589

Residuals

18

6.4765

Pair-wise Tests
CYM: D ≠  C (P = 0.022); CAR: L ≠  D ≠  C (P < 0.05); CLI: D ≠  C (P =  0.046)
B) UPLC
Species

2

27.666

20.451

0.001

Treatments

2

29.407

21.738

0.001

3.2345

0.003

Sp ×  Treatm.

4

4.3757

Residuals

18

1.3528

Pair-wise Tests
CYM: L, D ≠  C (P < 0.05); CAR: L ≠  D ≠  C (P < 0.05); CLI: L, C ≠  D (P <  0.05)

Table 2. Two-way PERMANOVA of pigment data with species and treatment as factors, for A)
Spectrophotometry and B) UPLC analyses. In pair-wise tests, D: Dark (0 mol photons m−2 d−1), L: low light
(0.8 mol photons m−2 d−1) and C: natural light controls (CLI for C. orientalis, CAR for C. foliascens and CYM for
C. coralliophila).

correlated to Chl d in C. coralliophila (R2 =  0.305, P = 0.07), and highly correlated to Chl d in C. foliascens
(R2 =  0.847, P < 0.001), and to Chl c in C. orientalis (R2 =  0.906, P < 0.001), consistent with the abundance of
cyanobacteria in C. foliascens and C. coralliophila and Symbiodinium sp. in C. orientalis23,24. Accordingly, significantly lower values of Chl d and c were retrieved from C. foliascens and C. orientalis, respectively, in the
0 mol photons m−2 d−1 treatment (ANOVA: P < 0.001), while no signficant differences in Chl d were observed in
C. coralliophila (ANOVA: P <  0.681).
Ultra Performance Liquid Chromatography (UPLC) analysis detected Chl a, Chl b, Chl c, Pheophytin a and
six Carotenoids (i.e., Peridinin, Neoxanthin, Violaxanthin, Diadinoxanthin, Dinoxanthin and Zeaxanthin) with
distinct, species-specific pigment profiles. Non-metric Multi-Dimensional Scaling (nMDS) analysis of the normalized spectrophotometry data and UPLC data showed that both approaches resulted in comparable sample
groupings (see Supplementary Fig. S3) and were significantly correlated (R2 ≥  0.8 and P < 0.001 in all cases).
C. foliascens and C. coralliophila samples showed greater similarity in pigment profiles than C. orientalis, consistent with the presence of cyanobacterial photosymbionts in the former species and Symbiodinium sp. in the latter
(Supplementary Fig. S3).
Non-metric MDS ordination analysis revealed that most sponge samples in the zero light treatment grouped
closely together irrespective of species (Supplementary Fig. S3). PERMANOVA confirmed significant differences
between species and treatments for both methods (Table 2). Subsequent pair-wise tests showed significant differences between samples in the dark and the natural light controls in all cases (Table 2) and C. foliascens samples in
the 0.8 mol photons m−2 d−1 treatment differed from samples in the control and dark treatments.
Zeaxanthin is a pigment commonly related to the presence of Cyanobacteria29. Accordingly, it was significantly higher in C. coralliophila and C. foliascens than in C. orientalis (ANOVA: P = 0.002), while no significant
differences between C. coralliophila and C. foliascens were detected (ANOVA: P > 0.05). This pigment was lowest
in samples of C. coralliophila and C. foliascens in the zero light treatment (ANOVA: P =  0.103, <  0.005, respectively), followed by samples in the 0.8 mol photons m−2 s−1 and the natural light treatments. While Zeaxanthin
concentration in C. orientalis was not significantly different between treatments (ANOVA: P =  0.469), concentrations dropped to zero in samples in the 0 mol photons m−2 d−1 treatment. On the other hand, Peridinin, which
is an additional light harvesting pigment common in Symbiodinium sp., was exclusively present in C. orientalis.
Whilst Peridinin was lowest in samples exposed to zero light, differences between treatments were not significant
(ANOVA: P =  0.085).
Additional correlations were performed to determine which pigments best explained trends in sponge growth
(i.e., based in buoyant weights at the end of the experimental period) within each phototrophic species. No significant correlations between any pigment and buoyant weight were detected in C. coralliophila and C. orientalis.
However, growth rates were significantly correlated to all pigments in C. foliascens (i.e., Chl a, Chl d, Pheophytin,
Zeaxanthin, Carotenoids and Total Chl; R2 >  0.7, P < 0.05), corroborating the higher degree of C. foliascens
dependence on phototrophic nutrition.

Microbial community response (chlorophyll fluorescence). Chlorophyll fluorescence was not signif-

icantly different between treatments at the start of the experiment for any species (Fig. 2). After 7 d, maximum
quantum yields varied significantly among light intensities for all of the phototrophic species. Overall, individuals
exposed to the 0.8 and 3.2 mol photons m−2 d−1 treatments exhibited increased photosynthetic efficiency during
the first weeks (Fig. 2). Subsequently, both C. orientalis and C. foliascens showed a significant decrease in chlorophyll fluorescence in the 0 mol photons m−2 d−1 treatment. With the exception of C. foliascens in the zero light
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Figure 2. Temporal evolution of fluorescence levels. Mean values (±SE) of fluorescence (maximum quantum
yield) for the three phototrophic species per light treatment 0, 0.8, 3.2, 8.1 mol photons m−2 d−1 and natural
light (NL, 3.2–6.5 mol photons m−2 d−1). Measurements were taken at the start of the experiment and then
weekly until the end of the experimental and observational (O) periods. Asterisks show statistically significant
differences among treatments (ANOVA: P <  0.05).
treatment, which suffered 100% mortality, fluorescence values of all other samples returned to normal during the
observational phase under natural light conditions.

Microbial community response (microbiome). A total of 13,240,437 high quality 16 S rRNA gene ampli-

con sequences were recovered from the 5 sponge species (n = 168 individual samples) and 5 seawater samples
(environmental controls). Following quality filtering, 25 samples with low (<4906) read numbers were eliminated
from the dataset which included 6 from S. flabelliformis, 10 from I. basta, 8 from C. coralliophila, and 1 seawater
environmental control. The remaining samples were sub sampled down to the lowest read number (6587). Each
sponge species maintained a unique microbial community (Table 3A, Fig. 3, see also Supplementary Fig. S4) that
was distinct from the seawater microbiome (Table 3B, Fig. 3, Supplementary Fig. S4). Aquarium acclimation
(for ~6 weeks) did not affect the sponge-associated microbial community of any species, as evidenced by the
microbiome similarity of the field controls and the t = 0 experimental samples (Table 3A). Overall, the microbial
community of the heterotrophic species S. flabelliformis and I. basta, and the phototrophic species C. coralliophila,
was consistent amongst all sampling times (Table 3A). Highly significant differences in microbial community
composition were observed in the phototrophic species C. foliascens and C. orientalis over time (i.e., from t =  0
until the end of the experimental period) (Table 3A).
Microbial community composition did not differ between light treatments for either heterotrophic species or the phototrophic C. coralliophila, but differed between treatments in the phototrophic C. foliascens and
C. orientalis (Table 3C, Fig. 3). Whilst no significant microbial shifts were detected in C. orientalis under different
light treatments when all sample times were compared together (experimental and observational periods), differences were evident within sampling times when analysed independently (particularly in the zero light treatment)
(Table 3C, Figs 3 and 4).
At the Phylum level, the microbiome of C. coralliophila was primarily comprised of Alpha and
Gammaproteobacteria, Acidobacteria and Cyanobacteria with only a small decrease in the relative abundance
of Cyanobacteria occurring in C. coralliophila in the absence of light (Fig. 3). In contrast, the microbial community of C. foliascens in the zero light treatment showed a complete loss of Cyanobacteria and no recovery after
the observational period (Table 3C, Figs 3 and 4). The prokaryotic microbiome of C. orientalis was primarily
comprised of Alpha and Gammaproteobacteria and while minor representation of Cyanobacteria was evident in
C. orientalis from most light treatments, this taxa was absent in the zero light treatment (Figs 3, 5 and Table S1).
However, C. orientalis was able to re-establish its native microbiome after recovery under natural light (Fig. 4).
Network analyses of the 100 most discriminatory operational taxonomic units (OTUs) were performed on
C. foliascens and C. orientalis, for the 0, 0.8 mol photons m−2 d−1 and natural light treatments. The microbial community in C. foliascens was comprised of a large core microbiome (i.e., the component shared between samples
in all treatments) that was unaffected by light treatment (Fig. 5). However, the three dominant Cyanobacteria
OTUs (836, 5342 and 7813) were highly sensitive to light attenuation, being exclusively present in samples from
the natural light treatment only. In contrast, Cyanobacteria OTUs 6 and 173 could tolerate the 0.8 mol photons
m−2 d−1 treatment, but disappeared in the absence of light. This species also appears to shift its photosymbiont
community under reduced light, with samples at the 0.8 mol photons m−2 d−1 acquiring novel Cyanobacteria
OTUs 568 and 2339 which were exclusively present in C. foliascens from this treatment. Network analysis of the
C. orientalis microbiome revealed a much smaller core community, and a large number of OTUs that were highly
specific to samples in each light treatment (Fig. 5). As in C. foliascens, some Cyanobacteria OTUs (6 and 110) persisted under the natural light and 0.8 mol photons m−2 d−1 treatments, but disappeared in the zero light treatment,
while Cyanobacteria OTU 61 was highly light sensitive and persisted in C. orientalis only under natural light
conditions. Apart from the Cyanobacteria, the light sensitive community (i.e., taxa which were exclusively present
in samples under natural light) included representatives of the Phyla Proteobacteria, Bacteroidetes, Chlamydiae,
Verrucomicrobia and Acidobacteria as well as the candidate phylum SBR1093 and the Archaea. In contrast, in
the zero light treatment, C. orientalis was colonised by novel OTUs within the Actinobacteria, Planctomycetes,
Spirochaetes, Chloroflexi and additional OTUs affiliated to the Proteobacteria and Acidobacteria.
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Source

df

MS

Pseudo-F

P (perm)

A)
Species

4

58196

40.879

0.001

Time

3

3161.1

2.2205

0.001

1.6095

0.001

Species x Time

11

2291.3

Residuals

124

1423.6

Pair-wise Tests
STY: F ≠ E, O (P < 0.005); IAN: F ≠  E (P < 0.005); CAR: F, T0 ≠  E, O
(P <  0.005, < 0.05); CLI: T0 ≠  E ≠  O (P <  0.005)
B)
Source

1

11984

Residuals

145

4221.3

2.8389

0.003

C)
S. flabelliformis
Light

4

905.26

1.0564

0.35

Time (Light)

5

856.69

0.9997

0.449

Residuals

13

856.95

I. basta
Light

4

1066.9

0.68538

0.763

Time (Light)

5

1033.4

0.66389

0.805

Residuals

8

1556.6

C. coralliophila
Light

4

2860.3

1.1666

0.266

Time (Light)

5

1116.7

0.45548

0.998

Residuals

15

2451.8

C. foliascens
Light

4

1901.4

1.8751

0.001

Time (Light)

5

1105.5

1.0903

0.202

Residuals

18

1014

Pair-wise Tests
0 ≠ 0.8, 3.2, 8.1, NL (P <  0.005)
C. orientalis
Light

4

2325.8

1.0689

0.286

Time (Light)

5

3815.6

1.7536

0.001

Residuals

18

2175.9

Pair-wise Tests
Within 0 mol photons m−2 d−1: E ≠  O (P =  0.093)

Table 3. PERMANOVA analyses of the microbiome community with A) species and time as factors, B)
source as factor (sponge host vs. environmental control) and, C) light treatment and time (nested to light)
as fixed factors for all five sponge species. In pair-wise tests, F: field control, T = 0: time 0 control, E: sampling
after the 28 d experimental period, O: sampling after the 14 d observational period; STY for S. flabelliformis,
IAN for I. basta, CYM for C. coralliophila, CAR for C. foliascens and CLI for C. orientalis; 0, 0.8, 3.2, 8.1 mol
photons m−2 d−1 and natural light (3.2–6.5 mol photons m−2 d−1) within light treatments.

Discussion

Prolonged periods of low light caused by natural sediment resuspension events or dredging activities have the
potential to adversely affect phototrophic sponges, although tolerance thresholds and capacity for recovery varied
markedly in this study amongst sponge species. In contrast, heterotrophic sponge species appear unaffected by
light attenuation as indicated by highly stable microbiomes, similar growth rates across all treatments and no
visible signs of stress, including pigmentation changes or partial mortality.
The photosynthetic bioeroding sponge C. orientalis discoloured within as little as 7 d in darkness and exhibited minor discolouration after 28 d in the highly light attenuated treatment (0.8 mol photons m−2 d−1). These visible effects were accompanied by a significant decrease in chlorophyll a concentrations and changes in maximum
quantum yields. This discolouration was ‘sponge bleaching’30, caused by loss of all Cyanobacteria and a marked
reduction in the concentration of Chlorophyll a-containing Symbiodinium sp. Although bleaching occurred rapidly, C. orientalis still maintained quite high fluorescence values and also showed a rapid recovery of pigmentation
on return to natural light conditions. Cliona varians, a congeneric species from the Caribbean, can also rapidly
recover its native symbionts (within 2 weeks) following 8 months of exposure to total darkness31. Histological
analysis of the C. orientalis tissues revealed the presence of some Symbiodinium deep in the tissue even after 28
d in darkness. Bioeroding Cliona sponges appear to be able to cope with extended periods of light reduction by
retracting tissue and symbionts deep into the host coral skeleton32. This behavioural response could also have
Scientific Reports | 6:39038 | DOI: 10.1038/srep39038
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Figure 3. Phylum-level bar chart. Average relative abundance of each bacteria phylum (and class for
Proteobacteria) for each species and light treatment (0, 0.8, 3.2, 8.1 mol photons m−2 d−1 and natural light:
NL, 3.2–6.5 mol photons m−2 d−1). Only OTUs representing greater than 1% of the overall community were
included. When significant differences in time were detected, samples from experimental (E) and observational
(O) periods were plotted separately (i.e., 0 mol photons m−2 d−1 in C. orientalis, Table 3).

Figure 4. PCO analyses of C. foliascens and C. orientalis. Principal coordinate analysis plots for C.
foliascens and C. orientalis which showed significant differences based on light treatment or time according to
PERMANOVA analysis (Table 3C). Square symbols represent samples at the end of 28 d experimental period,
circles are samples at the end of the observational period and colours indicate the 5 light treatments (0, 0.8, 3.2,
8.1 mol photons m−2 d−1 and natural light: NL, 3.2–6.5 mol photons m−2 d−1).

contributed to at least some of the discolouration, similar to effects observed with scleractinian corals where
extreme retraction of the Symbiodinium spp. containing tissues during sub-aerial exposure can cause them to
pale. This bleaching in corals is rapidly reversible (within hours) on return to more benign conditions.
It is not clear how the Symbiodinium sp. in C. orientalis could survive such periods of complete darkness. In
culture, Symbiodinium spp. have been reported to undertake heterotrophic feeding33, although it remains to be
Scientific Reports | 6:39038 | DOI: 10.1038/srep39038
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Figure 5. Cytoscape networks of C. foliascens and C. orientalis microbiome. Networks of the microbiome
community on 3 light treatments (0, 0.8 and natural light (3.2−6.5 mol photons m−2 d−1)) for the phototrophic
species C. foliascens and C. orientalis. Circles correspond to different OTUs (with OTU numbers) and
colours relate to their Phylum or Class level in the case of Proteobacteria. Only samples at the end of the 28 d
experimental period were used (n = 3 per treatment).
determined whether this can occur in hospite. Nevertheless, the remnant symbiont population is significant, as
the rapid division of this population can mean a relatively quick recovery from bleaching on return to the more
favourable conditions.
C. foliascens survived the 28 d exposure to complete darkness, but underwent a loss of photosymbionts, a large
shift in the microbiome and subsequently died in the observational period on return to natural light conditions.
In contrast, the phototrophic C. coralliophila showed a high tolerance to reduced light as evidenced by only minor
bleaching, slight reductions in chlorophyll a, minor changes in quantum yield values and a decrease in the relative
abundance of Cyanobacteria in darkness. No significant changes were observed in the overall microbiome and
complete recovery was observed within two weeks under natural light conditions.
Light is a critical factor controlling the growth and population demographics of phototrophic sponges as
photosynthetic productivity from symbiotic microbes can provide between 48–80% of a sponge’s energy requirements3. Reduced light availability is therefore linked to energy depletion and associated mass reduction, as
observed here for C. foliascens and as previously reported for other sponge species12,14. Light is also considered
an important factor influencing excavation rates by bioeroding species1,24, and although some Symbiodinium sp.
remained deep in the tissue even after four weeks without light, C. orientalis exposed to low light intensity also
appeared to have reduced bioerosion capability, as inferred by a significantly smaller reduction in buoyant weight
compared to control samples.
Although most phototrophic sponge species rely primarily on symbiotic relationships for their energy
needs6,12, some have the ability to activate their heterotrophic metabolism under certain conditions. This switch
to heterotrophy would enable sponges to survive under reduced light conditions, as has been reported in Petrosia
ficiformis (Poiret, 1789), Aplysina fulva (Pallas, 1766) and Neopetrosia subtriangularis (Duchassaing, 1850)6,7. The
same switching has also been observed in photosymbiotic corals during low light associated with natural turbidity
events34.
The different responses of the three phototrophic sponges under low light conditions may be related to different degrees of dependency on the photosynthetic symbionts. For instance, Phyllospongia lamellosa (Esper, 1794),
a foliaceous phototrophic sponge closely related to C. foliascens35, relies on photosynthesis for the majority of
its respiratory carbon requirements12. In C. foliascens the symbiosis is highly specialized and largely driven by a
Synechococcus sp. (OTU 6)36. The strong correlation between photopigments and growth rates in C. foliascens provides further support for a high degree of nutritional dependence on photosymbionts. In contrast, C. coralliophila
tolerated the 4-week light attenuation and its growth rate showed no correlation with any pigment, suggesting
that it may have the ability to increase its heterotrophic feeding rates when ambient light conditions change and
photosynthetic activity of symbionts is reduced. However, longer-term experiments are still required as a 90 day

Scientific Reports | 6:39038 | DOI: 10.1038/srep39038

8

www.nature.com/scientificreports/
light attenuation study on a congeneric species, Cymbastela concentrica (Lendenfeld, 1887), resulted in bleaching,
necrosis, and significant reductions in growth, reproductive status and concentration of chlorophyll a15.
While many sponge species host highly stable microbiomes irrespective of environment37–40, recent research
has also indicated that shifts in the sponge-associated microbial community may confer a mechanism for local
host acclimation to different environmental conditions41. The large shifts in the microbiome of C. foliascens
and C. orientalis under low light conditions, including the appearance of novel photosynthetic microorganisms
under highly light attenuated conditions (DLI of 0.8 mol photons m−2 d−1), may indicate an attempt at symbiont
shuffling to a community better able to function under reduced irradiance. The rapid microbiome recovery of
both C. orientalis and C. coralliophila under natural light further indicates significant flexibility in symbiosis in
these species. However, while some species may have the ability to successfully alter the composition of their
microbial community under different environmental conditions42, an extensive body of literature also highlights
that species with intimate and/or potentially obligate symbioses can be adversely impacted by disruption of the
microbiome43,44 or loss of symbiotic function45. The rapid deterioration in health of C. foliascens following the
microbiome shift is consistent with its intimate reliance on a highly specialised microbial community.
The levels of light reduction attained close to dredging activities were recently described in a large-scale capital
project on reefs in Western Australia19,21. The light treatments used in the present study are clearly relevant to
conditions that can occur during dredging, showing that light attenuation is not only a hazard to photosynthetic
sponges but also a risk in close proximity to dredging operations46. This study examined the specific effects of
light reduction on sponges, with the combined effects of elevated SSCs and light attenuation being investigated in
subsequent experiments. Nevertheless, based on light reduction alone, the rapid bleaching response observed in
C. foliascens (irreversible) and C. orientalis (reversible) suggests that discolouration of sponges would be an effective bioindicator during dredging operations, as long as natural variations in colour are taken into consideration.
The results of this study could be used in conjunction with water quality monitoring programs to alert dredging
proponents to levels of light reduction that, if continued, could result in harm to phototrophic sponges. In combination with sediment plume models and estimates of the light attenuation by the suspended sediment, these
results could be used to make predictions of the likely effects of dredging (i.e., at the EIA stage). By modelling
different dredging scenarios (i.e., volume of material dredged, tidal phase, over flow options, etc.) the information
could also be used to identify optimal dredging scenarios that minimise the likelihood and extent of impact.
Benthic light availability should be considered over multiple different time periods (from days to weeks) allowing
dredging proponents to be aware of, or alerted to, conditions that could potentially impact sponge physiology.

Methods

Sample collection.

To facilitate a response comparison across nutritional modes, the study was conducted
with the phototrophic sponges Cymbastela coralliophila (Hooper & Berquist 1992), Carteriospongia foliascens
(Pallas, 1766) and Cliona orientalis (Thiele, 1900), and the heterotrophic sponges Stylissa flabelliformis (Hentschel,
1912) and Ianthella basta (Pallas, 1976)12,23,27,47,48. All sponges were collected from 3–15 m depth from either the
Palm Islands or Davies Reef, Great Barrier Reef (GBR) (see Supplementary Table S2). C. orientalis is an encrusting
sponge that bioerodes coral, hence cores of sponge on top of dead coral substrate where chiselled from Porites sp.
colonies. Sponges were cut into similar sized explants (~10 × 10 cm), and placed in natural light acclimation tanks
with flow-through seawater for up to 6 weeks until they had completely healed.

Experimental Set up.

All experiments were performed in the National Sea Simulator (SeaSim) at the
Australian Institute of Marine Science (AIMS, Townsville). Tests were conducted in 50 L acrylic tanks supplied
with a continous inflow of 5 μm filtered seawater at a rate of 833 mL min−1. The high inflow rates ensured one
complete turnover of the tanks per hour of partially filtered seawater, which ensured that sponges received sufficient particulate food including microoganisms. Experiments were conducted in a constant environment room
with water temperature set to 29 °C, representing the temperature at the time of sponge collection. Sponges were
exposed to 5 different light treatments selected to represent different levels of light attenuation in a dredging
plume19,49. Tanks were illuminated on a 12:12 h L:D cycle, with a light regime designed to simulate daily conditions on the reef. Each day there was a 3 hour morning period (from 06:00–09:00) of gradually increasing light
from darkness to a maximum instantaneous light level of 25, 100 and 250 μmol photons m−2 s−1 for each of the
3 treatments, followed by a 3 h afternoon period (from 15:00–18:00) of gradually decreasing light until full darkness. A natural light control (~150–300 μmol photons m−2 s−1 at noon) was also used, and the last treatment was
complete darkness. Factoring in the increase and decrease in light levels and maximum instantaneous light level
during the middle of the day, the daily light integrals (DLIs) were 0, 0.8, 3.2 and 8.1 mol photons m−2 d−1 respectively, and 3.2–6.5 mol photons m−2 d−1 for the natural light control, depending on weather conditions. The light
attenuation experiment was conducted for a 28 d ‘experimental’ period, followed by a 14 d ‘observational’ (i.e.,
recovery) period under natural light. There were 3 tanks per treatment, each with 2 sponge replicates per species
(i.e., 6 replicates of each species per treatment).

Studied parameters. The effect of the different light treatments on the sponge holobiont was determined
using a suite of response variables, with a particular focus on changes in sponge photosymbionts and composition of the sponge microbial community. For each species, 3 extra individuals were collected as field controls,
and immediately processed in situ (see below) in order to determine any potential effects of the handling and
experimental enclosures. At the start of the experiment, 3 additional individuals per species were sampled (t =  0
controls) to obtain baseline data on sponge health. Unless otherwise stated, statistical analyses were performed
using the software SigmaPlot v.11.0 (Systat Software Inc.).
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Sponge growth. To obtain a proxy for sponge growth, initial and final weights were measured for all individuals using a buoyant weight scale (±0.001 g) at a constant temperature of 29 °C. Among a selection of methods
to measure growth, buoyant weights were used to prevent potential blockages from air exposure, to allow subsequent tissue sampling and because they are good estimators of sponge growth across environmental gradients50.
In the encrusting C. orientalis, buoyant weights indicate the net change between the weight of tissue (i.e., mostly
spicules) and changes in the CaCO3 substrate caused by its bioeroding activity. Hence, weights in C. orientalis are
not comparable with other sponge species. The mass of excavated substrate per unit area was also calculated in
C. orientalis using surface area based on images (see below). However, due to the irregularity in shape of some of
the replicates, these values are an estimation rather than exact size values. The percentage weight change between
day 0 and the end of the recovery phase was assessed for each species separately using one-way analysis of variance (ANOVA) with treatment as the fixed factor. The mass of excavated substrate per unit area between day 0
and the end of the experimental phase was also assessed for C. orientalis using one-way ANOVA and treatment
as fixed factor.
A 2-dimensional proxy for partial mortality (tissue necrosis), size change (i.e., surface area), and colour was
recorded weekly using a digital camera with underwater housing (Canon PowerShot SX50-HS) and image analysis software (Image J51). Images were always taken under maximum instantaneous light levels (9.00–15.00 h) to
eliminate any possible diurnal variation in colour. Changes in percent surface area after the experimental and
observational periods were studied for each species separately using one-way ANOVA with treatment as the
fixed factor. In any instances where homogeneity of variances and normality were not evident, a Kruskal-Wallis
one-way ANOVA on ranks was performed.
Pigment analyses. Pigment analyses were performed spectrophotometrically on the field controls, on the
sponges collected at t = 0 and at the end of the experimental and observational periods. Two 1 ×  0.5 × 0.5 cm
pieces of tissue incorporating pinacoderm and mesohyl regions were excised per individual, placed immediately
in liquid nitrogen and stored at −80 °C until pigment and symbiont analysis. Pigments were extracted from
a weighed piece of sponge using 95% ethanol and a Bead Beater (Bio Spec Products Inc., Bartlesville, USA) 27.
Absorbance at 470, 632, 649, 665, 696 and 750 nm was measured using a Power Wave Microplate Scanning
Spectrophotometer (BIO-TEK Instruments Inc., Vermont USA). Chlorophyll a, b, c and d, and total carotenoids
were calculated using the equations provided in refs 52,53 and standardized to sponge wet weight.
The concentration of chlorophyll a was used as a proxy for changes in photosymbiont health/activity (i.e.,
bleaching) due to light attenuation3. Changes in chlorophyll a concentration during the experimental period were
assessed for each species separately using a one-way ANOVA with treatment as the fixed factor. In any instances
where homogeneity of variances and normality were not evident, a Kruskal-Wallis one-way ANOVA on ranks
was performed. Differences between chlorophyll a at the end of the experimental and observational periods were
assessed with a t-test for each treatment and species, separately. Photopigments were additionally measured in a
selection of samples (phototrophic species from the 0 and 0.8 mol photons m−2 d−1 and natural light treatments,
n = 27) by Ultra Performance Liquid Chromatography (UPLC) to determine the type and quantity of pigments
present54.
All pigments retrieved by spectrophotometry and UPLC were used to build resemblance matrices based
on normalized data. Non-metric Multi-Dimensional Scaling (nMDS) plots were created for each method
separately using Euclidean distances. Two factors were determined (species, light treatment) and examined
by PERMANOVA (Permutational multivariate ANOVA based on distances). Analyses were performed using
PRIMER 6 (Primer-E Ltd, UK).

®

Chlorophyll fluorescence. Changes in photosynthetic capacity (maximum quantum yield [Fv/Fm]) of the

sponge’s phototrophic symbionts were measured with a Diving-PAM (pulse amplitude modulation) chlorophyll
fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Chlorophyll fluorescence measurements were obtained
10 mm from the sponge tissue by placing a 6 mm fibre-optic probe perpendicular to the surface. Initial fluorescence was determined using a pulse-modulated red measuring light (655 nm, 0.15 μmol photons m−2 s−1 at
0.6 kHz). Three measures (maximum quantum yield) were obtained weekly on dark adapted samples (30 min) for
the three phototrophic species (i.e., C. coralliophila, C. foliascens and C. orientalis) throughout the experimental
and observational periods. One-way ANOVAs were performed to test whether treatment had any effect on chlorophyll fluorescence of the sponges at any given time. The effect of time within every treatment and species was
also assessed with a one-way ANOVA.

Microbial community analysis. The composition of the sponges microbial community was assessed using
Illumina amplicon sequencing of the 16 S rRNA gene. Samples were collected at the end of the experimental
and observation period, immediately frozen in liquid nitrogen and stored at −80 °C. Water samples were simultaneously collected from each tank to facilitate a direct comparison with microbes present in the surrounding
environment. DNA was extracted from ~0.25 g of sponge tissue using the PowerSoil -htp 96 Well Soil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA) according to standard protocols (http://press.igsb.anl.gov/
earthmicrobiome/emp-standard-protocols/dna-extraction-protocol/). Microbial communities in seawater were
collected by passing 1 L of seawater through 0.2 μm Sterivex filters and DNA was extracted from the filters as
previously described55. Aliquots of the extracted DNA were shipped to the University of Colorado, (Boulder,
Colorado, USA) for sequencing using standard Earth Microbiome Project (http://www.earthmicrobiome.org/
emp-standard-protocols/16s/) protocols. Briefly, the V4 region of the 16 S rRNA gene was amplified using the
primer 515 f – 806r and sequenced using the HiSeq2500 platform (Illumina). Processed sequences and meta-data
are available via the following portal (http://qiita.microbio.me/) under study number 10533.

®
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Amplicon sequence data was processed in Mothur v.1.35.156. Firstly, quality-filtered, demultiplexed fastq
sequences were trimmed according to quality and processed as per57. Only sequences that aligned to the
expected position were kept. Aligned reads were reduced to non-redundant sequences and chimeric sequences
were detected using Uchime58. Aligned sequences were phylogenetically classified based on the Ribosomal
Database Project (RDP) reference file v.1459, and all undersigned sequences removed (taxon =  Chloropl
ast-Mitochondria-unkown-Eukaryota). Pairwise distances between aligned sequences were calculated and used
for clustering. Operational taxonomic units (OTUs) were retrieved based on the distance among the clustered
sequences and were further classified based on the Greengenes taxonomy60.
Pivot tables were used to condense tables by phylum and class for graphical interpretation. OTU data was
normalised to account for sampling depth and then square-root transformed to reduce the effect of abundant
OTUs. Bray-Curtis distance matrices were constructed to examine additional patterns of community structure
and visualised using non-metric multidimensional plots (nMDS) and principal coordinate analyses (PCO).
Permutational analysis of variance (PERMANOVA, using 9,999 permutations) was used to determine significant
differences in microbial communities based on source (sponge versus environmental control), time of sampling
(field controls, t = 0, experimental and observational period), and all five light treatments. All multidimensional
statistical analyses were performed in PRIMER 6. Similarity Percentage (SIMPER) analysis was used to determine
the OTUs that contribute to the differences between the natural light, 0.8 and 0 mol photons m−2 d−1 treatments)
for each phototrphic species, separetely. The 100 OTUs with the most discriminating power from the SIMPER
analysis were used to create networks on Cytoscape 3.2.0 (www. cytoscape.org)61.
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Figure S1. Sponges under different light treatments. Sponge health at the end of the 28 d exposure period, in the
phototrophic species (A) C. orientalis, (B) C. foliascens and (C) C. coralliophila, and in the heterotrophic species (D)
S. flabelliformis and (E) I. basta. From left to right, representative sponges exposed to the 0, 0.8, 3.2, 8.1 mol
-2

-1

-2

-1

photons m d treatments and natural light (NL, 3.26.5 mol photons m d ).

Figure S2. Area change of all sponges. Percentage of area change (mean ± SE) for all species and treatments (0,
-2

-1

-2

-1

0.8, 3.2, 8.1 mol photons m d and natural light (3.26.5 mol photons m d )) during the 28 d exposure period
and 14 d observational period.

Figure S3. Non-metric Multi-Dimensional Scaling plots on pigments data. nMDS of all photopigments retrieved by
A) Spectrophotometry (Chl a, Chl b, Chl c, Chl d, Total Chl and Carotenoids) and B) UPLC (Total Chl a, Total Chl,
Total Xanthophylls, Total Carotenoids, Chl c2, Peridinin, Neoxanthin, Violaxanthin, Diadinoxanthin, Dinoxanthin,
Zeaxanthin, Chl b, Chl a, Chl a epimer, Pheophytin a, α-carotene and ß-carotene). Symbols correspond to species:
triangles for C. coralliophila, inverted triangles for C. foliascens, and squares for C. orientalis. Colours represent
-2

-1

-2

light treatments: grey for low light intensity treatment (0.8 mol photons m d ), black for 0 mol photons m d
and white for natural light control.

-1

Figure S4. Non-metric Multi-Dimensional Scaling plots on microbial OTU data. nMDS of microbial communities
for all 5 sponge species and the environmental control (seawater).

Table S1. SIMPER results on C. foliascens and C. orientalis. Similarity Percentage Analysis (SIMPER) for 30 most
-2

-1

significant OTUs driving differences between Natural Light and the 0 mol photons m d light treatment at 28d
and on the species that showed significant differences according to the PERMANOVA analysis (Table 3C).

OTU

C. foliascens
Otu000006
Otu000013
Otu000033
Otu000015
Otu000023
Otu000019
Otu000034
Otu000032
Otu000016
Otu000026
Otu000017
Otu000059
Otu000007
Otu000050
Otu000064
Otu000048
Otu000070
Otu000029
Otu000204
Otu000073
Otu000185
Otu000173
Otu000113
Otu000047
Otu000156
Otu000170
Otu000209
Otu000077
Otu000176
Otu000090
C. orientalis
Otu000070
Otu000061
Otu000075
Otu000088
Otu000078
Otu000083
Otu000058
Otu000001
Otu000104
Otu000285
Otu000067
Otu000107
Otu000124
Otu000253
Otu000110

Average relative abundance (%)

Contribution (%)

Taxonomic ID

Natural Light

0

5.39
3.7
0
1.7
1.01
2.12
1.25
0.96
1.29
1.58
2.06
0.29
4.28
0.57
0.81
0.68
0
1.65
0.04
0.37
0.04
0.44
0.17
0
0.11
0.39
0.07
0.24
0.18
0.78

0.04
1.76
1.33
3
2.05
1.84
1.84
2.01
2.04
2.37
2.86
0.75
4.36
0.75
1.25
0.82
0.51
2.14
0.53
0.36
0.51
0
0.59
0.41
0.43
0
0.45
0.28
0.5
0.47

6.62
2.4
1.66
1.61
1.38
1.36
1.34
1.32
1.09
1.09
1.01
0.81
0.76
0.74
0.66
0.63
0.63
0.61
0.61
0.6
0.58
0.55
0.51
0.51
0.49
0.48
0.47
0.44
0.4
0.4

Cyanobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Bacteroidetes
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Bacteroidetes
Bacteroidetes
Alphaproteobacteria
Alphaproteobacteria
Bacteroidetes
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Cyanobacteria
Chloroflexi
Bacteroidetes
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

0.08
1.04
0.14
1.06
0.18
0.1
0.57
9.08
0.7
0.69
0.11
0.07
0
0.57
0.59

1.24
0
1.12
0.11
0.99
0.88
1.33
8.42
0
0
0.65
0.56
0.58
0
0.18

1.28
1.07
1.03
1.02
0.87
0.84
0.81
0.78
0.76
0.74
0.65
0.65
0.62
0.57
0.57

Alphaproteobacteria
Cyanobacteria
Gammaproteobacteria
Bacteroidetes
Gammaproteobacteria
Gammaproteobacteria
Unclassified Bacteria
Alphaproteobacteria
Bacteroidetes
SBR1093
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Cyanobacteria

Otu000141
Otu000335
Otu000123
Otu000091
Otu000159
Otu000339
Otu000286
Otu000259
Otu000261
Otu000276
Otu000445
Otu000273
Otu000115
Otu000593
Otu000079

0.5
0.49
0.04
0.17
0.45
0.06
0
0.35
0
0.35
0.33
0.04
0.06
0.27
0.36

0
0
0.47
0.57
0.04
0.39
0.41
0
0.36
0
0.1
0.37
0.38
0.19
0.04

0.52
0.5
0.45
0.43
0.42
0.38
0.37
0.37
0.37
0.37
0.37
0.36
0.36
0.36
0.35

SBR1093
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Crenarchaeota
Alphaproteobacteria
Chlamydiae
Alphaproteobacteria
Chloroflexi
Chloroflexi
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria

Table S2. Sponge sampling details. List of species, morphologies, nutritional mode and sampling location.
Species Name
(Author)
Cymbastela coralliophila
(Hooper & Bergquist,
1992)

Functional
Morphology
Encrusting
(thick)
Cup (table)

Primary
Nutritional Mode

Carteriospongia foliascens
(Pallas, 1766)

Cup
(wide cup)

Phototrophic

Cliona orientalis
(Thiele, 1900)

Encrusting
(bioeroding)

Phototrophic3

Stylissa flabelliformis
(Hentschel, 1912)

Erect
(laminar)

Heterotrophic4

Ianthella basta
(Pallas, 1976)

Erect
(laminar)

Heterotrophic

1

Phototrophic

2

5

Sampling Location
Davies Reef
(central Offshore GBR)
S 18˚49.354', E147˚38.253’
Fantome Island
(Palm Islands)
S 18°41.028', E 146° 30.706'
Pelorus Isand
(Palm Isands)
S 18°32.903', E 146° 29.172'
Pelorus Island
(Palm Islands)
S 18°32.903' E 146°9.172'
Davies Reef
S 18˚49.354' 147˚38.253'
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Effects of suspended sediments
on the sponge holobiont with
implications for dredging
management
Mari-Carmen Pineda 1,2, Brian Strehlow1,2,3, Miriam Sternel4, Alan Duckworth1,2, Ross
Jones1,2 & Nicole S. Webster 1,2
Dredging can cause high suspended sediment concentrations (SSC) in the water column, posing
a hazard to filter feeding organisms like sponges as sediment may clog their aquiferous systems
and reduce feeding. In order to provide pressure−response values for sponges to SSC and tease
apart the cause:effect pathways of dredging pressures, five heterotrophic and phototrophic species
were experimentally exposed to a range of dredging-relevant SSC of up to 100 mg L−1, with light
compensation across treatments to ensure that SSC was the primary physical parameter. This study
shows that some sponge species exposed to high SSC (≥23 mg L−1) for extended periods (28 d) have
lower survival, increased necrosis and depletion of energy reserves. In contrast, SSC of ≤10 mg L−1
caused few, if any, negative effects and is thus suggested as a prudent sub-lethal threshold for sponges.
Microbial communities did not change significantly among SSC treatments, although a nutritional shift
from mixotrophy towards increased phototrophy was detected for some sponge species exposed to
high SSC. Importantly however, it is expected that the combined effect of SSC with low light availability
and sediment smothering as occurs during dredging operations will increase the negative effects on
sponges.
Dredging is an essential part of all port operations and the need for dredging is likely to increase with the current
trend towards larger ships with deeper draft requirements1. World population growth and the related energy
demands have also resulted in a new market for dredging associated with expanding port infrastructure to exploit
remotely located fossil fuels deposits (CEDA 2013). In recent years there has been a very high demand for this
type of dredging in tropical NW Australia associated with a resources boom and a burgeoning liquefied natural
gas (LNG) industry2, 3.
Capital and maintenance dredging, and a suite of dredging-related activities such as bed levelling, trench
digging for gas pipe lines, and especially dredge material placement, releases sediment into the water column.
The cloudy (turbid) plumes that are generated can drift onto nearby benthic habitats, posing risks to ecologically
important marine ecosystems such as coral reefs, seagrass meadows and sponge gardens4–8. The effect of suspended sediment on sponges in NW Australia is particularly interesting, because macrobenthic filter feeders can
dominate in many locations9, 10. The response of sponges to the increased turbidity is not well known11, and this
is a significant challenge to their effective management12.
Sponges are sessile filter-feeding organisms playing important roles in many marine ecosystems, including
substrate consolidation, habitat provision, seawater filtration, and bentho-pelagic energy transfer11, 13. They obtain
energy heterotrophically by filtering seawater through an aquiferous system or internal canal network14, 15. Many
sponges also obtain energy autotrophically from photosymbionts, of which Cyanobacteria are the most ubiquitous16–20, encompassing sponge-specific groups such as ‘Candidatus Synechococcus spongiarum’ and Oscillatoria
spongeliae21–24. Dinoflagellates of the genus Symbiodinium are also known to be photosymbionts of sponges,
1
Australian Institute of Marine Science (AIMS), Townsville, QLD and Perth, WA, Australia. 2Western Australian
Marine Science Institution, Perth, WA, Australia. 3Centre for Microscopy Characterisation and Analysis, School of
Plant Biology and Oceans Institute, University of Western Australia, Crawley, WA, Australia. 4University of Bremen,
Bremen, Germany. Correspondence and requests for materials should be addressed to M.-C.P. (email: mcarmen.
pineda@gmail.com)
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Figure 1. SSC during the experiment. (a) Means ( ± SE) SSCs (mg L−1) at each treatment, according to
gravimetric measures.

especially in bioeroding sponge species19, 25, 26. In some tropical sponge species the photosymbionts can provide
>50% of the energy requirements of the host18, 27, and the diverse symbiotic consortia can comprise up to 40% of
the sponge volume28. Sponge symbionts tend to be highly host specific, but are generally stable across broad geographic and environmental gradients29, with the stable host-microbe consortium often referred to as the ‘sponge
holobiont’28.
Depending on their degree of nutritional dependence from symbiont primary production, the sponge holobiont can be described as either ‘phototrophic’, ‘mixotrophic’ or ‘heterotrophic’. Some species exhibit considerable
flexibility in their feeding strategy and are able to alter their nutritional mode depending on prevailing conditions27, 30, 31. The different modes of nutrition have important implications for understanding the environmental
effects of dredging activities on sponges. Due to their filter feeding activity, sponges may be affected by elevated
suspended sediment concentrations (SSCs) and long term exposure to high SSCs can lead to clogging of their
aquiferous systems, reducing the flow of oxygenated seawater to the sponge mesohyl and compromising heterotrophic feeding32. Some sponges exhibit short term responses to high turbidity such as temporarily closing or
reducing the size of their incurrent openings (ostia) and arresting pumping (filtering) activity33–36. However,
reduced pumping activity has flow-on consequences for host energetics, health and reproductive output32, 37–39.
Since some sponges also rely on photoautrotrophy for nutrition, they may be affected by the pronounced reduction in benthic light availability that occurs in dredging plumes4, 40, 41. Periods of low light levels associated with
dredging can cause photoacclimation of the photosymbionts32, 42, 43, but extended periods of low light can also
result in dissociation of the holobiont (bleaching) and subsequent mortality in some phototrophic species44.
Understanding the effects of turbidity on sponges would facilitate development of water quality thresholds (or
trigger values) that could be used to alert dredging proponents of conditions that could, if continued, cause environmental harm. Depending upon permit requirements, the option could then be to modify the dredging operations i.e. changing the rate or location of dredging, and hence avoid or minimize impacts. Developing thresholds
is predicated upon identifying key cause-effect pathways and determination of dose−response relationships
which is technically challenging. Close to dredging activities, sponges will be exposed to both high SSCs in combination with low light conditions (caused by the water turbidity), and may also be simultaneously exposed to
high levels of sedimentation and possibly smothering. There are, therefore, many potential cause-effect pathways.
In order to avoid conflation of these in a single experiment (see ref. 4), in this study we examine the response
of sponges to a range of suspended sediments but kept light uniform across treatments. Experiments were conducted over 28 d, with a similar suite of 3 heterotrophic and 2 phototrophic sponges as used in previous studies
assessing the effects of sedimentation38 and light44.

Results

Physical parameters.

The nominal SSCs (0, 3, 10, 30 and 100 mg L−1) were largely constant over time and
varied significantly among treatments (ANOVA: P < 0.001; Fig. 1). Gravimetric analysis of SSCs indicated the
tanks containing sediment (0.4 ± 0.04 mg L−1, 4.3 ± 0.2 mg L−1, 9.7 ± 0.6 mg L−1, 23 ± 1.2 mg L−1, 73 ± 2.8 mg L−1,
mean ± SE) were generally slightly lower than the desired concentrations, especially for the two highest treatments (Fig. 1). For simplicity, we refer to the nominal SSCs throughout the manuscript.

Sponge growth, necrosis and mortality.

Most sponges appeared visibly healthy at the end of the experiment, with the exception of all Carteriospongia foliascens, a few individuals of Coscinoderma matthewsi, and
Cliona orientalis exposed to 100 mg L−1. No visible effects were observed in Cymbastela coralliophila and Stylissa
flabelliformis in any treatment. Percentage growth and relative growth rates based on thickness measurements
before and after the 28 d sediment exposure and observational period, were negative for most sponges exposed
to SSC of ≥30 mg L−1; however with the exception of Cliona orientalis, these negative growth rates were not
significantly different from control groups (Fig. 2a, Table 1a). The bioeroding sponge Cliona orientalis grew
during the sediment exposure and recovery periods in all treatments except at the highest SSC of 100 mg L−1
(Fig. 2a, Table 1a). The massive sponge Coscinoderma matthewsi shrank when exposed to suspended sediments
(3–100 mg L−1) and only grew in the control treatment, although this growth was not statistically significant. The
erect sponge Stylissa flabelliformis shrank in all treatments with tissue regression increasing with increasing SSC
and no growth evident during the observational period (Fig. 2a, Table 1a). Sponge growth based on surface area
Scientific Reports | 7: 4925 | DOI:10.1038/s41598-017-05241-z
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Figure 2. Physiological responses of sponges to elevated SSCs. (a) Percentage of growth (mean ± SE) (based
on sponge tissue thickness), (b) Percentage of necrotic or bleached tissue, (c) Percentage of sponge biomass
comprised of lipids, and (d) Mean respiration rates (µmol O2 L−1 h−1 cm−3 sponge), for all species and SSCs (0,
3, 10, 30 and 100 mg L−1) after the 28 d experimental period (E), and 14 d observational period (O) (mean ± SE).
Asterisks show statistically significant differences between the experimental and observational phase in a–c and
between treatments in d (t-tests: P < 0.05).

(SA) for all species showed similar results, generally shrinking in the higher SSC treatments (Supplementary
Fig. S1, Table S1).
The percentage of dead (i.e. partial mortality or necrosis) and bleached (discoloured) tissue also increased
significantly with higher SSC in all species except for Cymbastela coralliophila and Stylissa flabelliformis (Fig. 2b,
Table 1b). The highest percentages of necrosed tissue were observed among individuals of Carteriospongia foliascens and Coscinoderma matthewsi exposed to the highest SSC, reaching 80 and 60% of sponge tissue respectively by the end of the observational period. Carteriospongia foliascens showed signs of necrosis from the second
week of sediment exposure to 100 mg L−1, although some necrosis was also observed in lower treatments by
the end of the experiment (Fig. 2b). In terms of total mortality, 90% of Carteriospongia foliascens died in the
100 mg L−1 treatment by the end of the observational period and 20% had died in each of the 30 and 10 mg L−1
treatments (Supplementary Fig. S2). The bioeroding sponge Cliona orientalis also showed signs of stress, as evidenced by significant bleaching, within the 100 mg L−1 treatment, although significant recovery of pigmentation
occurred during the observational phase (ANOVA: P < 0.05). Coscinoderma matthewsi also exhibited considerable necrosis at high SSC including 20% total mortality in the 100 mg L−1 treatment by the end of the observational
period (Supplementary Fig. S2). No mortality occurred in Cymbastela coralliophila, Cliona orientalis and Stylissa
flabelliformis.
Mortality data for Carteriospongia foliascens was fitted to nonlinear regression curves to calculate the lethal
concentration (LC) at which 50% (LC50) and 10% (LC10) of the population died. Nonlinear regression of the
dose−response curve (R2 = 0.8675, AICc = 85.23) met assumptions of normality and homoscedasticity and there
was no evidence for a lack of fit in the replicates test (P = 0.694). After the 28 d exposure period, the LC50 (and 95%
confidence intervals range) for mortality in Carteriospongia foliascens was 40.6 mg L−1 (range: 28.9–57.0 mg L−1)
and the LC10 was 21.5 mg L−1 (range: 13.1–35.2 mg L−1). Mortality data from Coscinoderma matthewsi did not
meet model assumptions and LC values could not be calculated.
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Source

df

Carteriospongia
foliascens

Cymbastela
coralliophila

Cliona orientalis

Coscinoderma
matthewsi

Stylissa flabelliformis

F

F

P

F

P

F

P

F

P

1.47

0.337

5.81

0.04

0.767

0.589

1.752

0.275

P

(A) Relative growth rate (thickness)
Experimental phase
Treatment

4

Error

20

3.337

0.109

Tukey

0,3,10,30 > 100

Observational phase
Treatment

4

Error

20

2.761

0.148

4.319

0.07

3.94

0.08

1.887

0.251

0.251

0.898

0.8

0.574

7.25

0.02

7.07

0.02

3.64

0.09

3.14

0.12

(B) Percentage of necrosis and bleaching
Experimental phase
Treatment

4

Error

20

Tukey

9.12

<0.0001

0,3,10,30 < 100

0,3,10,30 < 100

0 < 3,10,30,100

1.598

12.9

Observational phase
Treatment

4

Error

20

9.80

0.01

0.8

0.573

0.306

0,3,10,30 < 100

Tukey

<0.0001

0,3 < 10,100

(C) Percentage of sponge biomass comprised of lipids
Experimental phase
Treatment

2

Error

12

0.612

0.598

0.733

0.550

10.95

0.04

4.837

0.115

3.783

0.151

0.071

1.951

0.287

0.998

0.465

0,100 > 30

Tukey
Observational phase
Treatment

2

Error

12

5.255

0.105

2.220

0.256

7.212

(D) Respiration Rates
Treatment

4

6.920

0.0285

1.832

0.2605

2.076

0.2218

1.344

0.3701

0.7203

0.613

Time

2

17.177

<0.001

63.407

<0.001

16.51

<0.001

1.477

0.2406

38.153

<0.001

Treatm. x
Time

8

0.6266

0.7494

3.581

0.00323

8.490

<0.001

4.118

0.0012

3.165

0.007

Error

40

Tukey
Treatment

0 > 10,30

Time

T0 > E; T0 > O

T0 > E < O
0 > 3,10,30,100

Treatm. within E
Time within 0

T0 > E,O

T0 < E > O

Time within 3

T0 > O > E

T0 > E,O

Time within 10

T0 > E,O

T0 > E,O

Time within 30

T0 > E,O

T0 > E, O

Time within 100

T0 > E < O

T0 > E,O

T0 < O
T0 > E < O
T0 > O

T0 > E,O
T0 > E,O

T0 < E

T0 > E,O

Table 1. ANOVA tables and summaries of linear mixed models testing the effects of different SSCs on the
physiological responses of sponges. (A) Growth rate based on thickness measures, (B) Percentage of necrotic
and bleached tissue, (C) Percentage of sponge biomass comprised of lipids, (D) Mean respiration rates, for
each species separately, at the end of experimental phase (E) and observational phase (O). Tukey tests were
performed for significant pairwise multiple comparisons. (SSC: 0, 3, 10, 30 and 100 mg L−1).

Lipids.

For all species, total lipid content was similar between time of sample collection and the start of the
sediment dosing, as well as during the experiment for sponges exposed to no suspended sediment (ANOVA:
P > 0.05). With the exception of Cymbastela coralliophila, all species had lower lipid content when exposed to
SSCs ≥ 30 mg L−1, although this was only statistically significant for Cliona orientalis at the end of the 28 d sediment exposure (Fig. 2c, Table 1c). Unexpectedly, Cliona orientalis had a higher lipid content in the 100 mg L−1
treatment than in the 30 mg L−1 treatment and while lipid content appeared to decrease in samples from the
100 mg L−1 treatment during the observational phase, this decrease was not significant. Coscinoderma matthewsi
and Stylissa flabelliformis increased their lipid content during the observational period (Fig. 2c).

Respiration rates. Respiration rates did not significantly differ among treatments at day = 0 for any species (Fig. 2d, Table 1d). However, after 28 days, respiration rates were significantly lower for Carteriospongia
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Source

df

Carteriospongia
foliascens

Cymbastela
coralliophila

Cliona orientalis

F

P

F

P

F

P
0.1356

(A) Maximum quantum yield
Treatment

4

1.238

0.4016

0.380

0.8154

2.912

Time

6

3.410

0.0040

2.949

0.0101

2.523

0.0247

Treatm. × Time

18

1.468

0.0646

1.451

0.0985

2.582

<0.001

Error

96

Tukey
Time

Day 0 ≠ Day 14;
O7 ≠ Day 7

Time within 10 mg L-1

Day 0 ≠ Day 21

Time within 100 mg L-1

Day 7 ≠ Day 0, 21, 28

Treatment within Day 21(E)

0, 10 ≠ 100

Treatment within Day 14(O)

0 ≠ 100

(B) Chl a
Experimental phase
Treatment

4

Error

20

Tukey

5.400

0.0464

0.8582

0.5462

2.473

0.1738

0.2018

2.238

0.2002

0.5241

0.7245

3, 10 > 100

Observational phase
Treatment

4

Error

20

2.225

(C) PERMANOVA of all pigment data
Treatment

4

4.738

0.001

1.698

0.078

2.383

0.021

Time(Treatment)

5

2.235

0.019

1.305

0.207

1.789

0.082

Error

40

Pair-wise Tests

0 ≠ 3, 10, 30 ≠ 100

3 ≠ 10, 30, 100

Table 2. ANOVA tables and summaries of linear mixed models on the effects of elevated SSCs on
photosymbionts. (A) Effects of treatment and time on maximum quantum yield throughout the experiment (B)
Effects of treatment on Chl a concentrations at the end of the experimental (E) and observational (O) periods,
and (C) Two-way PERMANOVA of all pigment data (Chl a, b, c, d, Total Chlorophyll and Carotenoids) with
SSC and Time as factors, for the three phototrophic species (SSC: 0, 3, 10, 30 and 100 mg L−1). In a-c, Tukey tests
were performed for significant pairwise multiple comparisons.

foliascens and Cliona orientalis exposed to suspended sediment than conspecifics in the 0 mg L−1 treatment
(ANOVA, P < 0.05; Fig. 2d). In Carteriospongia foliascens, respiration rates were lower than controls in the 10 and
30 mg L−1 treatments and the absence of a significant difference at 100 mg L−1 is likely due to the high mortality
of Carteriospongia foliascens in this treatment (which precluded post hoc analysis, Table 1d). No interactive effect
of time and treatment was observed for Carteriospongia foliascens. Respiration in Cliona orientalis in the 0 mg L−1
treatment increased significantly between day 0 and the end of the experimental phase, returning to pre-treatment
levels in the observational period. Although this response in control sponges was unexpected, respiration rates
were still observed to decrease for Cliona orientalis in all sediment treatments over time. Furthermore, respiration
rates were significantly lower at the end of the observational phase than at day 0 within each sediment treatment,
indicating that a longer recovery period was required for Cliona orientalis to return to pre-exposure respiration
rates (Fig. 2d, Table 1d). A similar recovery capacity was observed in Cymbastela coralliophila, although increased
respiration during the observational phase was only detected in the 3 mg L−1 treatment. Respiration rates in the
massive species Coscinoderma matthewsi were significantly increased in sponges in the 100 mg L−1 treatment.
Coscinoderma matthewsi was the only species to exhibit an increased respiration rate on exposure to SSC. Finally,
respiration rates in Stylissa flabelliformis were not significantly different among treatments, although when looking within each sampling time individually, a significant decrease at the end of the 28 d was detected for all
treatments exposed to sediments, with recovery only evident in the sponges exposed to the 3 mg L−1 treatment
(Fig. 2d, Table 2d).

Histology. Choanocyte chambers could only be accurately quantified in Cliona orientalis. While the number
of choanocyte chambers at the end of the experimental period was 37.3 ± 11.6 and 9.7 ± 2.7, (mean ± SD) in
sponges from the 0 mg L−1 and 100 mg L−1 treatments respectively, this difference was not statistically significant
(t test: P = 0.103)(Supplementary Fig. S3).
Chlorophyll fluorescence. Overall, no significant differences in maximum quantum yield were observed
between treatments for any of the phototrophic species hosting cyanobacterial symbionts, with minor fluctuations throughout the experiment and observational periods (Fig. 3a, Table 2a). For instance, lower quantum
yields were measured from bleached Carteriospongia foliascens individuals on days 14 and 21, before they died,
Scientific Reports | 7: 4925 | DOI:10.1038/s41598-017-05241-z
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Figure 3. Response of the photosymbionts to elevated SSCs. (a) Mean values ( ± SE) of maximum quantum
yield, (b) Mean values (±SE) of Chl a, and (c) Non-metric Multi-Dimensional Scaling (nMDS) of all
photopigments retrieved by spectrophotometry, for the three phototrophic species and for all SSCs through
the experimental phase and observational phase. Asterisks show statistically significant differences between the
experimental and observational phase on b (t-tests: P < 0.05).

but while the decrease with time was significant, the interaction of time and treatment was not (Fig. 3a). In
contrast, for Cliona orientalis which hosts Symbiodinium symbionts, the interaction term (treatment*time) was
significant. Within the 10 mg L−1 treatment, quantum yields decreased significantly on day 14 and were also lower
on observation day 7 than on day 7 of the exposure (Fig. 3a, Table 2a). Within the 100 mg L−1 treatment, quantum
yields decreased after 7 days and then significantly increased after 21 days. After 21 days exposure, quantum
yields in sponges from 0 and 10 mg L−1 treatments were significantly different from sponges in the 100 mg L−1
treatment. After 14 days of the observational period, quantum yields were significantly greater than in sponges
exposed to 100 mg L−1 for 21 days.

Pigment analysis.

Chl a, was highly correlated with Total chlorophyll for Carteriospongia foliascens,
Cymbastela coralliophila and Cliona orientalis (R2 > 0.85, P < 0.001), so Chl a concentration was used as a proxy
for total photosymbiont health (i.e. bleaching). Overall, concentrations of Chl a were stable throughout the experiment (Fig. 3b). Significant differences in Chl a among SSC treatments were only observed for Carteriospongia
foliascens at the end of the 28 d sediment exposure period, with lower concentrations in individuals exposed
to 100 mg L−1 (Table 2b). However, a negative and significant correlation between Chl a and Chl d in both
Carteriospongia foliascens and Cymbastela coralliophila (R2 = −0.254, −0.265, and P = 0.046, 0.037, respectively),
and an increase in Chl d in samples exposed to 100 mg L−1 in both species (Supplementary Fig. S4), suggests an
increase in some Chl d-containing Cyanobacteria under high SSCs. Chl a concentration in samples exposed to
high SSCs returned to control levels following the observational period for all three species (Fig. 3b).
Non-metric Multi-Dimensional Scaling (nMDS) analysis of normalized data for all pigments retrieved by
spectrophotometry (Chl a, Chl b, Chl c, Chl d, Total Chlorophyll and Carotenoids) showed no grouping according to SSC treatment (Fig. 3c). The only exception was Carteriospongia foliascens exposed to 100 mg L−1, which
grouped closer together, consistent with patterns observed for Chl a. PERMANOVA analysis confirmed significant differences between treatments in Carteriospongia foliascens, but also in Cliona orientalis, with subsequent
pair-wise testing showing main differences between low and high SSCs (Table 2c).

Microbial community analysis. A total of 9,530,650 high quality 16 S rRNA gene amplicon sequences were
recovered from the 5 sponge species (n = 200 individual samples) and 9 seawater samples. Each sponge species
maintained a unique microbial community (Table 3a, Fig. 4, see also Supplementary Fig. S5 and Table S2) that
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df

MS

Pseudo-F

P (perm)

Species

4

73421

34.606

0.0001

Time

3

4680

2.2062

0.0001

Species × Time

1

3344

1.5765

0.0001

Residuals

1

2121

Source
A)

Pair-wise Tests
CAR:F ≠ E(P < 0.005); CYM: F ≠ E,O(P < 0.005);
CLI:F,T0 ≠ E ≠ O(P < 0.005); COS: F,T0 ≠ E,O(P < 0.05); STY:
F,T0 ≠ E,O(P < 0.05)
B)
Source

1

26923

Residuals

1

4269

6.3132

0.0001

C)
Carteriospongia foliascens
SS

2

3447

1.54

0.1604

Time (SS)

3

2239

1.0156

0.3855

Residuals

2

2204

Cymbastela coralliophila
SS

2

1474

1.0237

0.4304

Time (SS)

2

1427

1.1049

0.199

Residuals

1

1291

SS

2

4458

1.0368

0.3809

Time (SS)

3

4302

1.7738

0.0001

Residuals

2

2425

Cliona orientalis

Coscinoderma matthewsi
SS

2

3362

1.2413

0.0682

Time (SS)

3

2709

1.0787

0.1323

Residuals

2

2511

SS

2

1984

1.1119

0.2005

Time (SS)

3

1784

1.0984

0.1205

Residuals

2

1624

Stylissa flabelliformis

Table 3. PERMANOVA analyses of the sponge-associated microbiome with (A) species and time as factors,
(B) source as factor (sponge host vs. seawater) and, (C) SSC and time (nested to SSC) as fixed factors for all five
sponge species. In pair-wise tests, F: field control, T0: time 0 control, E: sampling after the 28 d experimental
period, O: sampling after the 14 d observational period; CAR for Carteriospongia foliascens, CYM for
Cymbastela coralliophila, CLI for Cliona orientalis, COS for Coscinoderma matthewsi and STY for Stylissa
flabelliformis; 0, 30 and 100 mg L−1 within SSC.
was distinct from the seawater microbiome (Table 3b, Supplementary Figs S5 and S6). Aquarium acclimation
(for 4 weeks) did not affect the sponge-associated microbial community of any species (Table 3a) as field controls
were not significantly different from Time 0 controls (i.e. samples collected after the acclimation period, right
before starting the exposure to sediments) (Table 3a). However, both field/time 0 controls showed significant
differences with samples at the end of the experimental/observational period in all species (Table 3a). Elevated
SSC did not have a major impact on the overall composition of the sponge microbiome at the phyla level (Fig. 4b)
and no significant differences were detected at the OTU level (97% sequence similarity) for any species (Table 3c).
In addition, no clear groupings were observed in the ordination (Fig. 4a). The only exception to this microbial
stability was in Carteriospongia foliascens, where samples exposed to 100 mg L−1 exhibited greater dispersion
across the ordination (Fig. 4a). Cliona orientalis also showed greater separation between samples at the end of
the experimental and observational periods, particularly in the 30 and 100 mg L−1 treatments (Table 3c, Fig. 4a).
Network analyses of the 30 most discriminatory operational taxonomic units (OTUs) for the control
(0 mg L−1) and highest SSC (100 mg L−1) in each species revealed phylogenetically diverse and stable core microbiomes (i.e. the component shared between all samples) as well as treatment specific OTUs (Fig. 4c, Supplementary
Table S2). In each species, the number and taxonomy of OTUs observed exclusively in control samples was generally balanced by the number and taxonomy of new OTUs that were observed only in sediment treated samples.
A notable exception however was the recruitment of 3 novel Cyanobacteria OTUs in Carteriospongia foliascens
within samples from the high SSC. Also of interest was the finding that core Cyanobacteria OTUs in the two
photosynthetic species Carteriospongia foliascens and Cymbastela coralliophila are not disrupted by sediments,
even at the highest SSC.
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Figure 4. Microbial responses to SSCs. (a) Principal coordinate analysis plots for all species and treatments
after the 28 d experimental period (E) and 14 d observational period (O), (b) Average relative abundance of
each bacteria phylum (and class for Proteobacteria) using OTUs representing greater than 1% of the community
for each treatment across both sampling times, (c) Cytoscape networks of the microbiome community in all
species at 0 and 100 mg L−1 of SSC across both sampling times. Circles correspond to different OTUs (with OTU
numbers) and colours relate to their phylum or class level in the case of Proteobacteria.

Discussion

Establishing dose-response relationships relies on identifying the significance and relative importance of different
cause-effect pathways. As part of a sequence of experiments, and a wider investigation into the effects of sediment
deposition, light attenuation and elevated SSC (alone and in combination)38, 44, we exposed five sponge species
spanning a range of morphologies and nutritional modes to elevated SSCs for a chronic (28 d) period. Light levels
were kept constant across the different treatments to isolate SSC as the primary variable. The SSCs used in this
study (range 0–100 mg L−1) were designed to bracket SSCs measured during a recent large scale capital dredging project in NW Australia (the Barrow Island project, see ref. 4). During this project, at 4 shallow water sites
(~5–11 m depth) located <~0.5 km from the dredging, the 95th percentile (P95) of SSCs over a 30 d running mean
period was 16.0 mg L−1 (range: 12.9–20.9) during the dredging phase as compared to 2.0 mg L−1 (range: 1.5–3.1)
before dredging. Exposure of the sponges to SSCs ≥23 mg L−1 which corresponded to the 30 and 100 mg L−1
nominal treatments, for 28 d had an overall negative effect on sponge physiology, including decreases in lipid
content, suggesting that sponge feeding behaviour may be compromised. High levels of SSC also resulted in
negative growth, decreased respiration rates and caused significant necrosis and mortality within the cup sponge
Carteriospongia foliascens and, to a lesser extent, the massive sponge Coscinoderma matthewsi. The high levels
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of Carteriospongia foliascens mortality in response to elevated SSCs supports previous research proposing this
species as a sensitive bioindicator for assessing impacts from the dredging related pressure of light attenuation44.
Cliona orientalis was also negatively affected by high SSC, although it demonstrated a capacity for rapid recovery.
LC50 and LC10 levels could only be calculated for Carteriospongia foliascens and were 40.61 and 21.51 mg L−1,
respectively. On the other hand, exposure to SSCs ≤ 10 mg L−1 was tolerated by most species over the experimental period. These water quality values cannot be used for impact prediction and management purposes in
isolation, as the SSCs are likely to have profound effects on light attenuation (see refs 4, 40 and 41) which is also
known to significantly affect some sponge species used in this study44.
In general, respiration rates decreased with elevated SSC, consistent with responses reported for the deep sea
sponge Geodia barretti following sediment exposure45, 46. Cliona orientalis, Cymbastela coralliophila and Stylissa
flabelliformis were able to metabolically recover within two weeks when exposed to the lowest sediment treatment
(3 mg L−1); however, a greater recovery time is likely required at higher SSC. In contrast to the other species, respiration rates in the massive species Coscinoderma matthewsi increased significantly at 100 mg L−1, a trend that
has also been reported in other heterotrophic massive species following short term exposure to elevated SSC47.
However, the higher respiration rates in Coscinoderma matthewsi may also be a result of stress associated with
oxygen depletion within the experimental respiration chambers48. Hence, due to the wide range of species-specific
responses, it is difficult to generalise about how sponge respiration rates will respond to elevated SSCs.
Sponges are highly efficient filter-feeders, processing large amounts of water from which they efficiently
remove bacteria and nutrients13, 14. Elevated SSCs from natural events or anthropogenic activities such as dredging are a natural hazard to the filter feeding mode of nutrition49, 50. Different sponge species have evolved different
strategies to avoid excessive sediment intake and prevent clogging of their aquiferous systems. Sponges can slow
their pumping activity33, 34, 46 and accumulate sediments in pockets that can be subsequently expelled with mucus
secretions (reviewed in refs 32 and 39). Some sponges such as Cliona orientalis, are also capable of entirely closing
their oscula (excurrent opening) in response to sediment deposition36. Oscular closure can decrease and entirely
arrest sponge pumping within hours36 which would result in decreased respiration rates over very short time
scales46, 51.
Different sediment removal mechanisms are likely to have very different energetic demands. However, all
strategies are thought to contribute to a reduction in the food-retention efficiency of the sponges’ aquiferous system47, 52 which may compromise energy stores in the long term. Lipids are essential to an organism’s physiological
processes as they are a major source of metabolic energy and are often considered the most effective energy store
in marine ecosystems53, 54. Lipids can be broadly grouped into storage and structural functions, with storage lipids
predominantly being used as energy reserves and both categories playing a significant role in stress tolerance55–57.
A decrease in lipids has previously been associated with lower levels of energy storage and lower survival rates in
corals58, 59 and sponges16. However, in this study, no significant decreases in total lipid reserves were observed in
sponges exposed to high SSC. Phototrophic sponges may have the potential to compensate their energy intake
through photosymbiosis. For instance, the variable lipid content in the phototrophic Cliona orientalis across
treatments likely reflects the flexible feeding strategy of this species including an ability to switch to heterotrophic
feeding, as evidenced by its survival during extended periods of darkness44 and consistent with results for other
species of the same genera60. The increase in total lipids in Cliona orientalis in the 100 mg L−1 treatment may result
from an increase of the photosynthetic dinoflagellates Symbiodinium sp. in an attempt to increase phototrophic
feeding, as corroborated by histological results. In a similar way, Symbiodinium sp. living in shallow water corals
have been reported to supply host polyps with an excess of energy-rich lipids61, 62. In Cliona orientalis these energy
stores were likely used during the observational period to aid recovery from bleaching and tissue regression and
to increase choanocyte chamber density; although a longer recovery time may be necessary to return total lipids
to control levels.
As light was compensated across treatments to maintain equivalent daily light integrals and intensities irrespective of SSC, no direct effects were detected of SSC on maximum quantum yields or Chl a concentrations, until
disruption of the holobiont due to temporary (e.g. Cliona orientalis) or permanent bleaching (e.g. Carteriospongia
foliascens). Hence, our results suggest that the health and photosynthetic efficiency of the photosymbionts is unaffected by high SSC in the absence of light attenuation. Interestingly though, increased chlorophyll d in samples of
Carteriospongia foliascens and Cymbastela coralliophila exposed to 100 mg L−1 suggested an increase in some Chl
d-containing Cyanobacteria63, providing further support for increased reliance on phototrophic feeding under
high SSC. Previous research has also shown that the presence of photosymbionts often influences the composition
of the host associated microbiome64 hence any SSC induced change in photosymbiosis may have flow-on effects
for the entire sponge microbiome.
Overall, sponge associated microbiomes were not significantly affected by SSC in any species, although minor
differences were observed in Carteriospongia foliascens and Cymbastela coralliophila. In particular, under high
SSC (100 mg L−1) an increase in Firmicutes, Deltaproteobacteria and Epsilonproteobacteria was evident which
is consistent with numerous reports of microbial shifts associated with stressed and diseased sponges65–67.
Interestingly, novel Cyanobacteria OTUs inhabited Carteriospongia foliascens and Cliona orientalis exposed to
high SSC, indicating a potential mechanism for acclimation to a high SSC environment. However, while some
species may have the ability to successfully alter the composition of their microbial community under different
environmental conditions44, 68, 69, species with intimate and/or potentially obligate symbioses can be adversely
impacted by disruption of their microbiome66, 67 or loss of symbiotic function70. The rapid deterioration in health
of Carteriospongia foliascens under conditions of high SSC following the microbiome shift is consistent with its
documented intimate reliance on a highly specialised microbial community44.
Our results and previous studies suggest that most sponges have well developed mechanisms to survive periods of elevated SSC, however extended exposure to high SSC has significant adverse effects on sponge metabolism34, 45, 47. Some species appear to have plasticity in modifying their aquiferous system71, 72, including the density
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of their choanocyte chambers73 depending on environmental conditions. Shifts from phototrophy to heterotrophy depending on irradiance have been also described in numerous sponge species16, 27, 74. Alternatively, mixotrophic sponges may increase their reliance on phototrophic nutrition as observed in the current study. Our
results also suggest that discolouration (i.e. bleaching) and necrosis of sponge tissue are effective bioindicators for
dredging related stress.
In this study, the isolation of SSC from other dredging-related factors (i.e. sedimentation and light attenuation) allowed us to identify a specific cause:effect pathway and determine lethal and sub-lethal SSC for sponges4,
including LC50 and LC10 levels for Carteriospongia foliascens (i.e. 40.61 and 21.51 mg L−1, respectively). In conjunction with previous research on the impacts of light attenuation44, these thresholds can now be used in water
quality monitoring programs to alert dredging proponents to levels of light reduction and SSC that, if continued,
could detrimentally impact sponge populations. In combination with sediment plume and light attenuation models, these results can be used to predict the likely effects of dredging (i.e. at the EIA stage) and to establish impact
zones. By modelling different dredging scenarios (i.e. volume of material dredged, tidal phase, over flow options,
etc.) the information could also be used to identify optimal dredging scenarios that minimise the likelihood and
extent of impact.
Here we show that exposure to high SSC (≥23 mg L−1) for extended periods (28 d) has a negative effect on
sponge feeding behaviour with associated depletion of energy reserves. However, while ≤10 mg L−1 for <28 d
seems tolerable by most species and could be established as a prudent sub-lethal threshold in adult sponges, it is
expected that the combined effect of SSC with low light availability and sediment smothering will increase the
negative effects on sponges under realistic field conditions. These experimental results will assist regulators and
environmental managers in reducing risks from dredging development although experimental research combining sedimentation, SSC and light attenuation is required before final thresholds can be derived for dredging
impacts on sponges.

Methods

Sample collection.

To assess impacts across nutritional modes, this study used the phototrophic sponges
Carteriospongia foliascens (Pallas, 1766), Cymbastela coralliophila (Hooper & Berquist, 1992) and Cliona orientalis
(Thiele, 1900) and the heterotrophic sponges Coscinoderma matthewsi (Lendenfeld, 1886) and Stylissa flabelliformis (Hentschel, 1912)18, 23, 25, 38, 75. All species are common throughout the Indo-Pacific, including the east and
west coasts of tropical Australia. Sponges were collected from 3–15 m depth from the Palm Islands, Great Barrier
Reef (GBR) (Supplementary Table S3). Cliona orientalis is an encrusting sponge that bioerodes coral, so cores of
Cliona orientalis were air-drilled from dead colonies of Porites sp. ensuring >2 cm of coral substrate below the
sponge. For all species, sponges were cut into similar sized explants (~5 × 5 cm), and acclimated under natural
light in flow-through seawater for 4 weeks until fully healed.

Experimental set up.

The SSC exposure was performed in the National Sea Simulator (SeaSim) at the
Australian Institute of Marine Science (AIMS, Townsville) using square 115L clear PVC acrylic tanks with an
inverted pyramid at the base. Water within the tanks was circulated by a magnetic drive centrifugal pump that
collected water from the top of the tank and forced flow up from the centre point of the inverted pyramid at the
base. Sponges were placed on a gridded, false bottom floor 20 cm from the top of the tank and a second pump
(VorTech MP10, EcoTech Marine, PA, US) was placed in the tank at the same height as the sponges to aid in
water circulation. The seawater in experimental tanks was set to 27 °C, representing the temperature at the time
of sponge collection.
Sponge explants were exposed to 5 nominal SSCs of 0 (i.e. experimental control), 3, 10, 30 and 100 mg L−1 and
the tanks were supplied with a continuous inflow of 5 µm filtered seawater at a rate of 400 mL min−1, providing ~6
complete turnovers of seawater in each tank per day. Each treatment level had 3 replicate tanks containing 3–4
sponge replicates per species. To replace sediment lost from the tanks because of the continuous flow through of
filtered seawater, new sediment was periodically introduced by small volumes of sediment slurry (~8 g L−1) from
an adjacent 500 L stock suspension. SSCs within each tank were monitored and controlled from turbidity readings
(as nephelometric turbidity units, NTUs) using Turbimax CUS31 (Endress and Hauser, Germany) nephelometers connected to a programmable logic controller (PLC) system (see below). NTUs were converted to SSCs (as
mg L−1) by applying sediment specific algorithms determined gravimetrically (filtration of SSCs through 0.4 µm
(nominal pore size) polycarbonate filters and calculating dry weight of the filters). The PLC system monitored
NTU in each tank and controlled the SSCs by episodically opening and closing solenoid valves connected to
the stock tank. Triplicate 250 mL water samples were collected from each tank weekly and the SSCs determined
gravimetrically. Differences in SSC between treatments throughout the experiment were studied at each sampling day separately with a one-way analysis of variance (ANOVA) using treatment as the fixed factor. Data was
log-transformed to achieve homogeneity of variances and normality when required.
The sediment used in this experiment was selected after an initial comparison between inshore sediments
(siliclastic sediment collected subtidally from Onslow, Western Australia)38 and offshore sediments (calcareous
sediment collected from the lagoon of Davies Reef, a mid-shelf reef centrally located in the GBR, Queensland;
S 18° 49.354′ E 147°38.253′). Similar responses were observed in sponges from comparative dosing for both
sediments. For comparative purposes with other experiments, the calcareous sediment from Davies Reef was
selected. Most importantly, all sediments were ground to ~30 µm (with 80% of the sediment 3–65 µm) with a rod
mill grinder and measured using laser diffraction techniques (Mastersizer 2000, Malvern instruments Ltd, UK).
Hence, the sediments used were predominantly silt-sized, typical for dredge plumes, to ensure environmental
relevance. Tanks were illuminated by AI Hydra FiftyTwo HD LED lights (Aquaria Illumination, IA, US) on a
13:11 h L:D cycle. The light regime was designed to simulate daily conditions on the reef 41, 76, and made up of a 6 h
period of gradually increasing light in the morning (06:00–12:00 h), an hour of constant illumination at 200 µmol
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photons m−2 s−1, and a 6 h period of gradually decreasing light in the afternoon (13:00–19:00 h). Over the course
of the day the sponges experienced a daily light integral (DLI) of 5 mol photons m−2.
In order to isolate the effect of SSC from the associated light attenuation that would occur under different
SSCs, light intensities were adjusted between the tanks using a Li-250A light meter (LI-COR Biosciences, NE,
US) at the grid level and adjusting the light intensity provided by the LED lights accordingly to ensure that all
sponges received the same DLI regardless of SSC treatment. The surface of all sponges was also gently brushed
each day to remove any deposited sediment that could negatively affect the sponges. The SSC experiment was
conducted for a 28 d ‘experimental’ period, followed by a 14 d ‘observational’ period in clear water (0 mg L−1).
The length of the experiment was selected to simulate chronic conditions and to facilitate comparison with the
30-days running means for dredging-related turbidity events from 3 major capital dredging programs in North
Western Australia41.

Studied parameters and statistical analyses.

The effect of SSC on the sponge holobiont was determined using a suite of response variables, with a particular focus on changes in sponge feeding strategies, including changes in sponge photosymbionts, composition of the sponge microbial community and growth. To obtain
baseline data on sponge health, 6 extra individuals were processed for each species immediately after collection
(field controls) and after aquarium acclimation (t = 0 controls). From the initial 10 individuals stocked per species and treatment, 5 individuals were sampled (and removed from the experiment) for ‘destructive’ response
variables (i.e. pigments, lipids and microbial community analyses) at the end of the experimental period and the
remaining 5 individuals were sampled at the end of the observational period, in order to avoid negative effects
on sponge health due to sub-sampling of the same individuals. Unless otherwise stated, statistical analyses were
performed and graphs prepared using the software R v. 3.1.0 and SigmaPlot v.11.0 (Systat Software Inc.).
Linear mixed models using tank as a random factor and treatment as a fixed factor were fitted by residual
maximum likelihood (REML) for data pertaining to relative growth rates, necrosis, lipid content, respiration, histology, chlorophyll fluorescence and total pigments at the end of the exposure and observational periods for each
species, separately. An analysis of variance (ANOVA) table was generated for each model and Tukey’s post–hoc
multiple comparisons were performed to compare treatment levels for each model77.

Growth and necrosis. Initial and final thickness (in Carteriospongia foliascens, Cymbastela coralliophila and

Stylissa flabelliformis), height (in Coscinoderma matthewsi), or sponge tissue depth inside coral cores (in Cliona
orientalis), of each sponge (±0.1 mm) was measured with callipers as a 2-dimensional proxy for growth. Three
measurements per sponge were averaged to calculate percentage change throughout the experimental and subsequent observational period. Changes in size, partial mortality (i.e. necrosis, assessed through species-specific
changes in tissue characteristics, such as changes towards brown/black colour, absence of a healthy pinacoderm
and exposure of fibres and skeleton) and loss of photosynthetic symbionts (bleaching) was recorded weekly using
a digital camera (Canon S120) with underwater housing and analysed using image analysis software (ImageJ78).
Relative growth rates were calculated as the logarithm of the final measure divided by the initial measure, based
on both thickness of sponges and their surface area. Percent mortality per tank (n = 3 per treatment) was fitted to
nonlinear regression curves using the program Prism v7.01 (GraphPad Software Inc, CA, US). Regression curves
were used to calculate the lethal concentrations (LC) of SSC at which 50% (LC50) and 10% (LC10) of the population died. The models were constrained between 0 and 100 with F values set at 50 and 10, for LC50 and LC10,
respectively. The curve was tested for normality of the residuals and a replicate test was applied to assess goodness
of fit. Symmetric, asymptotic confidence intervals were calculated for the LC values.

Lipid analysis.

The concentration of total lipids in sponge tissue was measured over time to assess whether
SSC interferes with sponge feeding capability. Samples were analysed from the field controls and at the start of
the experiment and at the end of the experimental and observational periods for samples exposed to the 0, 30
and 100 mg L−1 SSCs. Approximately 3 cm3 of sponge tissue was excised, wrapped in aluminium foil to prevent
plasticizer contamination and immediately frozen in liquid nitrogen. Lipids were extracted from approximately
100 mg of freeze-dried ground sample as described in ref. 79 and following modifications in ref. 80, with total
lipid content reported as percentage biomass based on a dry weight conversion factor.

Respiration rates.

Changes in sponge respiration rates were measured throughout the experimental and
observational period. Samples were dark adapted for a minimum of 30 min before being transferred to 600 mL
respiration chambers where they were incubated for 30 min at 27 °C. Constant mixing within the chamber
was achieved using a magnetic stir bar and a submergible battery-operated platform. An HDQ30D flexi meter
(HACH LDO , CA, US) was used to take three initial readings (i.e. initial O2) and to measure the mg L−1 of O2
and the % O2 in each chamber at the end of the incubation. The final oxygen concentration inside the chamber
did not drop below 85% saturation in most cases. To control for microbial community respiration, a chamber
containing only environmental water (blank) was incubated under identical conditions.

™

Histology. Changes in the structure of the aquiferous system, in particular the number of choanocyte chambers, was examined from histological sections of samples collected at the end of the 28 d experimental period for
the 0 and 100 mg L−1 treatments. Samples were fixed for 6 weeks in FAACC fixative (10 mL 40% formaldehyde,
5 mL glacial acetic acid, 1.3 g calcium chloride dehydrate, 85 mL water), and then transferred to 70% ethanol and
stored at room temperature. Samples were dehydrated through a graded series of ethanol, embedded in paraffin,
sectioned to 5 µm and stained using Mayer’s Haematoxylin, and Young’s Eosin Erythrosine. Samples were visualized and photographed using an Axioskop 2 plus Microscope and AxioCam MRC5 Digital Camera (Carl Zeiss
Microscopy, LLC, US). Choanocyte chambers were only quantified for Cliona orientalis as the presence of spicules
in all other species resulted in poor quality sections that precluded accurate choanocyte chamber quantification.
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In Cliona orientalis, five fields of view (FOV) per section were examined to quantify the total number of choanocyte chambers at 200×. Choanocyte chambers were identified as circular rings of cells73 and chamber density was
averaged across the 5 FOVs to provide a mean choanocyte chamber density per sponge.

Chlorophyll fluorescence. Changes in photosynthetic capacity (maximum quantum yield) of the sponge’s

phototrophic symbionts were measured with a Diving-PAM (pulse amplitude modulation) chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany) for Carteriospongia foliascens, Cymbastela coralliophila and Cliona
orientalis as described in ref. 44. Briefly, maximum quantum yield (Fv/Fm)81 measurements were obtained from
dark-adapted sponges at weekly intervals throughout the experimental and observational periods.

Pigment analysis. Pigment analyses were performed on ~0.2 g of tissue from all phototrophic sponges
(Carteriospongia foliascens, Cymbastela coralliophila and Cliona orientalis) at the end of the experimental and
recovery periods. Pigments from samples incorporating pinacoderm and mesohyl regions were extracted and
analysed as described in ref. 44 and standardized to sponge wet weight. The concentration of Chlorophyll a
(hereafter Chl a) was used as a proxy for changes in photosymbiont health/activity (i.e. bleaching)18. Differences
between Chl a at the end of the 28 d experiment and after the 14 d recovery phase were assessed with a t-test for
every treatment and species, separately. Pearson correlations were performed between all the studied pigments.
All pigments retrieved by spectrophotometry (i.e. chlorophylls a, b, c, d, Total chlorophylls and carotenoids)
were used to build resemblance matrices based on normalized data for each species, separately. Non-metric
Multi-Dimensional Scaling (nMDS) plots were created using Euclidean distances. Two factors were determined (i.e. SSC and sampling time, nested to SSC) and examined by PERMANOVA (Permutational multivariate
ANOVA based on distances). All multivariate analyses were performed using Primer 6 (Primer-E Ltd, UK).
Microbial community analysis. Microbial community composition was assessed using Illumina amplicon
sequencing of the 16 S rRNA taxonomic marker gene, for field controls, t = 0 controls and at the end of the experimental and observational periods for sponges exposed to 0, 30 and 100 mg L−1 SSC. All samples were immediately
frozen in liquid nitrogen and subsequently stored at −80 °C. Water was also collected from each tank at the time
of sampling to facilitate a direct comparison with microbes present in the surrounding environment. DNA was
extracted from ~0.2 g of sponge tissue using the PowerPlant Pro DNA Isolation Kit (MoBio Laboratories, CA,
US) according to the Manufacturer’s protocol. Microbial communities in seawater were filtered and DNA was
extracted as previously described82. Sequencing of the 16 S rRNA gene was performed at the Australian Centre for
Ecogenomics using primers 515f and 806r and the Illumina HiSeq2500 platform. Sequence data was deposited at
the NCBI under the accession number SRP080228.
Amplicon sequence data was processed in Mothur v.1.35.183 according to the MiSeq standard operating procedure84. Briefly, demultiplexed fastq paired-end reads were first quality-filtered and assembled into contigs (make.
contigs and screen.seqs: maxambig = 0, maxhomop = 8, minlength = 100, maxlenght = 292). Aligned reads were
reduced to non-redundant sequences and chimeric sequences were detected using Uchime85. Aligned sequences
were phylogenetically classified based on the Silva reference file v.123, and all unassigned sequences removed
(taxon = Chloroplast-Mitochondria-unkown-Eukaryota). Samples with low read numbers were eliminated from
the dataset and remaining samples were sub-sampled to 10385 sequences. Pairwise distances were calculated and
used for clustering and OTU assignment and OTUs were further classified based on the SILVA v.123 taxonomy.
OTU data was normalised to account for sampling depth and then square-root transformed to reduce the
effect of abundant OTUs. Bray-Curtis distance matrices were constructed and visualised using non-metric multidimensional ordinations (nMDS) and principal coordinates analyses (PCO). Permutational analysis of variance
(PERMANOVA, using 9999 permutations) was used to determine significant differences in microbial communities. All multidimensional statistical analyses were performed in Primer 6/PERMANOVA. Similarity Percentage
(SIMPER) analysis was used to determine the OTUs that contribute to the differences between 2 SSC (0 and
100 mg L−1) for each phototrophic species, separately. The 30 OTUs with the most discriminating power from the
SIMPER analysis were used to create networks on Cytoscape 3.2.086.
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Mari-Carmen Pineda1,2*, Brian Strehlow1,2,3, Miriam Sternel4, Alan Duckworth1,2, Ross Jones1,2 and Nicole S.
Webster1,2

1

Australian Institute of Marine Science (AIMS), Townsville, QLD and Perth, WA, Australia
Western Australian Marine Science Institution, Perth, WA, Australia
3
School of Plant Biology and Centre for Microscopy Characterisation and Analysis: University of Western
Australia, Perth, WA, Australia
4
University of Bremen, Bremen, Germany

2

*Corresponding author:
Mari-Carmen Pineda
Australian Institute of Marine Science, PMB3, Townsville, QLD, 4810, Australia
E-mail: mcarmen.pineda@gmail.com.
Tel.: +61 7 4753 4522, fax: +61 7 4772 5852

Table S1. ANOVA tables and summaries of linear mixed models examining the effects of treatment on relative
growth rate based on surface area (not relevant for Cliona orientalis), for each species separately, at the end of
the experimental and observational periods. Tukey tests have been performed for significant pairwise multiple
comparisons.
Carteriospongia
foliascens
Source

df

Cymbastela
coralliophila

Coscinoderma
matthewsi

Stylissa
flabelliformis

F

P

F

P

F

P

F

P

14.315

0.060

5.795

0.04

6.741

0.03

2.865

0.1394

Experimental phase
Treatment

4

Error

20

Tukey

0>3,10,30>100

0,3,>30,100

0>3,10,100

Observational phase
Treatment

4

Error

20

Tukey

11.646

0.01

8.20

0,3>10,30,100

0.020

4.65

0.061

3.704

0.092

0,3>30,100

Table S2. Similarity Percentage Analysis (SIMPER) for 30 most significant OTUs driving differences between 0
and 100 mg L-1 SSC.
OTU

Average relative abundance (%)
-1

0 mg L
Carteriospongia foliascens
Otu000005
Otu000010
Otu000015
Otu000062
Otu000035
Otu000023
Otu000029
Otu000025
Otu000036
Otu000018
Otu000014
Otu000016
Otu000021
Otu000063
Otu000065
Otu000046
Otu000069
Otu000050
Otu000103
Otu000081
Otu000102
Otu000304
Otu000096
Otu000072
Otu000084
Otu000082
Otu000148
Otu000054
Otu000074
Otu000362
Cymbastela coralliophila
Otu000022
Otu000030

Contribution (%)

Taxonomic ID

-1

100 mg L

2.53
1.76
1.35
0
1.3
0.8
0.68
0.97
1.11
1.44
1.69
1.63
1.26
0.88
1.05
0.32
0.82
0.75
0
0.85
0.79
0
0.43
0.79
0.61
0.48
0.35
0.87
1.02
0

2.82
1.4
0.91
1.16
0.52
0.9
0.95
0.5
0.44
0.74
1.17
1.45
1.42
0.6
0.71
0.88
0.25
0.37
0.68
0.59
0.27
0.66
0.46
0.74
0.41
0.39
0.78
0.73
0.56
0.62

1.04
0.82
0.68
0.64
0.62
0.6
0.59
0.56
0.54
0.53
0.53
0.5
0.46
0.42
0.41
0.41
0.41
0.4
0.39
0.39
0.37
0.37
0.36
0.35
0.35
0.35
0.34
0.33
0.32
0.32

Cyanobacteria
Bacteroidetes
Bacteroidetes
Firmicutes
Gammaproteobacteria
Cyanobacteria
Cyanobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Bacteroidetes
Bacteroidetes
Gammaproteobacteria
Actinobacteria
Bacteroidetes
Gammaproteobacteria
Cyanobacteria
Bacteroidetes
Alphaproteobacteria
Bacteroidetes
Firmicutes
Gammaproteobacteria
Bacteroidetes
Alphaproteobacteria
Bacteroidetes
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria

1.97
1.1

0.8
1.26

1.48
1.47

Acidobacteria
Cyanobacteria

Otu000011
Otu000044
Otu000043
Otu000041
Otu000033
Otu000017
Otu000092
Otu000068
Otu000003
Otu000056
Otu000037
Otu000202
Otu000075
Otu000027
Otu000184
Otu000034
Otu000207
Otu000160
Otu000111
Otu000045
Otu000097
Otu000094
Otu000087
Otu000104
Otu000125
Otu000039
Otu000181
Otu000201
Cliona orientalis
Otu000019
Otu000060
Otu000001
Otu000038
Otu000006
Otu000059
Otu000091
Otu000067
Otu000162
Otu000248
Otu000140
Otu000142
Otu000118
Otu000329
Otu000394
Otu000255
Otu000221
Otu000410
Otu000381
Otu000254
Otu000186
Otu000652
Otu000077
Otu000622
Otu000182
Otu000419
Otu000256
Otu000475
Otu000335
Otu000420
Coscinoderma matthewsi
Otu000040

2.33
1.49
0.6
1.1
0.92
1.89
0.82
0.91
5.1
0.93
1.11
0.24
1.07
1.63
0.3
0.94
0.68
0.77
0.93
0.96
0.47
0.93
0.4
0.81
0.73
1.28
0.38
0.57

2.93
0.62
0.97
0.63
0.63
1.6
0.84
0.52
5.31
1.22
1.24
0.66
0.68
1.6
0.57
1.38
0.48
0.41
0.64
1.17
0.61
0.78
0.49
0.93
0.83
1.17
0.7
0.34

1.42
1.2
1.16
1.11
1.08
1.08
1
0.98
0.97
0.93
0.93
0.83
0.8
0.8
0.78
0.76
0.74
0.72
0.72
0.72
0.71
0.69
0.68
0.67
0.66
0.65
0.64
0.63

Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Gemmatimonadetes
Cyanobacteria
Gammaproteobacteria
Cyanobacteria
Alphaproteobacteria
Cyanobacteria
Unidentified Proteobacteria
Gemmatimonadetes
Alphaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Acidobacteria
Alphaproteobacteria
Gemmatimonadetes
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Verrucomicrobia
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Unidentified Proteobacteria

1.62
1.22
6.67
1.09
3.1
0.68
0.35
0.77
0.58
0.09
0.63
0.6
0.36
0.47
0.28
0.02
0.44
0.43
0.12
0.38
0.26
0.08
0.3
0.04
0.29
0.23
0.2
0.17
0.17
0.23

0.41
0.34
6.47
0.67
2.39
0.87
0.52
0.18
0.23
0.6
0.11
0.12
0.28
0.08
0.33
0.43
0
0.09
0.45
0.06
0.38
0.42
0.25
0.28
0.15
0.27
0.26
0.32
0.43
0.21

0.9
0.59
0.51
0.48
0.48
0.39
0.39
0.36
0.35
0.31
0.28
0.28
0.26
0.22
0.22
0.21
0.21
0.21
0.21
0.2
0.19
0.19
0.19
0.18
0.18
0.17
0.17
0.17
0.17
0.16

Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Cyanobacteria
Alphaproteobacteria
Plantomycetes
Cyanobacteria
Archaea
Alphaproteobacteria
Alphaproteobacteria
Verrucomicrobia
Archaea
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria

0.5

1.48

0.45

Actinobacteria

Otu000028
Otu000047
Otu000078
Otu000061
Otu000106
Otu000066
Otu000057
Otu000079
Otu000132
Otu000064
Otu000053
Otu000130
Otu000127
Otu000150
Otu000117
Otu000152
Otu000070
Otu000224
Otu000159
Otu000049
Otu000193
Otu000109
Otu000174
Otu000218
Otu000154
Otu000245
Otu000051
Otu000153
Otu000086
Stylissa flabelliformis
Otu000008
Otu000013
Otu000012
Otu000032
Otu000002
Otu000071
Otu000052
Otu000073
Otu000004
Otu000031
Otu000009
Otu000120
Otu000176
Otu000026
Otu000119
Otu000098
Otu000007
Otu000131
Otu000093
Otu000232
Otu000128
Otu000121
Otu000144
Otu000260
Otu000315
Otu000264
Otu000175
Otu000145
Otu000135
Otu000173

0.95
1.01
0.92
0.74
0.78
0.93
0.84
0.51
0.65
0.56
0.43
0.75
0.62
0.65
0.49
0.46
0.67
0.57
0.37
0.2
0.68
0.48
0.39
0.42
0.5
0.54
0.35
0.37
0.89

1.42
0.42
0.18
0.72
0.47
0.45
1.2
0.41
0.49
0.51
0.46
0.35
0.07
0.41
0.46
0.7
0.4
0.24
0.63
0.65
0.4
0.64
0.42
0.57
0.53
0.31
0.54
0.77
0.57

0.34
0.31
0.3
0.3
0.27
0.26
0.23
0.23
0.22
0.22
0.21
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.19
0.19
0.19
0.19
0.18
0.18
0.18
0.17
0.17
0.17
0.17

Actinobacteria
Chloroflexi
Chloroflexi
Gammaproteobacteria
Acidobacteria
Acidobacteria
Deltaproteobacteria
Gammaproteobacteria
Unidentified Proteobacteria
Archaea
Chloroflexi
Unclassified Bacteria
Chloroflexi
Actinobacteria
Acidobacteria
Gammaproteobacteria
Alphaproteobacteria
Chloroflexi
Alphaproteobacteria
Archaea
Acidobacteria
Gammaproteobacteria
Chloroflexi
Gammaproteobacteria
Acidobacteria
Chloroflexi
Chloroflexi
Unclassified Bacteria
Chloroflexi

1.43
0.65
1.85
0.67
5.77
0.44
0.55
0.82
3.65
0.83
2.44
0.63
0.62
1.39
0.66
0.52
2.81
0.51
0.26
0.12
0.37
0.23
0.32
0.22
0.05
0.27
0.14
0.06
0.26
0.54

1.74
1.68
1.89
1.03
5.19
0.75
0.99
0.47
3.54
0.94
2.23
0.54
0.35
1.21
0.45
0.54
2.86
0.75
0.41
0.52
0.41
0.32
0.58
0.43
0.44
0.43
0.34
0.39
0.21
0.41

2.06
1.63
0.99
0.88
0.86
0.84
0.8
0.8
0.77
0.69
0.69
0.67
0.67
0.66
0.65
0.65
0.56
0.56
0.56
0.53
0.5
0.5
0.49
0.47
0.46
0.45
0.45
0.42
0.41
0.41

Archaea
Archaea
Unclassified Bacteria
Archaea
Gammaproteobacteria
Proteobacteria ARKDMS-49
Archaea
Gammaproteobacteria
Proteobacteria ARKDMS-49
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Unidentified Proteobacteria
Gammaproteobacteria
Gammaproteobacteria
Proteobacteria ARKDMS-49
Nitrospirae
Nitrospirae
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Archaea
Gammaproteobacteria
Archaea
Unclassified Bacteria
Unclassified Bacteria
Proteobacteria ARKDMS-49
Archaea
Proteobacteria ARKDMS-49

Table S3. Sponge sampling details. List of species, morphologies, nutritional mode and sampling location.
Species Name
(Author)

Functional
Morphology

Primary
Nutritional Mode

Carteriospongia foliascens
(Pallas, 1766)
Cymbastela coralliophila
Hooper & Bergquist, 1992
Cliona orientalis
Thiele, 1900
Coscinoderma matthewsi
(Lendenfeld, 1886)
Stylissa flabelliformis
(Hentschel, 1912)

Cup
(wide cup)
Encrusting (thick)
Cup (table)
Encrusting
(bioeroding)
Massive

Phototrophic
1

Phototrophic
2

Phototrophic
3

Heterotrophic
4

Erect
(laminar)

Heterotrophic
5

Sampling Location
Fantome Is. (Palm Is.)
S 18°41.028' E 146° 30.706'
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'
Pelorus Is. (Palm Is.)
S 18°32.903', E 146° 29.172'
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'

1. Ridley, C. P., Faulkner, D. & Haygood, M. G. Investigation of Oscillatoria spongeliae-dominated bacterial communities in
four dictyoceratid sponges. Appl. Environ. Microbiol. 71, 7366–75 (2005).
2. Cheshire, A. et al. Preliminary study of the distribution and photophysiology of the temperate phototrophic sponge
Cymbastela sp. from South Australia. Mar. Freshw. Res. 46, 1211–1216 (1995).
3. Schönberg, C. H. L. & Loh, W. K. W. Molecular identity of the unique symbiotic dinoflagellates found in the bioeroding
demosponge Cliona orientalis. Mar. Ecol. Prog. Ser. 299, 157–166 (2005).
4. Wilkinson, C. R. Net primary productivity in coral reef sponges. Science (80-. ). 219, 410–412 (1983).
5. Pineda, M. C., Duckworth, A. & Webster, N. Appearance matters: sedimentation effects on different sponge
morphologies. J. Mar. Biol. Assoc. United Kingdom 96, 481–492 (2016).

Figure S1. Percentage of growth (mean ± SE) (based on sponge surface area) for all species (except for Cliona
orientalis) and targeted treatments (SSC: 0, 3, 10, 30 and 100 mg L-1) at the end of the experimental (black) and
observational periods (grey).

Figure S2. Percentage of mortality for each treatment across the experiment in Carteriospongia foliascens and
Coscinoderma matthewsi.

Figure S3. Histological image at 200x of Cliona orientalis grown in SSC of a) 0 mg L-1 and b) 100 mg L-1 for 28
days. Arrows indicate photosymbionts (pink cells) while cc refers to choanocyte chambers.

Figure S4. Mean values (± SE) of Chl d, for each phototrophic species at all SSC mg L-1 after the experimental
and observational periods.

Figure S5. Non-metric Multi-Dimensional Scaling plots on microbial OTU data. nMDS of microbial
communities for all 5 sponge species and the environmental control (seawater).

Figure S6. Phylum level bar chart for Seawater (Environmental control). Average relative abundance of each
bacteria phylum (and class for Proteobacteria) for 3 replicate seawater samples within each targeted SSC (0, 30
and 100 mg L-1). Only OTUs representing greater than 1% of the overall community were included.
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Effects of sediment smothering
on the sponge holobiont with
implications for dredging
management
Mari-Carmen Pineda 1,2, Brian Strehlow1,2,3, Miriam Sternel4, Alan Duckworth1,2, Joost den
Haan5, Ross Jones1,2 & Nicole S. Webster 1,2
One of the ways dredging can affect benthic habitats is through high levels of sediment deposition,
which has the potential to smother sessile organisms such as sponges. In order to provide pressureresponse values to sedimentation and tease apart the different cause-effect pathways of high turbidity,
5 sponge species, including heterotrophic and phototrophic nutritional modes, were exposed for up to
30 d to multiple sediment deposition events, each of which resulted in an initial covering of 80–100%
of the surface of the sponges in a layer ~0.5 mm thick. The response of the sponges was examined
using a suite of different response variables including growth, respiration, lipid content, community
composition of the microbial symbionts, and maximum quantum yield and chlorophyll content of the
phototrophic symbionts. Different species showed different mechanisms of sediment rejection and
different patterns of sediment clearance. All species survived the treatments, were able to tolerate high
levels of partial covering of their surfaces, and for most species the treatment did not alter the health
of the sponge holobiont. Results from this study will guide interpretation of experiments examining
the combined effects of all three dredging-related pressures, and aid the development of water quality
thresholds for impact prediction purposes.
The growing natural resource industry and global expansion of maritime transport have increased the need for
capital and maintenance dredging over the past decades, with millions of cubic metres of sediments being displaced annually around the world1–4. The release of sediments into the water column by dredging and dredging
activities such as spoil disposal, temporarily increases water turbidity (cloudiness)5, 6. The increased suspended
sediment concentrations (SSCs) can clog the feeding apparatus of sessile filter feeders7 as well as reduce the
quantity and quality of benthic light for phototrophs3, 5–9. Sediments can remain in suspension for many hours,
depending on their particle size and the local hydrodynamic conditions, but will ultimately fall back out of suspension. High sediment deposition rates occur during dredging programs as high SSCs are created in sea-states
where ambient hydrodynamics cannot support the load. When sediments deposition rates become too high,
sediments can begin to smother benthic organisms and there are many in situ observations of this occurring in
dredging projects (see photographs in refs 6, 10 and 11). In order to improve the ability to predict and manage
the impacts of dredging it is necessary to understand the tolerance of ecologically important habitat-forming
species to all potential hazards associated with dredging. In this study, we examine the response of five sponge
species (including heterotrophic and phototrophic nutritional modes), to repeated smothering by sediments,
complementing earlier studies of the effects of suspended sediments7 and light attenuation8 on the same species.
Sponges (Porifera) are sessile filter-feeding organisms that play important roles in marine ecosystems, including substrate consolidation, habitat provision, seawater filtration, and linking the benthic and pelagic environments via energy transfer12, 13. Sponges are abundant and highly diverse, being the dominant fauna in many
regions including some coral reefs, inter-reefal habitats and deep water environments (e.g. refs 14–18). However,
1
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sponge assemblages can also be sensitive to global and local pressures including dredging-associated increases in
sediment suspension and deposition7, 19–22. Sponges harbour dense and diverse symbiotic microorganisms which
are known to contribute to the health, fitness and nutrition of their hosts23. In some species, these symbiotic
microbes can comprise 40% of the sponge volume and due to their functional importance, we do not consider
the symbionts independently, but rather consider the sponge as a stable host-microbe consortium termed the
‘sponge holobiont’23. Sponge symbionts tend to be highly host specific and are generally stable across broad geographic and environmental gradients24, although loss of symbiont function and holobiont destabilisation has
been reported following acute environmental stress25. Importantly, most sponge species are unable to survive
environmentally induced symbiont disruption8, 26, 27.
Whilst most sponge species obtain food by filtering particles from the surrounding seawater, >100 different
sponge species also supplement their heterotrophic feeding with the autotrophic metabolism of dinoflagellates
or microbial photosymbionts28–32. Depending on their degree of nutritional dependence on symbiont primary
production, sponges are described as either ‘phototrophic, ‘mixotrophic’ or ‘heterotrophic’. Notably, some species
exhibit considerable flexibility in their feeding strategy and are able to alter their nutritional mode depending on
prevailing environmental conditions7, 8, 33–35.
Sediment deposition may differentially affect sponges depending on their morphology, their dependence
on heterotrophic versus phototrophic feeding, the stability of their microbiomes as well as other physiological
traits20. Sponges known to tolerate sediment stress include endopsammic species (living partially buried within
sediments), fast growing species with morphological plasticity and species with growth forms that have exhalant
openings on apical body parts20, 36, 37. Sponge morphology is a particularly important factor in sediment tolerance,
with erect and upright species generally less prone to sediment smothering than encrusting, massive, cups and
plate-like morphologies19, 20. Sediment smothering may also block light from reaching the sponge surface, thereby
adversely affecting the photosynthetic ability of microbial symbionts. Sediments could also cause temporary closure of the incurrent openings (ostia), affecting water pumping and nutrient uptake by the sponge7, 20. These
effects can compromise both phototrophic and heterotrophic feeding, reducing flow of oxygenated seawater to
the sponge mesohyl and having flow on consequences for host energetics, health and reproductive output7, 19–22, 38.
In addition, while some species may experience a sediment induced shift in the microbiome which enables them
to acclimate to the new environmental conditions, other species may undergo microbial changes that destabilise
the holobiont and trigger high levels of bleaching and mortality7, 8.
Sponges have a number of cleaning mechanisms to remove sediments from their surfaces and reduce the risk
of clogging of the internal canal system. These include mucus production, tissue sloughing, self-cleaning surfaces, sediment removal by epibionts, selective rejection of inhaled particles and the use of water jets to unblock
inhalant areas20, 39–41. Some of these self-cleaning strategies are energy-depleting processes which may not be
sustainable in the longer term19, 20. Once the capacity to remove sediments becomes overwhelmed, sediments will
remain on the sponges’ surface and accumulate. While hard corals are known to be very susceptible to accumulation and smothering, with effects occurring within a few days42, the sensitivity of sponges to sediment smothering
is not well known. Close to dredging operations, sponges will be exposed to high sediment deposition levels, but
this will invariably occur in combination with elevated SSCs and the associated high levels of light attenuation6.
Simultaneous testing of all dredging-related pressures in combination prevents isolation of the specific effects of
sediment deposition alone, precluding identification of cause-effect pathways (mechanisms) and hindering the
establishment of potential bio-indicators. The effects of elevated SSCs and low light on 5 sponge species (spanning
heterotrophic and phototrophic nutritional modes) has recently been described using a suite of physiological and
molecular assays7, 8. In this study, we use the same assays to examine the response of the same species to repeated
sediment deposition (i.e. smothering events) over an extended (up to 30 d) period.

Results

Physical parameters.

In order to keep a continuous layer of sediment over sponges within the smothered
treatment, sediment deposition events ranging from 29 ± 2 to 44.5 ± 1.9 mg cm−2, were created on days 0, 4, 8,
12, 16, 21 and 24 (mean ± SE, Fig. 1a). Sedimentation in control tanks ranged between 0.1–0.2 mg cm−2. No significant differences occurred between replicate tanks within either the control or smothered treatment at each
monitoring time separately (ANOVA: P > 0.1). However, significantly higher sedimentation levels were obtained
after the initial pulse (Day 0, Fig. 1a, ANOVA: P < 0.001), due to the resuspension of previously settled sediments
once pumps were turned on to ensure homogenous turbidity after each pulse.
Turbidity values in the tanks during the injection of the sediment (to create the sedimentation events) reached
~430 NTUs, although turbidity rapidly decreased to <10 NTUs within 6 h, and for ~95% of the time turbidity levels were <1 NTU in both the smothered and control treatments (Fig. 1a). Hence, despite the high turbidity levels observed immediately after the sediment pulse, sedimentation/smothering remained the primary
dredging-related pressure being applied to sponges in this study. No significant differences in turbidity levels were
found between replicate tanks within a treatment (ANOVA: P > 0.999).

Sediment clearance rates and removal mechanisms.

The sedimentation events typically resulted in
an initial coverage of 80–100% of the sponge surfaces across all species in a layer of sediment ~0.5 mm thick. The
percentage of sponge surface covered by sediments often decreased on the days following the events (Fig. 1b). The
pattern of sediment clearance differed among species, with an overall significant decrease in surface sediments
after the initial event, but the ability to clear the sediment decreased after subsequent events in Carteriospongia
foliascens, Cymbastela coralliophila and Coscinoderma matthewsi (P < 0.0001, <0.001 and <0.001, respectively)
(Fig. 1b). In contrast, Cliona orientalis and Stylissa flabelliformis maintained similar clearance rates throughout the experiment. C. orientalis was more effective at removing sediment than S. flabelliformis, with sediment
cover significantly decreasing from 80 to 20–40% at 3 d post-deposition, while the latter species showed higher
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Figure 1. Sediment behaviour across the experiment. Mean values (±SE) of (a) sedimentation and turbidity
levels in the smothering treatments. Deposition events occurred every ~4 d with sponges being exposed to
either 1, 4 or 7 deposition events and then transferred to clean seawater (for a 14 d observation period), and (b)
percentage of sponge surface covered by sediments for each species, throughout the experiment.

variability and >50% of its surface remained covered throughout the experiment (P < 0.0001 and <0.0001,
respectively) (Fig. 1b). Sponges demonstrated an array of different mechanisms for coping with sedimentation,
such as sediment sloughing via spicule hispidity and removal of surface sediment by infauna such as brittle stars
(Supplementary Fig. S1). Mucus production was also observed in S. flabelliformis and C. foliascens and the peeling of the sediment-impregnated mucus resulted in a comparatively sediment-free surface in these species (see
Supplementary Fig. S1).

Sponge health, growth and necrosis. All sponges survived the 4, 16 and 30 d treatments and subsequent
observational phase, and necrosis was not observed in any species. The partial sediment covering caused no
visible signs of stress in most sponges, with the exception of some (~7%) partial bleaching in the phototrophic
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Figure 2. Physiological responses of sponges to sediment smothering. (a) Percentage of growth (based on
sponge thickness), (b) Mean respiration rates (µmol O2 cm−3 sponge h−1) for all species and treatments
(control vs. smothered for 4, 16 or 30 d), (c) Percentage of sponge biomass comprised of lipids, for all species
exposed for 30 d, where ‘B’ is before sediment addition, ‘E’ is after the exposure period and ‘O’ is at the end of
the observational phase. All data are mean ± SE and asterisks show statistically significant differences between
smothered and control sponges (t-tests: P < 0.05).

species C. orientalis in the 16 d and 30 d treatments, although this species recovered its initial appearance by the
end of the observational phase. No visible effects of sediment covering were observed in any of the other species
at the end of the experiment.
Analysis of growth rates based on tissue thickness measurements showed negative growth in most sponges
covered by sediments for 16 and 30 d, although the response was species-specific and significant differences
between controls and smothered sponges were only observed in the phototrophic species C. orientalis (Fig. 2a).

Respiration Rates.

Overall sponge respiration rates were not significantly different between treatments
(control vs. smothered) before the deposition events (t = 0), with species-specific responses following sediment
exposure (Fig. 2b). In general, a rapid increase in respiration rates was observed in the sponges covered and partially covered for 4 d, although this was not significantly different to the controls (Fig. 2b). Respiration rates in C.
foliascens and C. coralliophila smothered for 4 d were significantly higher than before exposure (Fig. 2b, Table 1B).
A similar response was observed in C. orientalis and C. coralliophila after 16 d and in S. flabelliformis after 30 d
(Table 1B). However, similar respiration rates between controls and smothered samples were observed under the
longer term treatments (16 and 30 d) (Fig. 2b).

Lipids. Total lipid content (representing 2–16% of total sponge biomass) was highly stable in all studied species across the 30 d exposure period and subsequent 14 d observational period (Fig. 2c). Overall, smothered
sponges did not have lower lipid concentrations. In contrast, C. orientalis had a higher percentage of lipids per
biomass in the sediment treatment (Fig. 2c, Table 1C). In addition, significantly lower lipid content was detected
in sediment-exposed samples of C. coralliophila after the observational phase, in comparison with samples at the
end of the exposure time (Table 1C). C. matthewsi had significantly higher lipid content in control samples during
the observational period. C. foliascens and S. flabelliformis did not show any significant change in lipid content
throughout the experiment (Fig. 2c, Table 1C).
Hyperspectral imaging. Hyperspectral imaging revealed that the relative chlorophyll content derived from
reflectance spectra over the surface of the specimens differed significantly between species, with higher chlorophyll in C. orientalis, followed by C. coralliophila and C. foliascens (ANOVA: P < 0.001). Hyperspectral scans of
smothered sponges yielded negligible relative chlorophyll contents (0.34 ± 0.1, 0.08 ± 0.08 and 0.04 ± 0.01 in C.
orientalis, C. foliascens and C. coralliophila, respectively, mean ± SE). However, the chlorophyll signal became
clear once sediment was removed and significantly lower chlorophyll content was detected in smothered sponges
than in control individuals for all species (ANOVA: P < 0.05, Fig. 3a, Supplementary Table S1). However, after
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C. orientalis

C. foliascens

C. coralliophila

C. matthewsi

S. flabelliformis

df

F

P

F

P

F

P

F

P

F

P

Treatment

5

5.46

0.008

1.735

0.201

2.556

0.085

1.666

0.2171

1.797

0.188

Time

1

0.215

0.645

0.001

0.974

1.398

0.243

0.945

0.336

2.600

0.114

Treat. × Time

5

0.442

0.817

0.588

0.709

0.964

0.449

0.226

0.950

0.244

0.941

Error

48

Source
(A) Growth

Significant Pairwise Multiple Comparisons (Tukey)
16 d-C > 16 d-S 4
d-S > 16 d-S

Treatment
(B) Respiration Rates
Treatment

5

Ind.(Treatment)

30

2.154

0.12

2.558

0.084

2.465

0.093

2.056

0.144

6.530

<0.01

Time

2

32.269

<0.001

8.345

<0.001

64.397

<0.001

8.885

<0.001

8.208

<0.001

Treat. × Time

60

11.453

<0.001

2.097

0.039

6.447

<0.001

2.168

0.033

2.823

<0.01

Error

107

Significant Pairwise Multiple Comparisons (Tukey)
Time
Time within 4 d-S

B, E > O

B>O

B<O

B<E>O

B, O < E

Time within 16 d-S

B<E

B < E, O

Time within 30 d-S

B<E>O

B < E, O
16 d-S < 30 d-S

Treatments within E

B > E, O
B > E, O
B < E, O

4 d-S > 16 d-S

4 d-S > 16 d-S
16 d-S < 30 d-S

Treatments within O
(C) Percentage of sponge biomass comprised of lipids
Time

1

39.04 3

<0.001

1.448

0.295

7.882

0.047

8.442 8

0.010

0.692

0.418

Treatment

1

9.888

0.034

1.444

0.247

0.004

0.951

1.887

0.242

0.144

0.724

Treat. × Time

20

1.187

0.292

0.039

0.846

4.642

0.013

8.836

0.009

0.154

0.700

Error

23

Significant Pairwise Multiple Comparisons (Tukey)
Time

E<O

Treatment

C<S

Treat. × Time

E<O
[S] E > O

[C] E < O; [O] C > S

Table 1. ANOVA tables and summaries of linear mixed models testing the effects of smothering on the
physiological responses of sponges. (A) Percent growth rate based on thickness measures, (B) Respiration rates
and (C) Percentage of sponge biomass comprised of lipids. Tukey tests have been performed for significant
pairwise multiple comparisons. Abbreviations: ‘B’ for before sediment pulse (T = 0), ‘E’ for end of experimental
phase, ‘O’ for end of observational period, ‘C’ for controls, ‘S’ for smothered, and ‘4 d’, ‘16 d’ and ‘30 d’ for time
smothered.

24 h recovery from sediment exposure, the relative chlorophyll content was not significantly different from the
control group for any species, indicating rapid recovery potential (Fig. 3a).
The recovery response was observed in greater detail for C. orientalis (Fig. 3b,c). This species appeared to
be capable of manipulating and consolidating the settled sediments into discrete patches which were typically
observed in the central areas and usually in surface troughs or depressions (Fig. 3b-2, see also Supplementary
Fig. S1). Following sediment removal, the areas under the sediment appeared bleached (Fig. 3b-3). Time-lapse
photography revealed near full recovery of the bleached patches within 52 h (Fig. 3c), and full recovery after 6 d
(Fig. 3b-4). The bleached area recovered from the centre outwards as well as from the borders inwards, indicating
that Symbiodinium sp. cells are migrating not only from the unbleached tissue but also possibly from a population
residing deeper within the sponge where the substrate has been excavated.

Chlorophyll fluorescence.

The photosynthetic efficiency of sponge symbionts was only affected by sediment in C. orientalis, with significantly lower quantum yields from smothered samples at the end of the 16 and
30 d experimental period (Fig. 4a, Table 2A). This result is consistent with the observed bleaching in this species.
Maximum quantum yield values returned to control levels after the 14 d observational period and colouration
also recovered during this period (Fig. 4a). Increased yield values after only 4 d of smothering indicates an initial
photoacclimation response in this species, although longer term sediment exposure appears to damage the photosystems (Fig. 4a). There were few significant changes in yield values among the other two phototrophic species,
C. foliascens and C. coralliophila, with only minor fluctuations through the experiment and observational periods
(Fig. 4a, Table 2A).

Pigment analysis.

Total chlorophyll was found to be highly correlated to Chl a in all 3 phototrophic species (R2 = 0.999, 0.998, 0.952 and P < 0.001; for C. orientalis, C. foliascens and C. coralliophila, respectively) and
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Figure 3. In-situ chlorophyll assessment using hyperspectral and time-lapse imaging. (a) Relative chlorophyll
content of the three phototrophic sponge species smothered with sediments for 8 d (mean ± SE); (b) Bleaching
recovery in C. orientalis following treatment with sediments for 30 d: (1) Before exposure to sediments (T = 0),
(2) During smothering, (3) Bleached area (note white rectangle) evident following sediment removal, (4)
Colouration after 6 d recovery; (c) Time-lapse recovery following sediment clearance (0 h) until 52 h later
(scale = 1 cm).

overall, concentrations of Chl a were stable in the 3 phototrophic species throughout the experiment (Fig. 4b).
Lower concentrations of Chl a were only detected in C. orientalis smothered by sediment for 30 d and C. coralliophila for 16 d, although this was not significantly different to the respective controls (Fig. 4b, Table 2B).
Non-metric Multi-Dimensional Scaling (nMDS) analysis of normalized data for all pigments retrieved by spectrophotometry (Chl a, Chl b, Chl c, Chl d, total chlorophylls and carotenoids) showed no grouping according to
smothering time (Fig. 4c). PERMANOVA analysis detected marginally significant differences between smothering times in C. foliascens (Table 2C).

Microbial community analysis. A total of 9,136,254 high quality 16S rRNA gene amplicon sequences were

recovered from the 5 sponge species (n = 169 individual samples) and 6 seawater samples. Each sponge species
maintained a unique microbial community (Table 3A, Fig. 5, see also Supplementary Fig. S2) that was distinct
from the microbial community of the seawater (Table 3B, Supplementary Figs S2, S3). Aquarium acclimation (for
4 weeks) did not affect the sponge-associated microbial community of any species (Table 3A), although significant
differences were observed between field/time 0 and experimental/observational samples in all species (Table 3A).
The 30 d smothering treatment did not have a major impact on the overall composition of the sponge microbiome
at the phyla level (Fig. 5b), and no significant differences were detected at the OTU level (97% sequence similarity) for any species (Table 3C). In addition, no clear groupings were observed in the ordination (Fig. 5a). For
all species, network analyses of the 30 most discriminatory operational taxonomic units (OTUs) for the control
sponges and sponges smothered for 30 d, revealed phylogenetically diverse and stable core microbiomes (i.e. the
component shared between all samples), as well as treatment- specific OTUs (Fig. 4c, Supplementary Table S2). In
each species, the number and taxonomy of OTUs observed exclusively in control samples was generally balanced
by the number and taxonomy of new OTUs that were observed only in sediment-exposed samples. Also of note
was the finding that core Cyanobacteria OTUs in the two photosynthetic species C. foliascens and C. coralliophila
were not disrupted by the sediment exposure.

Discussion

All sponges survived the repeated deposition events and subsequent sediment covering, with no partial mortality and few observable physiological effects. To separate cause-effect pathways for dredging related pressures,
this experiment focussed on the effects of sediment deposition (i.e. smothering). The SSCs in the experimental
tanks were very low once sediments had settled out of suspension, and were typically <1–2 mg L−1 for 95% of
the exposure periods. All species showed the ability to clear some of the sediment from their surfaces although
the self-cleaning capacity varied considerably between species. The highest self-clearance was observed in C.
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Figure 4. Responses of photosymbionts to smothering treatments. (a) Mean values (±SE) of maximum
quantum yield, (b) Mean values (±SE) of Chl a, and (c) Non-metric Multi-Dimensional Scaling (nMDS)
of all photopigments retrieved by spectrophotometry, for the 3 phototrophic species and for all smothering
treatments (4, 16 and 30 d smothered vs. controls), before exposure (b) and through the experimental (E) and
observational periods (O). Asterisks show statistically significant differences between controls and smothered
samples (Table 2) (t-tests: P < 0.05).

orientalis followed by S. flabelliformis and C. foliascens. Both C. coralliophila and C. matthewsi were less effective
and remained with >85% of their surface covered with sediment for the most of the study.
Sponge morphology provided a passive mechanism for sediment rejection. Erect growth forms are expected
to be less affected by sedimentation20, 22, and in this experiment, the erect sponge S. flabelliformis had some of the
highest sediment removal rates. Massive and cup shaped sponge species are prone to sedimentation19, 20, 22, 43, 44
consistent with the high sediment covering (>70–80% of their surface) observed here in the massive species
C. matthewsi and cup morphologies C. foliascens and C. coralliophila. Other strategies used by sponges to cope
with heavy sedimentation rates include sediment sloughing via mucus production (reviewed in ref. 20) and
the production of a mucus-like substance was particularly prominent in C. foliascens and S. flabelliformis (see
Supplementary Fig. S1). For vertically oriented planes of tissue, the production and subsequent sloughing of
the sediment-impregnated substances resulted in clean underlying tissue surfaces (see Supplementary Fig. S1).
The term mucus is used here in a broad sense (see ref. 45) as no attempt was made to identify the nature of the
mucus-like layers. The production of similar mucus-like layers (also referred to as sheets, envelopes, webs, films,
mats and tunics) which collect sediment and then peel from the surfaces have been described in scleractinian
corals (principally Porites spp., ref. 46), and appear to play a similar self-cleaning role10, 47.
The phototropic, bioeroding sponge C. orientalis manipulated and cleaned its surfaces of sediments differently to the other experimental species. C. orientalis showed the highest clearance rate, was capable of removing
60−80% of the sediment covering its surface within a few days, and did not lose this ability despite multiple deposition events. C. orientalis appears to be able to manipulate settled sediment as evidenced by the discrete sediment
patches with well-defined edges, located on otherwise sediment-free tissue. The sediment patches were rarely
seen on the sponge periphery and were often located in central hollows or concave areas. These observations
suggest that some species are capable of moving and shedding sediment from the edges, as long as the sediment
doesn’t become trapped in local depressions (see below). Similar sediment-shedding has been seen in encrusting
scleractinian corals associated with muco-ciliary transport48, although the mechanism of sediment manipulation
in C. orientalis is still unclear. Clionaid species have a microhispid surface where spicules protrude from the surface for 0.1–2 mm, and it has been suggested that this creates surface roughness that prevents adherence of dirt
and induces passive self-cleaning, repelling debris20, 40. For clay and fine silt sized particles (<30 µm) as used in
these experiments (and typically encountered in dredging plumes6), this bristly surface is more likely to trap and
prevent the movement of sediments, rather than repelling them. In scleractinian corals, pulsed tissue contraction
is an additional mechanism to mobilize settled sediments and a parallel mechanism may exist for C. orientalis.
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Source

df

Cliona orientalis

Carteriospongia
foliascens

Cymbastela
coralliophila

F

P

F

P

F

P

(A) Maximum quantum yield
Treatment

5

5.10

0.01

0.850

0.542

1.777

0.192

Time

2

46.00

<0.001

8.860

<0.001

11.832

<0.001

Treatm. × Time

10

10.10

<0.001

1.780

0.084

2.430

0.017

Error

60

Tukey
Time

O<B

B < O; E < O

Time within 4 d-S

B, E > O

B<O

Time within 16 d-S

B > E, O; E < O

Time within 30 d-S

B>O

Treatment within E

4 d-S > 16 d-S, 30 d-S
30 d-C > 30 d-S

B>O

B<O

(B) Chl a
Treatment

5

0.250

0.932

0.847

0.543

0.450

0.778

Time

1

0.149

0.701

2.114

0.153

1.074

0.305

Treatm. × Time

5

0.496

0.777

1.373

0.2511

0.684

0.638

Error

60

(C) PERMANOVA of all pigment data
Treatment

5

0.53843

0.8182

2.2158

0.0332

0.4343

0.1679

Time (Treatment)

6

0.6232

0.7694

1.199

0.299

1.6895

0.078

Error

60

Pair-wise Tests

4 d-C, 16 d-C, 4
d-S ≠ 16 d-S ≠ 30 d-S

Table 2. ANOVA tables and summaries of linear mixed models of the effects of smothering on the
photosymbionts. (A) The effects of treatment and time on maximum quantum yield throughout the experiment
with Tukey tests performed for significant pairwise multiple comparisons, (B) The effects of treatment on Chl
a concentrations across time (at the end of the experimental (E) and observational (O) periods) and treatment,
with Tukey tests performed for significant pairwise multiple comparisons, and (C) Two-way PERMANOVA of
all pigment data (Chl a, b, c, d, total Chl and carotenoids) with sediment treatment and time as factors, for the 3
phototrophic species (sediment treatments: 4, 16 and 30 d smothered vs. controls).
Sponge respiration rates have been reported to fluctuate greatly in response to elevated suspended sediments7, 49–51,
but sediment smothering for 30 d did not impact sponge respiration. The lack of significant effects on respiration is consistent with the absence of sponge necrosis or mortality, as opposed to the high mortality rates and
bleaching observed in response to high SSC in previous experiments7. However, the slight increase in respiration
rates observed after 4 d of sediment smothering in most species was concomitant with higher clearance rates and
increased mucus production indicating an initial short-term response as sponges activate their cleaning mechanisms to remove sediments. Respiration rates were nevertheless consistent after 16 and 30 d exposure, suggesting
a longer term acclimation to sedimentation. Increased respiration rates after short-term acute sediment exposure have been reported in the massive sponge species Rhopaloeides odorabile51 and Coscinoderma matthewsi7,
although decreased respiration rates have been described in other species exposed to chronic levels of high suspended sediments7, 49, 50, likely in an attempt to reduce clogging of their aquiferous systems.
Previous research has suggested that whilst sponges with high clearance rates may perform better in environments where there is high sedimentation, this cleaning strategy is likely to be energetically taxing, with longer
term implications for energy reserves20. In this study there was no clear effect of sediment smothering on total
lipid content in any species. However, significantly higher lipid content in smothered versus control C. orientalis
samples was observed, which may relate to an increase in Symbiodinium populations in an attempt to elevate
phototrophy, as has been observed in response to high SSC7. These results clearly demonstrate that repetitive
smothering events for up to 30 d do not cause a decrease in nutritional reserves. This contrasts with previous
research assessing the impact of elevated SSCs, where an overall decrease in lipid content, especially among the
heterotrophic species was observed7. Negative growth rates were observed in most sponges exposed to 16 and 30
d of smothering; however, 30 d of sediment smothering did not cause any total or partial mortality, visible signs
of host stress (e.g. bleaching or necrosis), lipid depletion, changes in sponge respiration rates or effects on the
microbial composition of any species.
The primary exception to the lack of visible signs of stress was partial discolouration (bleaching) in the phototrophic species C. orientalis. As discussed earlier, C. orientalis appears capable of clearing sediments from its
surface although small patches of sediments were observed in local surface depressions and remained there for
extended periods. Significantly higher photosynthetic yields in C. orientalis after the 4 d treatment suggested some
initial photoacclimation, as reported for other sponges under low light or sediment exposure8, 19, 52. However, in
C. orientalis this photoacclimation could not be maintained in the long term. Lower photosynthetic yields and
Chl a concentrations and bleaching were seen in the 16 d and 30 d treatments, and in areas where sediments had
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df

MS

Pseudo-F

P (perm)

Species

4

73933

36.478

0.0001

Time

3

4040.6

1.9936

0.0001

Species × Time

12

2978.2

1.4694

0.0001

Residuals

145

2026.8

Source
(A)

Pair-wise Tests CLI:F ≠ E,O; CAR:F ≠ E ≠ O; CYM: T0 ≠ O; COS:
F,T0 ≠ E,O; STY: F ≠ E,O
(B)
Source

1

23050

Residuals

169

4271.5

5.3963

0.0001

Treatment

1

Time (treatm.)

2

3316.9

1.23335

0.1431

2872.8

1.0684

Residuals

18

2689

0.2923

Treatment

1

Time (treatm.)

2

1989.6

1.0912

0.2612

2020.2

1.108

Residuals

20

1823.3

0.1326

Treatment

1

Time (treatm.)

2

2048.2

1.0691

0.3399

1619.3

0.84523

Residuals

20

1915.8

0.854

Treatment

1

Time (treatm.)

2

2558.5

1.18888

0.1192

2774.7

1.2892

Residuals

20

2152.2

0.0205

Treatment

1

Time (treatm.)

2

1485.4

0.95496

0.5617

1889.1

1.2145

Residuals

22

1555.4

0.0728

(C)
C. orientalis

C. foliascens

C. coralliophila

C. matthewsi

S. flabelliformis

Table 3. PERMANOVA analyses of the microbiome community. PERMANOVA with (A) species and time
as factors, (B) source as factor (sponge host vs. seawater) and, (C) sediment treatment and time (nested to
treatment) as fixed factors for all 5 sponge species. In pair-wise tests, F: field control, T0: time 0 control, E:
sampling at the end of the exposure time (i.e. 30 d), O: sampling after the 14 d observational period; CAR for
C. foliascens, CYM for C. coralliophila, CLI for C. orientalis, COS for C. matthewsi and STY for S. flabelliformis;
Control (C) and smothered (S) within treatments.

overlain the tissues for at least 8 consecutive days. The light attenuating properties of sediment are well known,
and light transmission through a 66 mg (dry weight) layer of silt-sized sediments (similar to the exposure conditions used here) is reduced to 0.2–7.7%42. Partial sponge bleaching was likely a response to light deprivation
under the sediment layer, but once removed there was full recovery of colour in the observational phase. In fact,
all phototrophic species experienced total recovery of Chl a in less than 2 d once sediments were removed, as
evidenced by hyperspectral and time-lapse imaging. The recovery of bleached areas of C. orientalis within ~6 d
was facilitated by symbionts rapidly repopulating from unbleached areas, consistent with symbiont translocation
patterns previously described in this species53.
In addition to changes in photosymbionts, the composition of the sponge microbiome at both the phyla
and OTU levels was unaffected by 30 d of sediment smothering, with cyanobacterial OTUs maintained in all
sediment-smothered sponges. The only exception to the microbiome stability was a small increase in Archaea
in smothered samples of S. flabelliformis, and also in water samples from tanks where the sediment-exposures
occurred. This result contrasts with previous experiments where the microbial community rapidly shifted in
response to other dredging related pressures (i.e. light attenuation). Microbiome shifts are known to destabilise
the sponge holobiont and cause subsequent mortality of some species (e.g. C. foliascens)7, 8. Hence, although
sediment smothering does not appear to impact symbiont health and composition, continuous and complete
smothering which results in prolonged light attenuation may affect holobiont health in the longer term.
Different sponges have different strategies to cope with sediments and in some cases these can be beneficial, with some species incorporating sediments into their tissues to reinforce outer layers and provide shade36,
and others living partially embedded in sediments (psammobiosis) to reduce the risk of spongivory36. However,
sediments can also be detrimental, and previously we have shown that high SSCs alone (in the absence of light
attenuation or sediment smothering) resulted in negative sponge growth and decreased respiration rates in most
Scientific Reports | 7: 5156 | DOI:10.1038/s41598-017-05243-x
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Figure 5. Microbial responses to smothering. (a) Principal coordinate analysis plots for control and samples
smothered for 30 d (30d-S) at the end of the experimental period (E) and 14 d observational period (O), (b)
Average relative abundance of each bacterial phylum (and class for Proteobacteria) using OTUs representing
greater than 1% of the community for 30d-S vs. control samples across both sampling times, (c) Cytoscape
networks of the microbial community in all species for controls (c) versus 30d-S samples (S) across both
sampling times.

species, and necrosis and mortality within the cup sponge C. foliascens, and to a lesser extent in the massive
sponge C. matthewsi7. In another study, light attenuation (in the absence of elevated SSCs or sediment smothering) impacted the phototrophic species C. orientalis and C. foliascens8, resulting in tissue bleaching. Although
C. orientalis exhibited full recovery under normal light conditions, C. foliascens did not, showing high levels
of mortality8. Results from this study, where sediment deposition was isolated as the primary variable, showed
that repeated deposition events and near continual covering of the sponges in a sediment layer for an extended
period did not cause sponge mortality. Some species seem capable of existing partially or fully covered in sediment i.e. C. coralliophila and C. matthewsi, while other species possess an ability to self-clean, i.e. they have
active sediment-rejection mechanisms. However, when these mechanisms become overwhelmed and sediments
build-up, localized reductions in Chl a concentrations or partial bleaching can occur, e.g. C. orientalis. The
cause-effect pathway is likely to involve light limitation, and the effect is rapidly reversible upon removal of the
sediment. In conjunction with previous research on the impacts of light attenuation8 and SSC7, thresholds can
now be used in water quality monitoring programs to alert dredging proponents to levels of light reduction, SSC
and sedimentation that, if continued, could detrimentally impact sponge populations.
Relating these findings to conditions that can occur in situ during dredging programs, or natural wind and
wave induced sedimentation events is difficult because of the problems associated with accurately measuring
sediment deposition rates in shallow benthic environments at the appropriate sensitivity and temporal scale
(i.e. mg cm−2 over hours or days, reviewed in ref. 54). Sediment traps have been used extensively to estimate
‘sedimentation’ rates on reefs but are more apt to record information on suspended-sediment dynamics than to
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provide any useful data on sedimentation per se55. Two recent studies have measured sediment deposition rates
at a highly turbid site in the inshore zone of the Great Barrier Reef. The techniques used which involved shallow
trays56 and a newly configured sediment deposition sensor57, do not suffer from the resuspension-limitation and
deposition-bias associated with traps. Estimates of net sedimentation were 3–7 mg cm−2 d−1 (over the course of a
year)56 and ~8 mg cm−2 d−1 (during typical conditions where SSCs ranged from 1−28 mg L−1)57. The deposition
rates in this experiment (30−45 mg cm−2 d−1) were up to 6× higher than levels found in the highly turbid inshore
reef system. Experimental deposition events initially resulted in 80–100% of the sponges surface being covered
with a 0.5 mm thick layer of sediment and sponges in some treatments were exposed to up to 7 such deposition
events over an extended 30 d period. We consider the exposure regimes in terms of intensity, duration and frequency to be extreme compared to what can occur naturally in situ and the resulting smothering of the sponges is
consistent with in situ observations of smothering of benthic organisms close to dredging projects.
In summary, exposure over an extended period to multiple discrete sediment deposition events resulting in
a near continuous covering of sediment on their surface did not alter the health of most adult sponges. Sponges
possessed either active or passive self-cleaning strategies which allowed them to continue feeding, and were able
to tolerate quite high levels of partial covering of their surfaces by sediment. These experiments were designed to
examine a specific cause-effect pathway associated with sediment deposition alone. In reality, during dredging,
sponges would be exposed to sediment deposition in combination with elevated SSCs and the associated light
reduction from high turbidity. The results from this study will support the interpretation of experiments examining the combined effects of all three dredging-related pressures and aid the subsequent development of water
quality thresholds for impact prediction purposes. Further research is also required to assess the effects of those
stressors on reproduction and the early life-history stages, as higher vulnerability and reduced energy reserves
available for those processes would have long-term consequences for sponge population dynamics.

Methods

Sample collection. This study used the phototrophic species Cliona orientalis Thiele, 1900, Carteriospongia
foliascens (Pallas, 1766) and Cymbastela coralliophila Hooper & Berquist 1992 and the heterotrophic species
Coscinoderma matthewsi (Lendenfeld, 1886) and Stylissa flabelliformis (Hentschel, 1912)22, 30, 58–60 to examine
responses across different nutritional modes. The selected species are common throughout the Indo-Pacific,
including the east and west coasts of tropical Australia, represent different morphologies and nutritional modes
(Supplementary Table S3) and perform well in aquaria under experimental conditions22. All sponges were collected from 3–15 m depth from the Palm Islands, central Great Barrier Reef (GBR) (Supplementary Table S3). C.
orientalis is an encrusting species that bioerodes coral, so cores of C. orientalis were air-drilled from dead colonies
of Porites sp. ensuring > 2 cm of coral substrate below the sponge. For all species, sponges were cut into similar
sized explants (~5 × 5 cm), and acclimated under natural light in flow-through seawater for 4 weeks until fully
healed.
Experimental set up.

The experiment was performed in the National Sea Simulator (SeaSim) at the
Australian Institute of Marine Science (AIMS, Townsville, Queensland, Australia) using 150 L clear PVC acrylic
tanks supplied with a continuous inflow of 5 µm filtered seawater at a rate of 600 mL min−1 to ensure sponges
received sufficient particulate and dissolved food. The seawater in experimental tanks was set to 27 °C, representing the temperature at the time of sponge collection. Experimental treatments comprised smothered v control
tanks (in which no sediments were added) and 3 different exposure times (4, 16 and 30 d, see Fig. 1a). In the
smothered treatments, sponges received repeated doses of sediment slurry every ~4 d, sufficient to cause continuous smothering (~30−45 mg cm−2). A VorTech MP10 propeller pump (EcoTech Marine, PA, US) was left
on for 10 min after sediment was added to ensure homogenous turbidity throughout the tank. Pumps were then
turned off for 24 h, to allow all sediments to settle out of suspension onto the sponges. After the sediments had
settled, the pump was re-started to provide sufficient water flow to the sponges without lifting the sediments from
the sponges’ surfaces. The calcareous sediment used in this experiment was collected from the lagoon of Davies
Reef, a mid-shelf reef centrally located in the GBR (S 18° 49.354′ E 147°38.253′). Sediments were first screened to
2 mm and then ground with a rod mill grinder until the mean particle size was 29 µm (with 80% of the sediment
3–64 µm, typical for dredge plumes6), measured using laser diffraction techniques (Mastersizer 2000, Malvern
instruments Ltd, UK).
Tanks were illuminated by AI Hydra FiftyTwo HD LED lights (Aquaria Illumination, IA, US) on a
13:11 h L:D cycle, with a light regime designed to simulate daily conditions on the reef3, 61. Each day there was
a 6 h ramp up to a maximum instantaneous light level of 200 µmol photons m−2 s−1, followed by 1 h of constant
illumination, and a 6 h ramp down to full darkness, resulting in a daily light integral (DLI) of 5 mols photons
m−2. Following the treatment period (4, 16 or 30 d), the surface of all sponges was gently brushed to remove any
deposited sediments and all sponges were further exposed to clear seawater for a 14 d observation period (i.e.
recovery, see Fig. 1a). Each treatment comprised 3 replicate tanks containing 4 sponge replicates per species (i.e.
n = 12 replicates of each species per treatment).

™

™

Studied parameters. The effect of sediment smothering on the sponge holobiont was determined using a
suite of response variables, with a particular focus on changes in sponge feeding activity and the associated symbiotic microbiome. To obtain baseline data on sponge health, 6 extra individuals were processed for each species
immediately after collection (field controls) and after aquarium acclimation (t = 0 controls). Unless otherwise
stated, statistical analyses and graphs were performed using the software SigmaPlot v.11.0 (Systat Software Inc.)
and R62. Linear mixed models using tank as a random factor and treatment and time (B, E and O) as fixed factors
were fitted by residual maximum likelihood (REML) for data pertaining to relative growth rates, respiration, lipid
content, chlorophyll fluorescence and total pigments. For sediment clearance rates, the same method was used
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but with time as the only fixed factor. For analyses with repeated measures of the same individual, i.e. clearance
rates, growth, respiration rates, and chlorophyll fluorescence, individual was also included as a random factor. An
analysis of variance (ANOVA) table was generated for each model and Tukey’s post–hoc multiple comparisons
were performed to compare treatment levels for each model63.

Physical parameters.

In order to measure sedimentation rates (SR), two SedPods 64 (surface
area = 25.16 cm2) were placed in each tank before sediment addition and removed after the 24 h sedimentation
period. SR were then measured by collecting and filtering sediments that accumulated on the SedPods using
gravimetric techniques (filtration through 0.4 µm polycarbonate filters and calculating dry weight of the filters).
Turbidity was monitored throughout the experiment using a manual WP 88 Turbidity Meter (TPS). Differences
in sedimentation between replicate tanks and day of sediment pulse were assessed using two-way analysis of
variance (ANOVA) with tank and time as fixed factors. A one-way ANOVA was used to study differences in the
turbidity levels between replicate tanks (fixed factor) throughout the experiment.

Sediment smothering and clearance rates. Sponge surface area covered by sediments and sediment
removal (i.e. clearance rates) were recorded throughout the experiment using a digital camera with underwater
housing (Canon S120) and analysed using image analysis software (ImageJ65).
Growth and necrosis. Initial and final thickness (in C. foliascens, C. coralliophila and S. flabelliformis),
height (in C. matthewsi), or sponge tissue depth inside coral cores (in C. orientalis), of each sponge (±0.1 mm)
was measured as a proxy for growth. Callipers were used to take three measurements per sponge and averaged to
calculate percentage change throughout the experiment and during the subsequent observational period. Partial
mortality (necrosis) and loss of photosynthetic symbionts (bleaching) was recorded pre and post sediment exposure and at the end of the observational phase, using a digital camera (Canon S120) with underwater housing and
analysed using ImageJ65.
Respiration rates. Changes in sponge respiration rates were measured throughout the experiment and
observational period. Samples were dark adapted for a minimum of 30 min before being transferred to 600 mL
respiration chambers where they were incubated for 30 min at 27 °C. Constant mixing within the chambers was
achieved using a magnetic stir bar and a submergible battery operated platform. An HDQ30D flexi meter (HACH
LDO , CA, US) was used to take 3 initial readings (i.e. initial O2) and to measure the mg L−1 of O2 and the % O2
in each chamber at the end of the incubation. The final oxygen concentration inside the chamber did not drop
below 85% saturation in most cases. To control for microbial community respiration, a chamber containing only
seawater (blank) was incubated under identical conditions. In order to normalize oxygen consumption among
individuals, sponge volume was estimated by multiplying the surface area of each individual (derived from photos taken simultaneously and analysed using ImageJ) by its average thickness or height (as explained above). The
same sponge volume was used to account for differences in water volume within the respiration chambers. In the
case of C. orientalis, the height of the sponge layer within the coral cores was used to normalize oxygen consumption per sponge volume, whereas the height of the whole core (including the coral substrate) was used to calculate
the specific volume of water within the chambers. Respiration data from C. coralliophila and S. flabelliformis were
log and cube root transformed, respectively, in order to meet assumptions of homogeneity of variance.

™

Lipid analysis.

The concentration of total lipids in sponge tissue was measured over time to assess whether
sediment smothering interferes with sponge feeding. Samples were analysed from controls at the start of the
experiment (T = 0), the 30 d treatment and its respective control, at the end of the exposure time and at the end
of the observational period. Approximately 3 cm3 of sponge tissue was excised, wrapped in aluminium foil (to
prevent plasticizer contamination) and immediately frozen in liquid nitrogen. Lipids were extracted from approximately 100 mg of sample as described in ref. 66 and following modifications in ref. 67, with total lipid content
reported as percentage biomass based on a dry weight conversion factor.

Hyperspectral imaging. Hyperspectral imaging can be used to non-destructively estimate relative chlorophyll content in situ (e.g. refs 68, 69). A Pika II hyperspectral imaging camera (Resonon, MT, US), mounted on
a moveable rig (Supplementary Fig. S4) captured back-reflected light in 480 spectral bands (~1 nm resolution)
over the range of ~430–900 nm. Based on the methodologies described in refs 68, 70, the 3 phototrophic species,
C. orientalis, C. foliascens and C. coralliophila were scanned after 8 d of being covered with sediment including i)
before the sediment was removed, ii) after the sediment was removed and iii) after one day of recovery (n = 3).
Scans were compared to control groups (n = 3) and the sponge’s chlorophyll content was estimated by considering
the logarithmic difference of the reflectance at chlorophyll absorption maximum (670 nm) and edge (745 nm).
This calculation was performed at each pixel, and the values averaged over the imaged area of the specimen.
Wavelength standards were selected based on optimal levels for control sponges, as each species had different
chlorophyll content. One-way ANOVAs were performed to analyse changes in relative chlorophyll content for
each species, separately. Significant differences were tested using pairwise, multiple Holm-Sidak comparisons.
For C. foliascens, the ANOVA was performed on rank data to meet the assumption of homogenous variance, and
a Tukey test was performed for post hoc comparison.
Based on the quick recovery of C. orientalis in the hyperspectral imaging trials, recovery was monitored using
standard time-lapse photography. A partially bleached individual was monitored for 6 d after being covered with
sediment for 30 d, with images taken every min.
Chlorophyll fluorescence.

Changes in photosynthetic capacity (maximum quantum yield) of the
sponge’s phototrophic symbionts were measured with a Diving-PAM (pulse amplitude modulation) chlorophyll
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fluorometer (Heinz Walz GmbH, Effeltrich, Germany) for C. foliascens, C. coralliophila and C. orientalis.
Chlorophyll fluorescence measurements were taken 10 mm from the sponge tissue using a rubber space between
the sponge and the end of the 6 mm fibre-optic probe. Sponges were dark-adapted for 30 min before measurement, and the initial fluorescence (Fo) determined using a pulse-modulated red measuring light (655 nm,
~0.15 µmol photons m−2 s−1), and maximum fluorescence (Fm) then measured following a saturating pulse of
light. Maximum quantum yield (Fv/Fm) was calculated from the ratio of variable fluorescence (Fm-Fo) to maximum fluorescence71. Three measurements were obtained before and after the sediment exposure time and at the
end of the observational phase.

Pigment analysis. Pigment analyses were performed on tissue from all phototrophic sponges (C. foliascens, C. coralliophila and C. orientalis) at the end of the experimental time (4, 16 and 30 d) and after the 14
d observational phase. Pigments from samples incorporating pinacoderm and mesohyl regions were extracted
and analysed as described in ref. 22 and standardized to sponge wet weight. The concentration of Chlorophyll
a (hereafter Chl a) was used as a proxy for changes in photosymbiont health/bleaching30. Pearson correlations
were performed between all the studied pigments. All pigments retrieved by spectrophotometry (i.e. Chl a, b,
c, d, total chlorophylls and carotenoids) were used to build resemblance matrices based on normalized data
for each species, separately. Non-metric Multi-Dimensional Scaling (nMDS) plots were created using Euclidean
distances. Two factors were determined (i.e. treatment and sampling time, nested to treatment) and examined
by PERMANOVA (Permutational multivariate ANOVA based on distances). All multivariate analyses were performed using PRIMER 6 (Primer-E Ltd, UK).
Microbial community analysis. Microbial community composition was assessed using Illumina amplicon
sequencing of the 16S rRNA taxonomic marker gene. Microbial analysis was performed on field controls, sponges
collected at the start of the experiment, and at the end of the experimental and observational period for sponges
smothered by sediments for 30 d and their corresponding controls. All samples were immediately frozen in liquid
nitrogen and subsequently stored at −80 °C. Water samples were simultaneously collected from each tank to facilitate a direct comparison with microbes present in the surrounding environment. DNA was extracted from ~0.2 g
of sponge tissue using the PowerPlant Pro DNA Isolation Kit (MoBio Laboratories, CA, US) according to the
manufacturer’s protocol. Microbial communities in seawater were filtered and their DNA extracted as previously
described72. Sequencing of the 16S rRNA gene was performed at the Australian Centre for Ecogenomics using
primers 515 f and 806r and the HiSeq2500 platform with the V2 chemistry (2 × 250 bp) (Illumina). Sequence data
was deposited at the NCBI under the accession number SRP080232.
Amplicon sequence data was processed in Mothur v.1.35.173 according to the MiSeq standard operating procedure74. Briefly, demultiplexed fastq paired-end reads were first quality-filtered and assembled into contigs (make.
contigs and screen.seqs: maxambig = 0, maxhomop = 8, minlength = 100, maxlenght = 292). Aligned reads were
reduced to non-redundant sequences and chimeric sequences were detected using Uchime75. Aligned sequences
were phylogenetically classified based on the Silva reference file v.123, and all undersigned sequences removed
(taxon = Chloroplast-Mitochondria-Unkown-Eukaryota). Samples with low read numbers were eliminated from
the dataset. The remaining samples were sub sampled to 8,691 sequences. Pairwise distances were calculated and
used for clustering and OTU assignment and OTUs were further classified based on the SILVA v.123 taxonomy.
OTU data was normalised to account for sampling depth and then square-root transformed to reduce the
effect of abundant OTUs. Bray-Curtis distance matrices were constructed and visualised using non-metric
multidimensional plots (nMDS) and principal coordinates analyses (PCO). Permutational analysis of variance
(PERMANOVA, using 9,999 permutations) was used to determine significant differences in microbial communities based on source (sponge versus environmental control), time of sampling (field controls, time 0 controls,
experimental and observational period samples), and treatment (control versus 30 d smothered). All multidimensional statistical analyses were performed in PRIMER 6/PERMANOVA. Similarity Percentage Analysis
(SIMPER) was used to determine the OTUs that contribute to the differences between 30 d smothered and control samples for each species, separately. The 30 OTUs with the most discriminating power from the SIMPER
analysis were used to create networks in Cytoscape 3.2.0 (www.cytoscape.org)76.
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Table S1. One-way ANOVA comparing relative chlorophyll content over time in smothered sponges
immediately post cleaning, after 24h recovery and in control sponges. The ANOVA for C. foliascens was
performed on ranks. Pairwise Multiple Comparison Procedures: Tukey Test for C. foliascens, and Holm-Sidak
method for C. orientalis and C. coralliophila.

Source
Treatment
Error
Pairwise Multiple
Comparisons:

df
3
8

Cliona
orientalis
F
P
38.693
<0.001

Carteriospongia
foliascens
H
P
9.974
0.019

Cymbastela
coralliophila
F
P
335.839
<0.001

Control > Sed.
removal (P=0.016)

Control > Sed.
removal (P<0.05)

Control > Sed. removal
(P=0.002)

Table S2. Similarity Percentage Analysis (SIMPER) for 30 most significant OTUs driving differences between
controls and 30 d smothered samples combining experimental and observational periods.
OTU

Average relative abundance (%)
Control

Cliona orientalis
Otu000001
Otu000007
Otu000020
Otu000012
Otu000017
Otu000029
Otu000013
Otu000042
Otu000061
Otu000056
Otu000053
Otu000069
Otu000081
Otu000226
Otu000131
Otu000134
Otu000165
Otu000133
Otu000174
Otu000127
Otu000192
Otu000138
Otu000152
Otu000181
Otu000274
Otu000193
Otu000217
Otu000168
Otu000304
Otu000227
Carteriospongia foliascens
Otu000004
Otu000019
Otu000018
Otu000021
Otu000037
Otu000008
Otu000031
Otu000030
Otu000024

Contribution (%)

Taxonomic ID

30d-S

6.05
0.49
0.96
0.86
1.27
1.13
1.67
1.2
1.04
0.57
0.64
0.81
0.78
0.73
0.32
0.58
0.09
0.74
0.33
0.69
0.53
0.53
0.41
0.49
0.17
0.56
0.58
0.29
0.19
0.56

3.86
2.26
1.76
1.77
1.8
1.12
1.69
0.51
0.65
1.08
1.25
0.36
0.49
0.06
0.56
0.71
0.69
0.34
0.5
0.5
0.34
0.3
0.37
0.38
0.5
0.15
0.21
0.63
0.32
0.37

2.59
2
1.6
1.57
1.44
1.14
1.04
0.93
0.91
0.9
0.88
0.65
0.62
0.59
0.59
0.54
0.53
0.53
0.52
0.51
0.51
0.5
0.5
0.45
0.45
0.42
0.42
0.39
0.38
0.38

Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Deltaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Bacteroidetes
Alphaproteobacteria

2.58
1.39
1.11
1.28
1.6
2.51
1.21
1.08
1.51

3.02
0.86
1.53
0.77
0.61
2.3
1.29
1.16
1.27

1.56
1.14
1.1
0.86
0.86
0.84
0.73
0.71
0.67

Cyanobacteria
Cyanobacteria
Cyanobacteria
Bacteroidetes
Gammaproteobacteria
Bacteroidetes
Cyanobacteria
Gammaproteobacteria
Alphaproteobacteria

Otu000052
Otu000074
Otu000044
Otu000086
Otu000113
Otu000054
Otu000111
Otu000036
Otu000058
Otu000100
Otu000109
Otu000097
Otu000070
Otu000093
Otu000071
Otu000175
Otu000121
Otu000116
Otu000136
Otu000214
Otu000158
Cymbastela coralliophila
Otu000003
Otu000009
Otu000032
Otu000035
Otu000025
Otu000041
Otu000015
Otu000026
Otu000016
Otu000023
Otu000039
Otu000077
Otu000115
Otu000101
Otu000064
Otu000002
Otu000045
Otu000043
Otu000084
Otu000073
Otu000080
Otu000072
Otu000118
Otu000219
Otu000132
Otu000082
Otu000126
Otu000078
Otu000090
Otu000057
Coscinoderma matthewsi
Otu000034
Otu000046
Otu000040
Otu000050
Otu000088
Otu000033
Otu000119
Otu000089

0.58
0.76
1.06
0.5
0.72
0.8
0.64
1.57
0.85
0.94
0.76
0.71
0.84
0.86
0.87
0.4
0.37
0.73
0.46
0.52
0.27

0.86
0.96
1.25
1.17
0.49
0.55
0.77
1.3
1.26
0.56
0.73
0.73
1.06
0.73
0.98
0.64
0.58
0.39
0.68
0.35
0.54

0.62
0.61
0.58
0.57
0.57
0.55
0.53
0.52
0.51
0.51
0.5
0.5
0.5
0.47
0.45
0.45
0.44
0.4
0.4
0.39
0.39

Bacteroidetes
Gammaproteobacteria
Actinobacteria
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Bacteroidetes
Gammaproteobacteria
Gammaproteobacteria
Bacteroidetes
Gammaproteobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Cyanobacteria
Gemmatimonadetes
Gammaproteobacteria
Alphaproteobacteria

3.91
0.95
1.16
0.68
0.65
0.82
2.04
1
1.43
1.4
0.81
0.64
0.74
0.76
0.68
0.68
0.87
1.06
0.76
1.01
0.55
0.88
0.58
0.67
0.48
0.55
0.41
0.75
0.75
0.81

3.05
1.15
0.87
1.41
1.18
0.78
1.77
1.6
1.73
1.63
1.26
0.63
0.23
0.52
0.44
0.25
1.33
1.09
0.67
0.72
0.65
0.89
0.39
0.07
0.6
0.8
0.79
0.94
0.91
0.67

2.32
1.3
1.19
1.09
1.02
0.98
0.9
0.84
0.77
0.76
0.76
0.74
0.68
0.67
0.66
0.66
0.63
0.63
0.61
0.59
0.57
0.57
0.53
0.53
0.53
0.52
0.52
0.52
0.52
0.48

Cyanobacteria
Cyanobacteria
Cyanobacteria
Alphaproteobacteria
Cyanobacteria
Cyanobacteria
Gemmatimonadetes
Gammaproteobacteria
Acidobacteria
Alphaproteobacteria
Alphaproteobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Cyanobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Acidobacteria
Alphaproteobacteria
Chloroflexi
Gemmatimonadetes
Cyanobacteria
Gammaproteobacteria
Acidobacteria
Acidobacteria
Acidobacteria
Gammaproteobacteria
Gammaproteobacteria

1.32
0.67
0.73
0.84
1.21
0.97
0.12
0.39

1.15
1.19
0.89
0.97
0.47
1.61
0.89
0.82

0.4
0.38
0.36
0.36
0.35
0.34
0.32
0.3

Chloroflexi
Chloroflexi
Acidobacteria
Acidobacteria
Gemmatimonadetes
Deltaproteobacteria
Gemmatimonadetes
Chloroflexi

Otu000075
Otu000067
Otu000128
Otu000103
Otu000094
Otu000144
Otu000051
Otu000117
Otu000076
Otu000140
Otu000108
Otu000195
Otu000142
Otu000156
Otu000059
Otu000153
Otu000096
Otu000203
Otu000212
Otu000234
Otu000189
Otu000110
Stylissa flabelliformis
Otu000006
Otu000014
Otu000022
Otu000028
Otu000011
Otu000002
Otu000027
Otu000049
Otu000068
Otu000055
Otu000083
Otu000066
Otu000095
Otu000060
Otu000065
Otu000085
Otu000159
Otu000098
Otu000038
Otu000112
Otu000176
Otu000125
Otu000005
Otu000194
Otu000129
Otu000163
Otu000124
Otu000010
Otu000177
Otu000242

0.85
0.85
0.57
0.91
0.66
0.9
0.99
0.74
0.95
0.34
0.23
0.69
0.74
0.72
0.84
0.71
0.7
0.64
0.71
0.56
0.59
0.54

0.62
0.58
0.51
0.66
0.79
0.35
0.94
0.32
0.9
0.52
0.53
0.3
0.55
0.29
0.82
0.55
0.83
0.37
0.34
0.24
0.4
0.68

0.29
0.28
0.28
0.28
0.28
0.27
0.26
0.26
0.24
0.24
0.24
0.24
0.24
0.23
0.23
0.23
0.23
0.22
0.22
0.21
0.21
0.21

Acidobacteria
Chloroflexi
Unclassified Bacteria
Unclassified Bacteria
Acidobacteria
Chloroflexi
Gemmatimonadetes
Acidobacteria
PAUC34f
Unclassified Bacteria
Chloroflexi
Acidobacteria
Alphaproteobacteria
Deltaproteobacteria
PAUC34f
Acidobacteria
Acidobacteria
Gemmatimonadetes
Actinobacteria
Acidobacteria
Acidobacteria
Unidentified Proteobacteria

2.12
1.03
1.32
1.52
1.5
5.2
0.86
0.74
0.77
0.6
0.51
0.82
0.43
0.7
0.78
0.48
0.63
0.41
1.05
0.83
0.38
0.5
3.81
0.6
0.36
0.45
0.52
2.39
0.5
0.4

2.61
1.23
1.41
1.05
1.97
4.69
1.25
0.92
0.8
0.95
0.66
0.84
0.66
1.07
0.75
0.29
0.47
0.56
1.19
0.71
0.4
0.38
3.38
0.37
0.38
0.36
0.7
2.3
0.26
0.03

2.31
1.78
1.48
1.44
1.36
1.3
1.08
1.08
1.06
1.04
1.03
0.9
0.88
0.86
0.83
0.76
0.74
0.74
0.7
0.68
0.66
0.65
0.64
0.6
0.55
0.54
0.51
0.5
0.49
0.48

Archaea
Archaea
Unclassified Bacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Unidentified Proteobacteria
Gammaproteobacteria
Unclassified Bacteria
Proteobacteria ARKDMS-49
Gammaproteobacteria
Archaea
Archaea
Nitrospirae
Unclassified Bacteria
Unclassified Bacteria
Proteobacteria ARKDMS-49
Archaea
Archaea
Gammaproteobacteria
Gammaproteobacteria
Proteobacteria ARKDMS-49
Proteobacteria ARKDMS-49
Nitrospirae
Gammaproteobacteria
Unclassified Bacteria
Gammaproteobacteria
Proteobacteria ARKDMS-49
Gammaproteobacteria
Gammaproteobacteria

Table S3. Sponge sampling details. List of species, morphologies, nutritional mode and sampling location.
Species Name
(Author)
Cliona orientalis
Thiele, 1900
Carteriospongia foliascens
(Pallas, 1766)
Cymbastela coralliophila
Hooper & Bergquist, 1992
Coscinoderma matthewsi
(Lendenfeld, 1886)

Functional
Morphology
Encrusting
(bioeroding)
Cup
(wide cup)
Encrusting (thick)
Cup (table)
Massive

Primary
Nutritional Mode
Phototrophic

Stylissa flabelliformis
(Hentschel, 1912)

Erect
(laminar)

Heterotrophic

63

Phototrophic
62

Phototrophic
64

Heterotrophic
(Wilkinson 1983)
26

Sampling Location
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'
Fantome Is. (Palm Is.)
S 18°41.028' E 146° 30.706'
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'
Pelorus Is. (Palm Is.)
S 18°32.903', E 146° 29.172'
Pelorus Is. (Palm Is.)
S 18°32.903' E 146° 29.172'

Figure S1. Photographs of the 5 sponge species before sediment addition, during sediment smothering and
after sediment removal. Phototrophic species: a) C. orientalis, b) C. foliascens, c) C. coralliophila, and
Heterotrophic species d) C. matthewsi and d) S. flabelliformis.

Figure S2. Non-metric Multi-Dimensional Scaling plots on microbial OTU data. nMDS of microbial communities
for all 5 sponge species and the environmental control (seawater).

Figure S3. Phylum level bar chart for seawater (environmental control). Average relative abundance of each
bacteria phylum (and class for Proteobacteria) for 3 replicate seawater samples within each targeted
treatment (Control versus 30-days smothered). Only OTUs representing greater than 1% of the overall
community were included.

Figure S4. Hyperspectral imaging setup. The Hyperspectral camera (C) moves along a track (i.e. left to right),
capturing the back-reflected light off the sponges to quantify chlorophyll concentrations in situ (based on the
relative chlorophyll content). The external light (i.e. a clean white light spectrum) is provided by two halogen
lights (L). Whilst incubated, the 3 sponge species (S) can be scanned simultaneously.
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Effects of combined dredgingrelated stressors on sponges: a
laboratory approach using realistic
scenarios
Mari-Carmen Pineda 1,2 , Brian Strehlow1,2,3 , Jasmine Kamp4, Alan Duckworth1,2 , Ross
Jones1,2 & Nicole S. Webster 1,2
Dredging can cause increased suspended sediment concentrations (SSCs), light attenuation and
sedimentation in marine communities. In order to determine the combined effects of dredging-related
pressures on adult sponges, three species spanning different nutritional modes and morphologies
were exposed to 5 treatment levels representing realistic dredging scenarios. Most sponges survived
under low to moderate turbidity scenarios (SSCs of ≤ 33 mg L−1, and a daily light integral of ≥0.5 mol
photons m−2 d−1) for up to 28 d. However, under the highest turbidity scenario (76 mg L−1, 0.1 mol
photons m−2 d−1) there was 20% and 90% mortality of the phototrophic sponges Cliona orientalis and
Carteriospongia foliascens respectively, and tissue regression in the heterotrophic Ianthella basta. All
three sponge species exhibited mechanisms to effectively tolerate dredging-related pressures in the
short term (e.g. oscula closure, mucus production and tissue regression), although reduced lipids and
deterioration of sponge health suggest that longer term exposure to similar conditions is likely to result
in higher mortality. These results suggest that the combination of high SSCs and low light availability
can accelerate mortality, increasing the probability of biological effects, although there is considerable
interspecies variability in how adult sponges respond to dredging pressures.
Sediments released into the water column by natural resuspension, river runoff and human activities such as
dredging pose a potential risk to sensitive ecosystems such as coral reefs, seagrass meadows and sponge gardens1–4. Sediments in suspension, or settling back out of suspension (i.e. sedimentation), can affect epi-benthic
organisms in a number of ways, including clogging of the feeding and filtering mechanisms. Water turbidity
(cloudiness) can also temporarily reduce or extinguish benthic light4–6. These stressors can act alone but more
often in combination, making impact prediction particularly difficult. Sponges are sessile filter-feeding organisms that play important roles in marine ecosystems, including substrate consolidation, habitat provision, seawater filtration and bentho-pelagic energy transfer7–9. Despite their abundance and ecological importance, our
understanding of how sponges respond to turbidity is still very basic10, 11. Th s knowledge gap poses signifi ant
challenges to their effective management, especially for anthropogenic turbidity-generating activities such as
dredging, that can at least be subject to some regulation and control12.
Most sponges obtain energy heterotrophically, by filtering seawater through an aquiferous system or internal canal network13, 14. However, many sponges can also obtain energy autotrophically from photosymbionts, of
which Cyanobacteria are the most common15, 16. Some bioeroding sponge species also harbour dinoflagellates of
the genus Symbiodinium as photosymbionts17, 18. The photosymbionts can provide >50% of the energy requirement of the host for some tropical sponge species15, 19. Overall, the diverse community of symbiotic microorganisms can comprise up to 35% of the sponge biomass and make other valuable contributions to many aspects of the
sponge’s physiology and ecology (e.g. production of secondary metabolites)20. These microbial associations tend
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to be highly host specific, and are generally stable across broad geographic and environmental gradients21. Th s
stable host-microbe consortium is often referred to as the ‘sponge holobiont’20.
Sponges can be affected by dredging-related pressures in different ways depending on their nutritional mode,
their morphology and their behavioural and physical adaptations to tolerate sediment. For instance, due to their
high filter-feeding activity, heterotrophic sponges may be affected by elevated suspended sediment concentrations
(SSCs), with long term exposure to high SSCs clogging their aquiferous systems and reducing the fl w of oxygenated seawater to the mesohyl10. In addition, phototrophic sponges may be affected by the reduction in benthic
light availability that occurs in sediment plumes5, 6. Sediment deposition could also cause smothering and suffocation of recruits and adult sponges, especially encrusting, massive, cups and plate-like morphologies10, 11, 22, 23.
All these effects can have fl w-on consequences for host energetics, health and reproductive output10, 11.
Nevertheless, some sponges can tolerate, and in some case thrive in, turbid environments, including
endopsammic species which live partially buried within sediments10, 11, 24. Knowing how they tolerate these conditions is important for understanding the consequences of turbidity generating activities. Some sponges can
temporarily tolerate high SSCs through changes in their physiology, such as temporarily closing or reducing the
size of their incurrent openings (ostia) or arresting pumping activity25–28. Phototrophic species may be able to
temporarily tolerate low light by photoacclimation and an increase in photosynthetic effici cy10, 29, 30. To tolerate
elevated sedimentation, some species have active cleaning mechanisms to remove sediments such as the production of mucus-like substances and tissue sloughing, selective rejection of inhaled particles and the use of water jets
to unblock inhalant pores10, 11, 24. These ‘active’ mechanisms (requiring energy expenditure) work in conjunction
with more ‘passive’ mechanisms that reduce sediment accumulation such as the existence of self-cleaning surfaces, and micro and macro morphology and orientation that promotes sediment rejection under gravitational
forces11, 31. The removal of sediment by epibionts is also a passive mechanism for self-cleaning that has been
reported in some sponges11.
Understanding physiological tolerance levels of sponges to turbidity and establishing dose-response relationships is essential for impact prediction purposes, i.e. to forecast the potential effect of turbidity-generating activities
such as dredging at the environmental impact assessment stage. It is also essential for managing water quality during dredging, i.e. to alert dredging proponents to conditions which could harm local sponge populations. A key
problem is that there are many different cause-effect pathways whereby sediment released into the water column
can affect sponges and these cause-effect pathways may act alone or in combination, potentially confounding
attempts to establish a dose and subsequent response in laboratory based or fi ld studies4, 32. Elevated turbidity is
clearly a hazard to sponge communities, as has been shown in many previous laboratory and fi ld based studies10, 11,
but whether it constitutes a risk depends on being able to place the results in the context of likely exposure scenarios. Recently, the spatial and temporal changes in water quality have been comprehensively described for several
large scale dredging projects5, 6, 33. These capital projects occurred in a range of marine settings from inshore
turbid reef to off hore ‘clear water’ environments, providing a suitable spectrum of conditions to describe the
range of likely exposure scenarios5, 6. The analyses included an examination of pre-dredging (baseline) data, and
data collected at various distance from the dredging (excavation) activities, allowing characterization of spatial
patterns and effects relative to background conditions (i.e. natural resuspension events).
Water quality information from these dredging programs has already been used in a sequence of
laboratory-experiments to better understand the risks posed to sponges by individual stressors. Sponges were
exposed to a range of different light intensity treatments (range: 0–8.1 mol photons m−2 d−1) under very low
SSCs (<0.05 mg L−1), so that light reduction was the primary variable examined34. Subsequently, sponges were
exposed to a range of different SSC treatments (range: 0–76 mg L−1) and light was standardized across the treatments (to 5 mol photons m−2 d−1), such that SSC was the only variable being examined35. Finally, to derive
pressure response values to sedimentation, sponges were repeatedly exposed to multiple discrete sediment deposition events (of 30−45 mg cm−2)36. These experiments were conducted with 5−6 sponge species, spanning
heterotrophic and phototrophic nutritional modes, and a range of different morphologies. Endpoints included
a range of physiological metrics encompassing respiration, survivorship, growth, lipid and chlorophyll content,
production of mucus-like substances and changes in the microbial community (microbiome) composition. All
experiments were conducted for an extended (chronic) time frame of 28 d, and included a 14 d post exposure
monitoring or ‘observational’ period to see if there were any latent effects.
These studies showed that reducing the light levels clearly affected the phototrophic sponges34, with little
effect on the heterotrophic species. Among phototrophs, the boring sponge Cliona orientalis and the cup-shaped
Carteriospongia foliascens rapidly bleached (discoloured) when held in the dark. C. orientalis survived the 28 d
exposure period, rapidly regaining colour when returned to normal light levels; in contrast, C. foliascens died in
the observational period. Less extreme light reduction treatments (0.8 mol photons m−2 d−1) resulted in some
minor bleaching but no mortality in either species. Microbial community composition did not differ between
light treatments for the heterotrophic species, but did for the two phototrophic species that bleached. In the
sediment exposure experiments, high SSCs alone resulted in negative growth, decreased respiration rates and
lipid depletion in most sponges35. Signifi ant necrosis and mortality occurred within most species, including C.
foliascens and C. orientalis at 70 mg L−1, while no mortality occurred at lower SSCs (<23 mg L−1).
These studies are useful for identifying the physiological and behavioural responses specific to individual
stressors, and for understanding the different susceptibility of species and nutritional modes. They also help in
the interpretation of experiments when the stressors are combined — which is the subject of the current study.
In this investigation, three different sponge species were exposed to five different treatments (referred to as ‘scenarios’) of elevated turbidity (i.e. combinations of elevated SSCs and associated reductions in light). As with the
earlier experiments examining the individual stressors in isolation34–36, the experiments were conducted over a
28 d exposure period and a subsequent 14 d observational period. The SSCs and light levels used are based on the

Scientific

Repo rts | 7: 5155 | DOI:10.1038/s41598-017-05251- x

2

www.nature.com/scientificreports/

Figure 1. Physical parameters throughout the experiment. Turbidity (FNU) (mean ± SE) and instantaneous
light (PAR, µmol photon m−2 s−1) (mean) (n = 2 replicate tanks per treatment) experienced in each scenario (0,
3, 10, 30 and 70 FNU, but see also Table 1) throughout the 28 d experimental (exposure) and 14 d observational
periods.

Turbidity
Scenario

nephelometricallyderived SSC

Measured SSCs
Light (mid- Daily Light
SedPod
(gravimetrically determined) day max)
Integral (DLI) accumulation rate

FNU

mg L−1

mg L−1

μmol
photons
m−2 s−1

mol photons
m−2 d−1

mg cm−2 d−1

70

76

76.9 ± 2.6

12.3

0.15

5.2 ± 0.9

30

33

32.2 ± 2.2

18.7

0.46

3.3 ± 0.4

10

11

15.5 ± 1.8

35.4

0.87

2.5 ± 0.4

3

3

3.6 ± 0.4

119

3.07

1.1 ± 0.3

0

0

1.3 ± 0.3

267

6.34

0.2 ± 0.1

Observational

0

1.3 ± 0.3

271

6.53

0.2 ± 0.1

Table 1. Summary of exposure scenarios. Turbidity (FNU), mean nephelometrically-derived SSC (mg L−1),
measured SSCs determined gravimetrically at 7, 14, 21 and 28 d (mean ± SE, n = 3 samples per tank and day),
maximum daily (mid-day) light level (instantaneous), daily light integral (DLI) and SedPod accumulation rate
determined gravimetrically at 7, 14, 21 and 28 d (mean ± SE, n = 2 samples per tank and day), during the 28 d
experimental period and subsequent 14 d observational period. Scenarios were based on in situ water quality
data collected from three recent large scale capital dredging programs in Australia5, 6 (see Discussion).

empirical data collected during several large scale capital dredging projects5, 6, allowing the results to be contextualized in a management framework.

Results

Physical parameters. Turbidity values as measured by the nephelometers (formazin nephelometric units,
FNU) were constant (+1 FNU) throughout the experiment (Fig. 1), and there were signifi ant differences between
all treatments during the exposure period (Table 1, Table 2). Gravimetrically determined SSCs were also significantly different between treatments throughout the experiment (Repeated measures (RM) ANOVA: P < 0.001).
Daily Light Integrals (DLIs) were also signifi antly different between treatments (Fig. 1, Table 1, Table 2). Mean
sediment deposition (±SE), measured using SedPods, increased as FNU increased from 0.2−5.2 mg cm−2 d−1,
respectively, and was signifi antly different between treatments during the experimental period (Table 1, Table 2).
During the observational phase, all tanks returned to control conditions and no signifi ant differences were
retrieved between treatments (Fig. 1, Table 1, Table 2). The term ‘scenario’ in combination with the nominal
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Experimental phase

Light (DLI)

SedPod accumulation
rate (mg cm−2 d−1)

Source

df

F

P

F

P

F

P

Scenario

4

686.1

<0.001

212.1

<0.001

19.772

<0.001

Error

65

Tukey
Observational phase

Turbidity (FNU)

0 < 3 < 10 < 30 < 70 0 < 3 < 10 < 30 < 70 0, 3 < 10, 30 < 70

Scenario

4

Error

65

1.000

1.000

0.081

0.988

1.000

1.000

Table 2. Analyses of variance on the effect of turbidity scenario on the physical parameters. One-way ANOVA
on turbidity (FNU), light (DLI) and sedimentation data, at the end of the experimental and observational phase.
Tukey tests have been performed for signifi ant pairwise multiple comparisons between scenarios (scenarios: 0,
3, 10, 30 and 70 FNU).

turbidity value is used hereafter to refer to the treatments, and thus, for instance, the 70 FNU scenario refers to the
SSC combination and DLI specifi d in Table 1 (76 mg L−1 and 0.15 mol photons m−2 d−1, respectively).

Sponge health, growth and stress responses to sediments.

Overall sponge health was negatively
affected by the scenarios ≥ 10 FNU although the extent of the impact and the ability to recover during the observational phase were species-specific. Changes in biomass per unit area (mg cm−2) in Cliona orientalis, which are
related to its bioerosion rate, varied greatly among scenarios. During the experimental period, the decrease in
biomass in this species was higher under 3, 10 and 70 FNU scenarios, suggesting a continuous bioeroding activity
(Fig. 2). The increase in biomass in the 30 FNU scenario was unexpected, and possibly due to an accumulation
of sediments within the cores of some replicates, particularly in the necrotic regions which exposed the rugose
and porous coral substrate and could accumulate sediments (see Fig. 3a) Overall, the variability among replicates
was very high, and signifi ant differences were only detected between the 10 and 30 FNU scenarios (Table 3a).
For Carteriospongia foliascens and Ianthella basta, growth based on surface area throughout the experiment
(i.e. experimental plus observational periods) had a negative relationship with increasing FNU, with greatest
regression from both species at the 70 NTU scenario (Fig. 2a, Table 3a). Positive growth was only detected in C.
foliascens in the ≤ 3 FNU scenarios, while negative growth occurred in the ≥ 30 FNU scenarios, during both the
experimental and observational periods. I. basta showed negative growth under all dredging scenarios except for
the control (Fig. 2a, Table 3a).
For C. orientalis, 20% of individuals (n = 4 replicates) died after 14−28 d in the 70 FNU scenario
(Supplementary Fig. S1). While all remaining individuals in the ≥ 10 FNU scenarios had minor to moderate
bleaching (discolouration) during the experimental period. These partially bleached sponges recovered their initial pigmentation during the observational phase (Fig. 2b). In contrast, C. foliascens was particularly sensitive,
showing signifi antly higher rates of necrosis and mortality under the ≥ 30 FNU scenarios. Mortality affected
10, 55 and 85% of C. foliascens individuals in the 10, 30 and 70 FNU scenarios, respectively, with necrosis and
mortality observed after 28, 21 and 7 d, respectively (Fig. 2b, Supplementary Fig. S1). No mortality was evident in
the heterotrophic I. basta throughout the experiment; however some individuals had partial mortality with most
tissue lost in sponges exposed to ≥ 30 FNU (Fig. 2b, Table 3b).
Mortality data for C. foliascens was fitted to nonlinear regression curves to calculate the lethal concentration
(LC) at which 50% (LC50) and 10% (LC10) of the population died. Nonlinear regression of the dose−response
curve (R2 = 0.9567, AICc = 48.11) met assumptions of normality and homoscedasticity and the replicates test
showed no evidence for lack of fit (P = 0.694). After the 28 d exposure period, the LC50 (and 95% confide ce
intervals range) for mortality in C. foliascens was 47 mg L−1 (range: 40−56 mg L−1) and the LC10 was 22 mg L−1
(range: 14−31 mg L−1). These SSCs corresponded to an LC50 value for DLI of 0.3 mol photons m−2 d−1 (range:
0.21–0.33), and an LC10 DLI of 0.9 mol photons m−2 d−1 (range: 0.61–1.26 mol photons m−2 d−1). Mortality data
from C. orientalis did not meet model assumptions and LC values could not be calculated.
In addition to partial or total mortality, sponges showed different sublethal responses to dredging-related pressures. Visual assessments of C. orientalis throughout the experiment revealed a signifi antly higher percentage
of open oscula in the lower turbidity scenarios (<10 FNU) from day 7 until the end of the experimental phase
(ANOVA: P < 0.05, Fig. 2c), indicating reduced pumping activity in this species within the higher turbidity scenarios (≥10 FNU). However, all oscula appeared open again once sponges were returned to control conditions
during the observational phase (Fig. 2c, Fig. 3a, Table 3c). In contrast, C. foliascens produced layers of mucus
when exposed to any sediment (Fig. 2c, Fig. 3b). The percentage of mucus cover was signifi antly higher in the 10
and 30 FNU scenarios at the end of the experimental phase, although no mucus was produced during the observational period (Fig. 2c, Table 3c). I. basta produced a moderate amount of mucus when exposed to sediments
(Fig. 3c); with a signifi antly higher percentage of mucus cover in samples from the 30 and 70 FNU scenarios
at the end of the 28 d exposure period and no mucus production observed during the recovery period (Fig. 2c,
Table 3c). In both species the mucus layers were observed to eventually slough off the sponge surface leaving clean
tissue relatively free of sediments (Fig. 3b-c). The observed sublethal responses to sediments were directly related
to the percentage of sediment cover observed on top of sponges during the experiment (Fig. 2d).

Lipid analysis. No depletion of total lipid content per sponge biomass was detected in the control samples
throughout the experiment (i.e. from Time 0 until the end of the observational phase, T-tests: P > 0.05 for all
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Figure 2. Sponge health, growth and behavioural responses. (a) Growth based on changes in biomass per unit
area in C. orientalis (mg cm−2) and percentage change in surface area in C. foliascens and I. basta, (b) percentage
of necrotic, bleached, or regressed tissue (bars) and colour scale (lines), (c) percentage of open oscula in C.
orientalis and mucus production in C. foliascens and I. basta as stress responses to sediments, (d) percentage
of sediment cover on sponges, and (e) percentage of sponge biomass comprised of lipids, for all species and
targeted scenarios (0, 3, 10, 30 and 70 FNU) after the 28 d experimental period and 14 d observational period
in a, b and e and throughout the experiment in c and d (mean ± SE). Asterisks in c show statistically signifi ant
differences between scenarios (ANOVA: P < 0.05).

species). However, total lipid content was lower in all species exposed to the ≥ 30 FNU scenarios by the end of the
exposure period, although this was not statistically signifi ant in C. orientalis (Fig. 2e, Table 3d). The percentage
of total lipids in C. foliascens decreased from 6.3% ± 0.66 (mean ± SE) in the control to 2.9% ± 0.32 in the 70 FNU
scenario, and no signifi ant recovery of lipid content occurred during the observational phase. Similarly, the percentage of total lipids in I. basta decreased from 13.1% ± 1.13 (mean ± SE) in the control to 7.2% ± 0.47 in the 70
FNU scenario. Some recovery of lipid content was evident in I. basta towards the end of the observational phase
(Fig. 2e, Table 3d). Finally, C. orientalis exposed to the 30 and 70 FNU scenarios exhibited a dramatic recovery in
percent total lipids during the observational period (Fig. 2e, Table 2d).

Chlorophyll flu rescence. Maximum quantum yields were highly stable among scenarios in the phototrophic sponge C. orientalis throughout the experimental and observational phases (Fig. 4a, Table 4a). In C. foliascens, maximum quantum yields were significantly lower in bleached (discoloured) individuals from day 21 and
28 under the 70 and 30 FNU scenarios, respectively (Fig. 4a, Table 4a). High rates of bleaching, necrosis and
subsequent mortality precluded recovery in this species.
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Figure 3. Sponge behavioural responses to sediments. (a) C. orientalis, (b) C. foliascens, and (c) I. basta.
Healthy and impacted sponges under the control (0 FNU) and highest turbidity scenario (70 FNU), respectively,
and their visual responses to sediment stress (i.e. oscula closure, mucus production and tissue regression).

Pigment analysis. Chl a concentration was highly correlated to total chlorophyll in both C. orientalis and
C. foliascens (R2 = 0.997 and 0.998 and P < 0.001, respectively). In addition, Chl a was highly correlated to Chl
c in C. orientalis and negatively correlated to Chl d in C. foliascens (R2 = 0.993, −0.392 and P < 0.001, respectively). Overall, concentrations of Chl a were stable throughout the experiment in the controls and lower turbidity scenarios (≤3 FNU) (Fig. 4b). However, signifi antly lower concentrations of Chl a were observed under
higher turbidity scenarios (≥30 FNU) at the end of the experimental period for both species (Fig. 4b, Table 4b).
Accordingly, Chl c in C. orientalis also decreased signifi antly in the 70 FNU scenario (ANOVA: P < 0.001) at the
end of the experimental period (Supplementary Fig. S2). At the end of the 14 d observational period, C. orientalis
did not show any signifi ant differences between scenarios, consistent with a recovery of its original health status,
colour and quantum yields after temporary bleaching (Fig. 4b, Table 4b, Fig. S2). C. foliascens did not recover
during the observational period, and signifi antly lower values of Chl a were retrieved from scenarios ≥ 10 FNU
(Fig. 4b, Table 4b). However, the negative correlation between Chl a and Chl d in C. foliascens, and a signifi ant
increase in Chl d in samples exposed to ≥ 30 FNU scenarios (ANOVA: P < 0.001), suggests an increase in some
Chl d-containing Cyanobacteria under the higher turbidity scenarios (Fig. S2).
Non-metric Multi-Dimensional Scaling (nMDS) analysis of normalized data for all pigments retrieved by
spectrophotometry (Chl a, Chl b, Chl c, Chl d, Total Chlorophyll and Carotenoids) showed some grouping of
the samples according to scenarios for both species (Fig. 4c). Th s was most evident for C. foliascens exposed
to ≥ 10 FNU (Fig. 4c), which is consistent with patterns observed for Chl a. PERMANOVA analysis confi med
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Parameter

Phase
Expt.

Obs.

Expt.

F

P

F

P

F

Scenario

4

3.864

0.009

14.348

<0.001

10.674 <0.001

Error

45
0, 3 > 10, 30, 70

0 > 3, 10, 30, 70

0.024

17.623

12.283 <0.001

10 < 30

Scenario

4

Error

45

3.116
10 < 30

Scenario

4

Error

45

Tukey
Obs.

Ianthella basta

df

Tukey

(b) % necrosis,
bleaching & tissue
regression

Carteriospongia
foliascens

Source

Tukey

(a) growth

Cliona orientalis

Scenario

4

Error

45

39.639

<0.001

Expt.
(c) stress responses

4

Error

45

SNK
Obs.

Expt.

Scenario

4

Error

45

Scenario

2

Error

27

Obs.

31.435 <0.001

<0.001

0, 3, 10 < 30, 70

0, 3 < 30, 70

0.547

36.878

22.751 <0.001

103.028

<0.001

<0.001

0, 3, 10 < 30, 70

0, 3 < 30, 70

7.439

19.567 <0.001

<0.001

0, 3 > 10, 30, 70

0, 3 < 10, 30

0, 3, 10 < 30, 70

0.367

0.831

1.000

1.000

1.000

1.709

0.200

13.913

<0.001

10.400 <0.001

9.874

<0.001

1.292

0.291

6.293

0 > 30, 70

Scenario

2

Error

27

SNK

0 > 3, 10, 30, 70

31.694

3.063

SNK

(d) % lipids

0, 3, 10 > 30, 70

0, 3 < 30, 70

Tukey
Scenario

<0.001

P

0 < 30 > 70

1.000

0 > 30 > 70
0.006

0 > 70

Table 3. Analyses of variance on the effects of dredging on the physiological responses of sponges. (a) One-way
ANOVA on sponge growth (changes in biomass per unit area in C. orientalis, and relative growth rate based on
surface area in C. foliascens and I. basta), (b) One-way ANOVA on ranks of the percentage of necrotic, bleached
and regressed tissue, (c) One-way ANOVA on percentage of open oscula in C. orientalis and on percentage
of mucus coverage in C. foliascens and I. basta, (d) One-way ANOVA on the percentage of sponge biomass
comprised of lipids, for each species separately, at the end of the experimental and observational phase. Tukey
and Student Newman-Keuls (SNK) tests have been performed for signifi ant pairwise multiple comparisons in
a-b and c-d, respectively (scenarios: 0, 3, 10, 30 and 70 FNU).

signifi ant differences between scenarios in both species, with subsequent pair-wise testing showing main differences between low and high turbidity scenarios (Table 4c).

Discussion

Turbidity associated with the release of sediments into the water column by dredging or natural resuspension can
affect the sponge holobiont in many ways, primarily involving suspended sediment, light attenuation and sediment deposition. These stressors can act either alone or, more frequently, in combination and can change rapidly
according to sea-state, cloud cover, and diel and tidal cycles4, 32. Th s ‘protean’ characteristic of turbidity makes it
very difficult to predict impacts for management purposes. The results from this study show a range of responses
from three sponge species to the combined effects of elevated SSC, light attenuation and sedimentation, with
sponge health being negatively affected by moderate to high turbidity scenarios (≥10 mg L−1, ≤0.8 mol photons
m−2 d−1). Responses included the production of mucus-like substances, bleaching, oscula (excurrent openings)
closure, lipid depletion and tissue regression. Reduced chlorophyll content and low maximum quantum yield
under the highest turbidity scenarios (≥33 mg L−1, ≤0.5 mol photons m−2 d−1) also indicated negative effects on
the photosymbionts within the phototrophic sponges. In fact, for the phototrophic species, when light reduction
and elevated suspended sediments were combined, it resulted in greater sub-lethal and lethal effects than seen
previously when the stressors were applied in isolation23, 34–36. In addition, mortality occurred in C. foliascens and
C. orientalis under the highest turbidity scenario (90% and 20%, respectively), although most C. orientalis and all
individuals of I. basta survived and recovered once returned to clear water conditions.
The response of the sponges to the combined stressors and even to isolated stressors in the studies described
in34–36 was varied and particular to the sponge species and nutritional mode being examined. Elevated turbidity
caused some sponges, especially C. foliascens, to produce mucus-like sheets which trapped sediments. The sheets
eventually sloughed off the surface into the water column removing sediments from the sponge. The term mucus
has been used here in a broad sense37, as the composition of the sponge mucus layer has not been characterised. Production of mucus-like substances in sponges has been anecdotally noted before in Hemectyon felix25,
Crambe crambe38, Mycale acerata39, Rhopaloeides odorabile40, Carteriospongia foliascens, Coscinoderma matthewsi,
Cymbastela coralliophila and Stylissa flabelliformis36. The formation of mucus sheets has been previously reported
in hard corals, particularly from the genus Porites41, 42. A number of studies have inferred this plays a role in
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Figure 4. Photosymbiont response to the 5 different scenarios. (a) Mean values (±SE) of maximum quantum
yield, (b) Mean values ( ± SE) of Chl a, and (c) Non-metric Multi-Dimensional Scaling (nMDS) of all
photopigments retrieved by spectrophotometry, for the two phototrophic species and for all scenarios in the
experimental and observational phases.

self-cleaning in Porites spp. to combat sedimentation, although others have suggested this is a secondary phenomenon42, 43. Certainly for species such as C. foliascens and I. basta the episodic shedding of sediment-impregnated
mucus-sheet was an effective mechanism to remove surface accumulated sediments (Fig. 3b). As also noted for
corals, the production of the layer is expected to come at an energetic cost44, which would make it a difficult process to sustain during chronically elevated suspended sediments loads11, 35 and/or repeated smothering36.
To our knowledge, this is the fi st study to quantify the production of the mucus-like substance over time in
sponges, and specifi ally, in response to sediment exposure. C. foliascens and I. basta both produced mucus layers
under all sediment treatments (≥3 mg L−1), although C. foliascens showed the highest percentage of mucus cover
(i.e. up to 80%) from the start of the experiment. C. foliascens also experienced a depletion in energy reserves and
high mortality towards the end of the exposure, which may be due to an inability to maintain phototrophic feeding under low light conditions (as suggested by decreased Chl a and reduced maximum quantum yields under
the high turbidity scenarios). These results are consistent with previous research reporting that C. foliascens is
unable to shift between nutritional modes (i.e. increasing heterotrophic feeding), and its intimate and potentially
obligate symbioses with Cyanobacteria is adversely impacted by high SSCs and light attenuation34, 35. Therefore,
formation and sloughing of mucus sheets in C. foliascens may only be effective under low SSCs with limited light
attenuation or as a short-term response (<7 d) under higher turbidity scenarios before irreversible effects occur.
C. orientalis showed a signifi ant reduction in the number of open oscula under high SSCs, with total oscula
closure in the highest turbidity scenario. Oscula closure in this species is strongly correlated with reduced pumping28, which is a common response of sponges to elevated SSCs25, 26, 28, 35, 39, 45, 46. Th s response can be effective in
the short term as it prevents clogging of the aquiferous system. However, it can also adversely affect filter-feeding,
reducing food-retention efficiency and potentially leading to starvation in obligate heterotrophs35, 39, 40. Increased
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Cliona orientalis
Parameter

Phase
Expt.

Source

df

F

P

F

P

Scenario

4

2.920

0.031

7.338

<0.001

Error

45
10 > 30

SNK

(a) maximum
quantum yield
Obs.

Scenario

4

Error

45

0, 3, 10 > 70

0.914

0.464

10.520

<0.001

Scenario

4

Error

45

SNK

(b) Chl a
Obs.

Scenario

4

Error

45

23.286 <0.001

3, 10 > 30 > 70

0, 3 > 10 > 30, 70

1.726

0.161

20.077 <0.001

SNK
(c) PERMANOVA
of all pigment
Expt. + Obs.
data

20.824 <0.001
0, 3, 10 > 30, 70

SNK
Expt.

Carteriospongia
foliascens

0, 3 > 10 > 30, 70

Scenario

4

5.4241

0.0001

24.9

Time (Scenario)

5

3.6263

0.0009

2.3848 0.0071

Error

90

Pair-wise Tests

0 ≠ 3, 10, 30 ≠ 70

0.0001

0, 3 ≠ 10 ≠ 30, 70

Table 4. Analyses of variance on the effects of turbidity scenarios on photosymbionts. One-way ANOVA
examining the effects of turbidity scenarios on (a) maximum quantum yield and (b) Chl a concentrations, at
the end of the experimental and observational periods, with Student Newman-Keuls (SNK) tests performed
for signifi ant pairwise multiple comparisons, and (c) Two-way PERMANOVA of all pigment data (Chl a, b,
c, d, total Chlorophyll and Carotenoids) with scenario and time as factors, for the two phototrophic species
(scenarios: 0, 3, 10, 30 and 70 FNU).
oscular closure together with potential canal blockage may explain the mortality of 20% of C. orientalis individuals in this study and is likely to be a response to the suspended sediment concentration.
A common feature in the higher turbidity scenarios in the phototrophic species was sponge bleaching or tissue
discolouration concomitant with reductions in chlorophyll concentration. Th s was often a sublethal response,
and in many cases sponges regained their pigmentation in the post exposure observation period. However, in the
high turbidity scenarios, bleaching and partial and whole sponge mortality were intimately linked. Bleaching in
these species has been reported previously solely in response to light deprivation34, and the response is most likely
a function of the low light levels associated with the turbidity scenario, as opposed to the high SSCs.
In addition to the production of mucus layers, I. basta also underwent tissue regression in response to high
SSCs, which reduces the number of choanocyte chambers and results in more densely packed cells47, 48. Th s
mechanism for coping with sediment stress reduces the risk of the aquiferous system becoming clogged, but
also causes the sponge to enter a stress-induced ‘dormant’ state47. This dormant state may not be energetically
sustainable in the long term as suggested by the reduction in total lipids in I. basta under high turbidity scenarios.
Hence, although all 3 species possess mechanisms to cope with different sediment-related stressors, and despite
the ability of both C. orientalis and I. basta to survive and recover from sediment stress in this 28 d experiment, we
hypothesize that all 3 species would undergo higher mortalities if the stressors persist in time.
The development and use of sub-lethal stress indicators would alert dredging proponents of water quality
conditions before they could detrimentally impact sponge populations. Discolouration and necrosis of sponge
tissue have been previously described as effective bioindicators for dredging related stress35. However, discolouration could also be related to natural causes or diel patterns in some species, such as the day-night migration of
Symbiodinium sp. in C. orientalis49 which would require the use of this bioindicator with caution and at defined
times. On the other hand, lesion formation (i.e. partial mortality) may be irreversible in some sponge species and
lead to rapid mortality as observed here and in previous studies for C. foliascens34, 35. Although it is challenging
to identify universal bioindicators that could be applied to all sponges, our results suggest that mucus sheet production, oscula closure and tissue regression could be effective bioindicators of turbidity-related stress in some
sponge species and could be incorporated into future sponge monitoring programs. Mucus excretion has previously been proposed as a useful indicator for sediment stress in sponges10, 11 and corals50, 51 and tissue regression
has previously been described as a symptom of stress47.
The response of some of the species to the combined effects of elevated suspended sediment and reduced light
availability was more immediate and severe than when applied alone in previous studies conducted under the
same or similar conditions and species34, 35. Specifi ally, decreased light levels coupled with high SSCs affected
both phototrophic and heterotrophic feeding strategies simultaneously and likely contributed to the earlier and
higher mortalities observed in C. foliascens and C. orientalis in comparison to previous studies assessing these
factors independently34, 35. For example, in this study, exposure of C. foliascens to high SSCs (33 mg L−1) in combination with low light (0.5 mol photons m−2 d−1) resulted in tissue bleaching and 55% mortality within 28 d. In
contrast, exposure to 0.8 mol photons m−2 d−1 (with a SSC of 0 mg L−1) did not cause any mortality34, and exposure to 23 mg L−1 (with a DLI of 5 mol photons m−2 d−1) resulted in lower mortality35 (Supplementary Table S1).
Similarly, exposure to 76 mg L−1 in combination with a DLI of 0.15 mol photons m−2 d−1 resulted in tissue
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Species Name (Author)

Functional Morphology

Primary Nutritional Mode

Sampling location

Cliona orientalis (Thi le,
1900)

Encrusting (bioeroding)

phototrophic

55

Pelorus Is. (Palm Is.) S
18°32.903′ E 146° 29.172′

Carteriospongia
foliascens (Pallas, 1766)

Cup (wide cup)

phototrophic56

Fantome Is. (Palm Is.) S
18°41.028′ E 146° 30.706′

Ianthella basta (Pallas,
1766)

Erect (laminar)

heterotrophic57

Fantome Is. (Palm Is.) S 18°
42.291′146° 30.591′

Table 5. List of sponge species, morphologies, nutrition mode and sampling locations.

bleaching and 85% mortality within 7 d, whilst exposure to 73 mg L−1 alone resulted in mortality only after 14 d,
and 0 mol photons m−2 d−1 alone resulted in mortality only during the recovery period (>28 d) (Supplementary
Table S1). There was some sediment deposition on the sponges in this study which is another potential known
stressor; however, the accumulation rate of sediment was low, reaching up to 5.2 mg cm−2 d−1. In previous studies,
exposure to repeated sediment deposition events of up to 44 mg cm−2 for over a similar period (28 d) did not
result in any bleaching or mortality in a range of species, including C. foliascens36. For C. orientalis, it occasionally
resulted in small accumulations of sediment in local surface depressions which led to small bleached patches and
eventually to lesions. Although deposition rates in the present study were lower, similar bleached patches were
observed where sediments accumulated.
It is possible to place the results of this study and previous studies34, 35 into context, using recent analyses of
water quality monitoring data from several large scale dredging projects in tropical waters5, 6, 33. The impacts of
dredging on light attenuation and SSCs followed a power-law decay relationship, with sites near the excavation
activities experiencing greater changes to water quality than more distant ones5. One of the dredging campaigns
was conducted in a clear-water environment (Barrow Island, Western Australia4), with similar water quality to the
collection location of sponges in this study. The average nephelometrically-derived SSCs and DLIs were calculated
for five sites located <1 km from the dredging5. Over 30 d running mean periods determined for the duration of
the 1.5 year program, the P5 of mean DLIs was 0.4 mol photons m−2 d−1, as opposed to 1.9 mol photons m−2 d−1
during the baseline phase. Based on the laboratory studies examining the effects of light reduction alone over
a similar period, a DLI of 0.8 mol photons m−2 d−1 resulted in bleaching in C. orientalis and C. foliascens 34.
During the dredging, the P95 of SSCs over a 30 d running mean period was 23 mg L−1, as opposed to 3.2 mg L−1
during the baseline phase. The laboratory based studies, examining the effects of elevated SSCs alone over a 30
d period, showed a range of effects at ≥23 mg L−1 and few negative effects at SSC of ≤10 mg L−1 35. Both of these
laboratory-based studies suggest that even when applied in isolation, exposure to environmentally realistic conditions (of light reduction and elevated SSCs during dredging) could have negative effects on sponge communities.
The results from this study, suggests that combinations of high SSCs and low light availability can accelerate and
increase mortality increasing the probability of biological effects.
Finally, although sponges have mechanisms or adaptations to cope with dredging-related pressures in the
short term, these tolerance mechanisms come at a cost, as evidenced by reduced lipids and deterioration of sponge
health in all species towards the end of the experiment, suggesting that longer term exposure to similar conditions
is likely to result in higher mortality. The LC50 and LC10 values derived for C. foliascens in this study and a previous study35 could be used by managers and dredging proponents when implementing zones of impact based on
dredge plume models. Priorities for future research include (i) assessing longer term impacts, (ii) assessing the
effect of different frequency events and (iii) assessing the effects on potentially sensitive early life history stages.

Methods

Sample collection. Th ee sponge species, representing three general morphologies (encrusting, cup and
fan) and nutritional modes (i.e. phototrophic and heterotrophic), were collected from 3−15 m depth from
the Palm Islands, central Great Barrier Reef (GBR) in March 2016 (Table 5). Cliona orientalis (Thi le, 1900),
Carteriospongia foliascens (Pallas, 1766) and Ianthella basta (Pallas, 1766) are common throughout the IndoPacific, including the east and west coasts of tropical Australia52. At least one quarter of each sponge individual was left in the fi ld in order to facilitate recovery53. C. foliascens and I. basta were cut into large explants
(~5 × 5 cm) and cores (radius: 2.45 cm, height: 2 cm) of the encrusting sponge C. orientalis were drilled from
dead colonies of Porites spp. Sponges were transported to the Australian Institute of Marine Science (AIMS,
Townsville) and acclimated for two weeks under natural light conditions in a 5000 L tank with fl w-through seawater at 28 °C and 36‰ salinity. Experiments were conducted with calcareous sediment collected from the lagoon
of Davies Reef, a mid-shelf reef centrally located in the GBR (S 18° 49.354′ E 147°38.253′) and processed to a
predominately silt-size typical for dredge plumes54 (mean particle size of 29 µm, range: 3-64 µm) as described in35.
Experimental set up.

Experiments were conducted in 10 × 1200 L fibreglass tanks with 5 µm filtered
seawater in an environmentally controlled room within the National Sea Simulator (SeaSim) at AIMS (see
Supplementary Fig. S3). Sponges were placed on a false bottom fl or made from fibre reinforced plastic grating
(80% open) at a depth of 50 cm below the surface. Each tank had a Perspex window for observations during the
experiments.
Sponges were exposed to 5 different situations representing different intensities of increased suspended sediment concentrations (SSCs), and associated light attenuation and sedimentation rate (see Table 1). Hereafter, the
different treatments are referred to as ‘scenarios’ and based on the nominal turbidity (0, 3, 10, 30 and 70 NTU)
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(Table 1). Two tank replicates were used for each scenario, with 10 replicate sponges per species in each tank. As
replicate tanks within each treatment behaved similarly throughout the experiment for all physical parameters
(i.e. turbidity, light and sediment deposition, T-tests: P > 0.05), and sponges were unlikely to influence each other
within the large 1200 L tanks (i.e. sponges were >20 cm apart), sponges rather than tanks were used as replicates
for statistical analyses. Sponges were acclimated to experimental control conditions in the tanks for one week
prior to commencing the experiment. The experiment ran for a 28 d ‘experimental period’ followed by a 14 d
‘observational’ period where all sponges were returned to sediment-free seawater (Table 1).
The SSCs and associated light combinations were based on recently reported data from several large scale
capital dredging programs5, 6 (Table 1). Because the experiments were conducted in shallow containers (with only
50 cm water depth), the light attenuation associated with a given SSC would be much less than would occur in
situ on a typical reef and it was therefore necessary to adjust the light accordingly. We nominally chose a water
depth similar to the sponge collection depth (7 m) and used the relationships between water depth, SSC and PAR
described in6 (which was based on empirical data collected by multiple light profiles through a dredging plume)
to simulate the maximum down welling irradiance for a clear (cloud-free) sky at solar noon (with an initial
underwater, 0 m depth PAR value of ~1530 μmol photons m−2 s−1)6. During cloudy days, at lower azimuth angles
and at different sea states, underwater light quality and quantity would differ substantially.
Lighting was provided by 2 custom-made sets of Light Emitting Diodes (LED) positioned above each tank.
Light within each tank was measured using a photosynthetically active radiation (PAR) Quantum Sensor (Skye,
UK) positioned on the fiber reinforced plastic grating next to the sponges. Both the lights and the light sensor
were connected to a programmable logic controller (PLC) system which controlled the light based on the SSC
(see above). In addition, light intensity in each tank simulated daylight variation, with a 6 h ramping up from
05:30 h (sunrise) to full light from 11:30−12:30, followed by a 6 h ramping down to sunset at 18:30 h. Light levels
were expressed as the daily light integral (DLI) in units of mol photons m−2 d−1, which is the sum of the per second quantum flux measurements over the course of 24 h.
Water fl w into the tanks was standardized to 1000 mL min−1 to ensure ~1.5 complete turnover per day.
Water temperature was 28 ± 1 °C in all tanks over the duration of the experiment. SSCs were mixed within the
experimental tanks using a recirculating Iwaki MX pump (Iwaki Co., Ltd., Japan) at 45 Hz and an underwater
Hydrowizard pump (Panta Rhei, Germany) which was set to oscillate from 24−25% power in ‘wave’ mode (0.6 s
pulse: 0.6 s no pulse). The combined pumps created a turbulent, fl w typical on shallow coral reefs58, generating
in-tank fl w rates of ~4 cm s−1, as measured using a mini acoustic doppler velocimeter (ADCP, SonTek 16-MHz
MicroADV Sontek, US). To bring the SSC to the desired levels and to replace sediment lost from the tanks (by the
water exchange) short pulses of a high SSC (~6 g L−1) sediment slurry from a 500 L stock tank was episodically
injected into the tanks through a solenoid valve. SSCs were continually measured in each tank using turbidity as
a proxy, using Turbimax CUS31 nephelometers (Endress and Hauser, Germany) connected to the PLC system.
Nephelometers were calibrated to formazin nephelometric units (FNU), and a near 1:1 correlation was established between FNU and mg L−1 of sediment (see equation below). SSCs in the tanks were kept constant by a continuous feedback mechanism from the nephelometer probes through the PLC which also controlled the opening
and closing of the solenoids as required. Associated with the SSC, and corresponding light level, there was also
some sedimentation that occurred on the sponges in the tanks (Table 1).

Physical parameters.

Water samples (3 × 200 mL) were collected from each tank each week and the SSCs
were determined gravimetrically by filtering the samples through pre-weighed 0.4 µm polycarbonate filters, drying the samples (60 °C for 24 h) and re-weighing the filters.
Th oughout the experiment, FNU values related to SSCs according to the following equation:
SSC(mg L−1) = 1.089 × FNU(F1,9 = 578.5, P < 0.01, R2 = 0.985)

Sediment deposition was measured in real-time using a deposition sensor59 located in the middle of the grate
fl or and two SedPods60 (Surface Area = 25.2 cm−2) randomly placed in each tank. SedPod sediment accumulation rates were measured weekly by collecting and filtering sediments that settled on the surface for 24 h.
Differences in turbidity and DLIs were analysed between replicate tanks with T-tests and with a one-way
repeated measures analysis of variance (ANOVA) at the end of the experimental and observational phase with
treatment as fi ed factor. Differences in SSCs and SR between treatments were furthered assessed throughout the
experiment with a two-way repeated measures ANOVA using treatment (i.e. scenario) and day as fi ed factors.
Unless otherwise stated, statistical analyses and graphs were performed using the software R v. 3.1.061 and
SigmaPlot v.11.0 (Systat Software Inc.).

Studied parameters.

After the 28 d experimental period, 10 individuals from each species were sampled
from each scenario (and removed from the experiment), and a further 10 individuals were sampled after the 14
d observational period, for all ‘destructive’ analyses (i.e. lipids and pigments). To obtain baseline data on sponge
health, 5 extra individuals were processed for each species after aquarium acclimation (t = 0 controls).
In order to enable weekly ‘non-destructive’ measurements (i.e. pictures, visual assessments and fluorescence
measurements), sediment dosing was interrupted and the power in the Iwaki and Hydrowizard pumps decreased
to 20 Hz and 1% respectively, causing a subsequent drop in turbidity levels in the tanks for a period of < 20 h from
16.00 h on Tuesday until 12.00 h on Wednesday, each week. Light values, however, were maintained at the corresponding levels irrespectively of SSCs to minimize effects on the experimental scenarios.

Sponge health, growth and stress responses to sediments. A 2-dimensional approach for
growth (i.e. surface area), partial mortality (necrosis), tissue regression and loss of photosynthetic symbionts
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(discolouration or bleaching) were recorded weekly using a digital camera and analysed using image analysis software (ImageJ62). Growth and bioerosion in C. orientalis cores was determined using buoyant weights (±0.001 g)
before and after the experimental and observational periods, and normalized to surface area to obtain changes in
biomass per unit area, which are correlated to bioerosion rates in this species63. Relative growth rates in C. foliascens and I. basta were calculated as the log10 of their fi al surface area (SA) measure divided by their initial SA.
In addition, sponges were visually assessed at midday once a week to check for stress responses, including
percent mucus cover, sediment cover, bleaching and necrosis. Sponges presenting >50% necrosed tissue were
considered effectively dead and were sampled for ‘destructive’ analyses. The percentage of tissue regression was
also assessed in I. basta, which presents a dynamic pattern of regression/recovery47. The contractile behaviour of
the oscula in C. orientalis was used as an additional stress response. Th s involved comparing the numbering of
open oscula to the total number of oscula per individual throughout the experiment.
All treatment effects were tested with one-way ANOVAs; statistical analyses found that there was no significant difference between tanks within scenarios, thus tank effect was not considered further. In any instances
where homogeneity of variances and normality were not met, a Kruskal-Wallis one-way ANOVA on ranks was
performed. Mortality data was fitted to nonlinear regression curves using the program Prism v7.01 (GraphPad
Software Inc, US). Regression curves were used to calculate the lethal concentrations (LC) of SSC and DLI at
which 50% (LC50) and 10% (LC10) of the population died. The models were constrained between 0 and 100 with
F values set at 50 and 10, for LC50 and LC10, respectively. The curve was tested for normality of the residuals and
a replicate test was applied to assess goodness of fit. Asymmetrical confide ce intervals were calculated for the
LC values.

Lipid analysis. The concentration of total lipids in sponge tissue was measured over time as a proxy for health

(i.e. energetic stress). Samples were analysed at the start of the experiment and at the end of the experimental and
observational periods in the 0, 30 and 70 NTU scenarios. Lipids were extracted from ~100 mg of freeze-dried
ground sample as described elsewhere35, 64, 65. Total lipid content was reported as percentage biomass based on a
dry weight conversion factor. T-tests were used to assess changes in lipid content throughout the experiment in
control samples, whereas differences between scenarios at the end of each sampling point were assessed for each
species separately using a one-way ANOVA.

Chlorophyll flu rescence. Photosynthetic capacity (maximum quantum yield) of the phototrophic symbionts in C. orientalis and C. foliascens was measured with a Diving-PAM (pulse amplitude modulation) chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany) as described in34. Briefly, maximum quantum yield
(Fv/Fm)66 measurements were obtained from dark-adapted sponges (measured before sunrise) at weekly intervals
throughout the experimental and observational periods. Bleached individuals of C. foliascens that died during
the experiment were assumed to have the lowest detected quantum yield value (zero) in subsequent weeks after
mortality throughout the time series. Changes in maximum quantum yield at the end of the experimental and
observational periods were assessed for each species separately using a one-way ANOVA with scenario as the
fi ed factor.
Pigment analysis. Pigment analyses were performed on tissue from the phototrophic sponges C. orientalis
and C. foliascens at the end of the experimental and observational periods. Pigments from samples incorporating
pinacoderm and mesohyl regions were extracted and analysed as described in23 and standardized to sponge wet
weight. The concentration of Chlorophyll a (hereafter Chl a) was used as a proxy for changes in photosymbiont
health/activity (i.e. bleaching)15. Changes in Chl a concentration at the end of the experimental and observational
periods were assessed for each species separately using a one-way ANOVA with scenario as the fi ed factor.
Pearson correlations were performed between all studied pigments. All pigments measured by spectrophotometry (i.e. chlorophylls a, b, c, d, Total chlorophylls and carotenoids) were used to build resemblance matrices based
on normalized data for each species separately. Non-metric Multi-Dimensional Scaling (nMDS) plots were created using Euclidean distances. Two factors were determined (i.e. scenario and sampling time, nested to scenario)
and examined by PERMANOVA (Permutational multivariate ANOVA based on distances). All multivariate analyses were performed using Primer 6 (Primer-E Ltd, UK).
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Figure S1. Percentage of mortality for each scenario across the experiment in C. orientalis and C.
foliascens.

Figure S2. Mean values (±SE) of (a) Chl c and (b) Chl d in C. orientalis and C. foliascens, respectively, at 5
turbidity scenarios after the experimental and observational periods.

Figure S3. Experimental set up. Experimental set up in an environmentally controlled room within the National
Sea Simulator (SeaSim) at the Australian Institute of Marine Science (AIMS, Townsville, Australia).

Table S1. Response of phototrophic sponges to stressors in isolation and combined. Response of the boring
sponge C. orientalis and the foliose sponge C. foliascens to light reduction (as daily light integral [DLI], mol
-‐2 -‐1
-‐1
photons m d ) and elevated SSCs (nephelometrically-‐derived SSC, mg L ) alone or in combination over a 28 d
experimental exposure period (exp.) and subsequent 14 d observational period (obs.).
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(Source)
SSC constant
34
light variable ( )

Light constant
35
SSC variable ( )

Light variable
SSC variable
(this study)

SSC
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Light (DLI)
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-‐2 -‐1
m d )

Cliona orientalis

0

0

Bleaching (>3 d) but no mortality

0

0.8

10

5

23

5

73

5

11

0.87

33

0.5

76

0.15

Minor bleaching at end of the 28
d exp. but no mortality
~5% bleaching (28 d) but no
mortality
5−10% bleaching in exp. but no
mortality
40% bleaching (>7 d) but no
mortality
~10% bleaching (>21 d) but no
mortality
20% bleaching (>14 d) but no
mortality
60% bleaching (>14 d), 20%
mortality (> 14 d)

Carteriospongia foliascens
Bleaching (>7 d). No mortality in
exp. 100% mortality during obs.
Minor bleaching towards the
end of exp. but no mortality
5−20% bleaching (>21 d) and
20% mortality (from 28 d)
5−20% bleaching (>21 d) and
20% mortality (>28 d)
40−80% bleaching (>14 d) and
90% mortality (>14 d)
20% bleaching (>14 d) and 10%
mortality (>21 d)
90% bleaching (>14 d) and 55 %
mortality (>14 d)
90% bleaching (>7 d) and 85%
mortality (>7 d)
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ABSTRACT
A digital, four-channel thermistor flowmeter integrated with time-lapse cameras was
developed as an experimental tool for measuring pumping rates in marine sponges,
particularly those with small excurrent openings (oscula). Combining flowmeters with
time-lapse imagery yielded valuable insights into the contractile behaviour of oscula
in Cliona orientalis. Osculum cross-sectional area (OSA) was positively correlated
to measured excurrent speeds (ES), indicating that sponge pumping and osculum
contraction are coordinated behaviours. Both OSA and ES were positively correlated
to pumping rate (Q). Diel trends in pumping activity and osculum contraction were
also observed, with sponges increasing their pumping activity to peak at midday
and decreasing pumping and contracting oscula at night. Short-term elevation of
the suspended sediment concentration (SSC) within the seawater initially decreased
pumping rates by up to 90%, ultimately resulting in closure of the oscula and cessation
of pumping.
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INTRODUCTION
Marine sponges (Porifera), and their associated microbial symbionts, perform many
ecologically important functions including: creating and bioeroding substrate, coupling
bentho-pelagic biogeochemical fluxes (e.g., carbon, nitrogen, silicon, and phosphorus
cycling), forming intricate associations with other organisms (Bell, 2008; Maldonado, Ribes
& Van Duyl, 2012), and converting dissolved organic matter to particulate organic matter
for use in oligotrophic food webs (De Goeij et al., 2013; Maldonado, 2016). Furthermore,
marine sponges are present in a wide variety of habitats from the polar regions to the
tropics and from the shallows to the deep sea (Van Soest et al., 2016), and they are often
the most abundant, macrobenthic taxa present (Flach et al., 1998; Diaz & Rützler, 2001;
Heyward et al., 2010).
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Sponges are generally considered ‘simple’ animals, yet they have surprisingly complex
physiologies. Sponges actively pump water through their tissues using specialised chambers
of flagellated cells called choanocytes. Water is pumped through small incurrent pores
(ostia) to a system of channels leading to chambers full of choanocytes before flowing out via
larger excurrent openings (oscula) (Bergquist, 1978). They depend on this water circulation
for most of their essential physiological processes, i.e., food capture, waste elimination,
gas exchange and reproduction (Bergquist, 1978). Sponges filter large volumes of water,
with retention efficiencies between 75 and 99% for particles and biota of various sizes
(Reiswig, 1971; Reiswig, 1975; Pile et al., 1997). Sponge populations can filter the equivalent
volume of the overlaying water column in <1 to 56 days, depending on density, water
depth and community composition (Reiswig, 1974; Pile et al., 1997; Savarese et al., 1997).
Despite the global abundance and ecological importance of sponges, sponge physiology
is understudied, comprising <1% of published literature on sponges (Becerro, 2008).
Currently, pumping rates (Q) have been measured for <0.01% (Weisz, Lindquist & Martens,
2008; Massaro et al., 2012; McMurray, Pawlik & Finelli, 2014) of the approximately 8,700
described species (Hooper & Van Soest, 2002; Van Soest et al., 2016). Sponge pumping is
highly variable depending on the species, being continuous with occasional, temporary
cessation for species with thick tissue layers (Reiswig, 1971; Reiswig, 1974; McMurray,
Pawlik & Finelli, 2014) or periodic in species that are more behaviourally active (Reiswig,
1971; Reiswig, 1974). Generally, sponges with high microbial abundances (HMA) have
lower pumping rates than low microbial abundance (LMA) species (Weisz, Lindquist &
Martens, 2008). Sponge behaviour is also highly variable depending on the species. Some
species can actively open and close their ostia and oscula (Reiswig, 1974; Harrison, 1972;
Weissenfels, 1976; Ilan & Abelson, 1995; Leys & Meech, 2006; Elliott & Leys, 2007); expand
and contract aquiferous systems and pinacoderm (outer layer) (Nickel, 2004; Ellwanger &
Nickel, 2006; Nickel et al., 2011); and even execute coordinated behaviour patterns (Leys &
Meech, 2006; Ludeman et al., 2014).
Contractile behaviours have only been directly linked to sponge pumping rates in two
species: Tectitethya crypta and Verongia reiswigi (Tethya crypta and V. gigantea in Reiswig,
1971; Reiswig, 1974). T. crypta opens its oscula, increasing its osculum cross-sectional
area (OSA) during the day and decreasing it at night. The increased OSA corresponds to
increased pumping rates during the day, which drop off after sunset as the oscula close.
V. reiswigi, on the other hand, exhibits steady pumping with periodic cessations. During
these cessations, the excurrent pores that channel water into the atrium of the osculum
close (Reiswig, 1971).
An enhanced understanding of how sponge physiology and ecophysiology respond
to anthropogenic stressors will be particularly valuable in the current period of rapid
environmental change. Previous studies have shown that pumping rates in sponges
significantly decrease or arrest when exposed to elevated SSCs (Reiswig, 1971; Gerrodette &
Flechsig, 1979; Leys, Mackie & Meech, 1999; Tompkins-MacDonald & Leys, 2008). However,
it remains to be seen if this response is ubiquitous across the Porifera, as it has only been
reported in a few species. During dredging operations, where sediments are removed
from the seabed to either maintain or create ports, SSCs can range from 100–300 mg L−1

Strehlow et al. (2016), PeerJ, DOI 10.7717/peerj.2761

2/21

for periods of several hours and from 10–30 mg L−1 over several days in areas within
500 m of dredging activities (Jones et al., 2015). The physiological and ecological impacts
of sediments at these levels on sponges, even for those species well adapted to turbid
environments, remain largely unknown (Bell et al., 2015; Schönberg, 2015; Schönberg, 2016).
In order to elucidate the relationship between sponge oscula opening/closing behaviour
and pumping rate, we examined the common, Indo-pacific bioeroding sponge Cliona
orientalis (Thiele, 1900). This species contains phototrophic, intracellular symbionts
(Symbiodinium sp.) (Schönberg & Loh, 2005), and it can open and close its oscula (Schönberg, 2000), consistent with other Clionaids (e.g., Grant, 1826; Friday, Poppell & Hill, 2013,
B Strehlow, pers. obs., 2012 Cliona viarians). C. orientalis exhibits increased bioerosion
during the day as well as a diurnal change in symbiont distribution (Fang et al., 2016b),
which indicate that, like T. crypta, it could have a diurnal, physiological rhythm. However,
the pumping and behavioural patterns of C. orientalis have not yet been described over time.
The central aim of this study was to characterise the pumping and behaviour of
C. orientalis, which was achieved by developing a multi-channel digital thermistor
flowmeter that incorporates time-lapse cameras to observe oscula behaviour and excurrent
speeds (ES) concurrently. These values were used to calculate pumping rates under
ambient environmental conditions. The pumping rate was hypothesised to be periodic
and not continuous, hence the relationship between ES and OSA during contractions was
also examined. It was further hypothesized that a positive correlation existed between ES
and OSA and that C. orientalis pumping would follow a diel pattern, increasing during the
day and decreasing at night. In addition, the flowmeter and camera apparatus was used
to determine the pumping and contractile responses of C. orientalis to elevated SSCs from
both single and multi-pulse events. It was predicted that C. orientalis pumping rates would
decrease in response to elevated SSCs comparable to those of a dredging plume.

MATERIALS AND METHODS
Thermistor flowmeter construction and calibration
A four-channel thermistor flowmeter with integrated video camera was designed,
constructed and validated in order to simultaneously measure sponge excurrent speed
and observe sponge behaviour. The thermistor flowmeter was designed and built at the
Australian Institute of Marine Science (AIMS) in Townsville with all testing done at the
AIMS National Sea Simulator (SeaSim). The flowmeter incorporated four independent
thermistor probes and a thermometer to determine ambient temperature. Each glass
thermistor probe (120 series, 1,000  at 25 ◦ C, Honeywell, USA) was set to hold at 10 ◦ C
above ambient temperature. In high flow conditions, the probes drew more power to
maintain this temperature difference hence power could be directly correlated to flow rate.
This design is similar to thermistor flow meters used by Reiswig (1971) and Labarbera &
Vogel (1976); however, in the current model, measurements were recorded digitally and
four probes could measure flow simultaneously.
For calibration, each probe was attached to a carriage running along a rail on top of the
tank and driven by a stepper motor through a belt and pulley system. The probes were
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run across the track at 8 different speeds from 5 to 200 mm s−1 . Three calibration runs
were performed for each speed, and the power used to maintain thermistor temperature
was averaged across the three trials. To confirm precision at different temperatures, the
same calibration runs were performed between 24–29 ◦ C (at 1 ◦ C intervals). Curves were
fitted to a polynomial regression model for power compensation developed by Moore
(2003) using R64 (R Core Team, 2013). R-squared values for polynomial regression models
for all four probes calibrated at four temperatures were greater than 0.99. A successive
approximation method based on the calibration curve was used to back-calculate flow rate
from power output. Custom designed software facilitated modification of the calibration
equations according to temperature. The reliable range of the instrument was defined as
5–200 mm s−1 with an accuracy of ±5 mm s−1 .
As a consequence of having the probes heated to 10 ◦ C above the ambient temperature,
no clear trend could be determined between ambient temperature and power, with curves
from different temperatures intersecting at two points. Under identical flow conditions,
differences in measured flow of 5 mm s−1 could be recorded if temperatures changed
by >1 ◦ C. Experiments were therefore conducted at a controlled temperature for which
a specific calibration curve was generated. As the logging software records changes in
temperature to ±0.01 ◦ C, experiments can be monitored effectively, quality controlled and
were aborted if temperatures changed by ≥0.5 ◦ C.

Sample collection and experimental setup
Small sponge explants (50 mm in diameter and containing several oscula) air drilled
from large colonies of C. orientalis inhabiting (bioeroding) the skeleton of dead Porites sp.
coral. Explants were collected at a depth of 3 m from reefs around Pelorus Island on the
inshore Great Barrier Reef (GBR) (S18◦ 32.9030 E146◦ 29.1720 , GBR Marine Park Authority
Permit:G13/35758.1) and were acclimated to aquarium conditions for two weeks before
experimentation. Aquaria consisted of 100 L tanks (Fig. 1) held at 27 ◦ C. Seawater (5 µm
filtered) flowed into tanks at 600 mL min−1 (∼9 turnovers per day) ensuring abundant
food and nutrients for the animals. Water in each tank was recirculated using an Iwaki
MD magnetic drive centrifugal pump (Iwaki Pumps, Sydney, Australia) that collected
water from the surface and forced it up through the centre point of the inverted pyramid
at the tank’s base (Fig. 1A, IP) in conjunction with a VorTech MP10 pump (EcoTech
Marine, Allentown, PA, USA) mounted inside the tank (Fig. 1, V). Hydra 52 LED lights
(AquaIllumination, Ames, IA, USA) ramped up to 200 µmol photons m−2 s−1 from 5:30 to
11:30, held at the maximum for one hour and then decreased to 0 from 12:30 to 17:30. This
natural daily pattern of light provided sufficient intensity for the phototrophic C. orientalis.

Observations of oscula behaviour, ES, OSA and Q
Waterproof USB endoscopes (7 mm USB waterproof endoscope; Shenzhen Dowdon Tech
Co, Shenzen, China) aided in accurate positioning of the probes over the oscula (item C in
Fig. 1). 3D flow patterns were measured for a single osculum. The probe was positioned
in three dimensions around the osculum, with flow rates measured for 1 min per location.
ESs across the osculum plane were integrated gravimetrically based on the area measured
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Figure 1 Schematic representation of flowmeter and experimental tank. A laptop computer (L) controlled the time-lapse USB camera (C). The ambient temperature probe (A) and the thermistor flowmeter
(T) were controlled by the control box (CB). Data was sent from CB to L for processing. T was positioned
directly over sponge (S) osculum (O). Sediments were kept in suspension using two pumps: a Vortech
MP10 (V) and an Iwaki MD (IP). The latter recirculated water and sediments from below (flow direction
is shown with blue arrows).

to determine the mean ES over the entire OSA (Reiswig, 1974). The ratio of the mean ES
to the centreline ES (EScentre ), i.e., the ES recorded at the centre of the OSA, was 0.90, and
this value was used as the profile correction factor (see Eq. (2)), which accounted for any
decrease in speed at the edge of the osculum (Reiswig, 1974; McMurray, Pawlik & Finelli,
2014). Based on 3D measures of ES, the excurrent stream was considered to be laminar
with a plug-like flow profile.
The OSA and centreline ES (EScentre ) were measured for all oscula (n = 10) on two
different sponge explants (E1 and E2) for approximately 40 min per oscula. Reported
measurements of ES should be considered as EScentre unless otherwise specified. The OSA
was based on the diameter of the osculum as measured by ImageJ (Schneider, Rasband
& Eliceiri, 2012), with area calculated assuming a circle. Reduced major axis (RMA)
regressions were performed using the lmodel2 package in R64 (R Core Team, 2013) to
correlate OSA to EScentre (sensu McMurray, Pawlik & Finelli, 2014). Additionally one-way
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Analyses of Variance (ANOVAs) were run to determine if the ratio of ES: OSA was different
between oscula on the same explant.
At each time point, the instantaneous pumping rate (Q), i.e., ‘‘point rate’’ (Reiswig,
1974), was calculated as follows:
Q = OSA × EScentre × profile correction factor (Adapted from Reiswig, 1974).

(1)

RMA regressions were also performed to relate OSA to Q and ES to Q. This equation was
used to approximate Q based on ES in future experiments:
Q = 5.42 × 10−3 (ES)1.60

(2)

Mean Q values for each osculum were summed to calculated specific pumping rate based
on explant volume. Explant volume was approximated by measuring the surface area on
the top of the core and the depth that the sponge eroded into the substrate and calculating
the volume of the cylinder.

Effects of elevated SSC
If probes were exposed to elevated SSCs, a layer of sediment deposited on them over time.
This layer significantly decreased the probe readings. To counteract this effect, probes
were cleaned twice a day using small burst of water from a submerged transfer pipette.
Two experiments were run exposing C. orientalis to elevated SSCs: (i) a single, short
term exposure and (ii) a long term exposure with three pulses of sediment. Sediments
were prepared from biogenic calcium carbonate sediment collected from Davies Reef (a
clear-water, mid-shelf reef in the central GBR). Sediment was dried and ground using a
rod mill grinder until the mean grain size was ∼29 µm with 80% of the sediment ranging
in size between 3 and 64 µm, as measured using laser diffraction techniques (Mastersizer
2000; Malvern Instruments Ltd, Malvern, UK). Suspended sediments were added to the
experiments gradually (over approximately five min) to reach a level of 100 mg L−1 . This
level was chosen to reflect SSC within 500 m of dredging activities, where SSCs exceeded
100 mg L−1 for periods of several hours (Jones et al., 2015).
In the short term SSC exposure, four explants (E3–6) were tested individually on separate
days. Each of the four trials was independent, and the tanks were cleaned between trials. For
consistency, each trial was conducted at the same time of day. To obtain ‘normal’ pumping
rates (i.e., unaffected by sediment), excurrent speeds from each sponge were measured
for 30 min. Each sponge explant was subsequently exposed to a single pulse of 100 mg
L−1 sediment and monitored for 3.5 h. Sediments settled quickly, with SSC decreasing to
∼50 mg L−1 in the tanks after 1.5 h and to ∼40 mg L−1 after 3 h. Temperature was held
constant at 28 ◦ C for explants 3 and 4, and 27 ◦ C for explants 5 and 6. Q was calculated
using Eq. (2).
In the long term SSC exposure experiment, ES and OSA were recorded for an additional
four explants (E7–10) for 2.5 d before and after three separate sediment pulses of 100 mg
L−1 , each applied over a 4 h period. Again, Q was approximated using Eq. (2). The diurnal
pattern of C. orientalis pumping was also assessed. During the first 24 h of observation,
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Figure 2 Time-lapse images of Cliona orientalis oscular states. (A) Osculum fully open (scale bar: 10
mm). (B) Osculum partially contracted (+10 min) (C) Osculum fully contracted, i.e., closed, following
mechanical disturbance.

diurnal pumping patterns were assessed based on 20 min moving averages of calculated
pumping rates.
Since pumping rates oscillated regularly throughout the day, percentage change
was recorded based on the local maxima (Reiswig, 1974; Reiswig, 1975). SSCs were
monitored using a nephelometer (TPS, Australia), and nephelometric turbidity units
(NTUs) converted to SSCs (as mg L−1 ) by applying a sediment-specific conversion factor.
Sedimentation rates were measured using SedPods (Field, Chezar & Storlazzi, 2013), which
were capped after 24 h in the tank with deposited sediment filtered through pre-weighed
0.4 µm 47 mm diameter polycarbonate filters, incubated at 60 ◦ C for 24 h, and weighed
to 0.0001 g to determine sediment mass. Sedimentation rates during this experiment
were ∼6 mg cm−2 day−1 . Tank temperature was maintained at 27 ± 0.2 ◦ C during the
experiment.

RESULTS
Observations of oscular behaviour, OSA, ES and Q
The oscula of C. orientalis contracted and partially closed (Figs. 2A and 2B) on a regular
basis. When an osculum closed completely the adjacent area also contracted (Fig. 2C),
leaving a small indentation in the tissue. Interestingly oscula on the same explant were
observed to undergo partial contractions asynchronously. If a single osculum was disturbed
mechanically, it closed and ceased pumping within 2 min. If the whole explant was disturbed
or moved within the tank, all oscula on the explant closed within two minutes.
When the oscula opened, the OSA, ES and Q increased. Once open, the osculum partially
contracted regularly again (decreasing OSA), but it did not fully close (Fig. 3A). These
partial contractions coincided with decreased ES. As Q is the product of OSA and ES, it
follows the same periodic increase and decrease. The same partial contractions occurred
when a different osculum was pumping actively (Fig. 3B). Again, Q followed a regular
period. When a third osculum closed (Fig. 3C), the ES decreased proportionally with a lag
of approximately one min.
Summaries of centreline ES, OSA, Q and partial contraction period for ten oscula of
two separate explants are presented in Table 1. Factoring in all oscular flow rates, explants
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Figure 3 Centreline excurrent speeds (ES) and osculum cross-sectional area (OSA) for three different
oscula exhibiting different contractile behaviours. (A) The osculum was actively opening (from a state of
complete closure) and initiating pumping. (B) The osculum was open and actively pumping. (C) The osculum was closing and decreasing pumping.

Table 1 Summary of centreline excurrent speeds (ES), osculum cross sectional area (OSA), pumping rates (±SD) and contraction periods from
ten oscula on two explants of Cliona orientalis during different states of contraction: opening, open (with periodic partial contraction), and
closing (full contraction).
Explant

Osculum

State

Mean ES
(cm s−1 )

Max ES
(cm s−1 )

Mean OSA
(cm2 )

Max
OSA
(cm2 )

Mean pumping
rate (mL s−1 )

Max
pumping
rate
(mL s−1 )

Osculum
partial
contraction
period (min)

1

1

Open

8.27 ± 3.91

16.66

0.027 ± 0.012

0.052

0.234 ± 0.185

0.720

22.25

2

Closing

4.83 ± 2.79

8.51

0.006 ± 0.002

0.010

0.031 ± 0.0212

0.076

17.67

3

Open

7.64 ± 1.49

10.59

0.033 ± 0.006

0.045

0.237 ± 0.081

0.408

19.83

4

Open

5.74 ± 0.83

7.76

0.140 ± 0.030

0.188

0.723 ± 0.189

1.212

20.86

5

Open

7.62 ± 2.87

14.45

0.017 ± 0.003

0.021

0.112 ± 0.040

0.188

23.50

1

Open

8.33 ± 2.98

12.28

0.016 ± 0.003

0.022

0.129 ± 0.062

0.225

25.91

2

Opening

9.32 ± 2.36

12.84

0.002 ± 0.001

0.004

0.018 ± 0.011

0.043

21.75

3

Open

4.69 ± 0.96

6.50

0.010 ± 0.002

0.013

0.041 ± 0.013

0.076

18.67

4

Open

7.47 ± 1.27

9.38

0.033 ± 0.003

0.037

0.224 ± 0.047

0.291

17.08

5

Open

4.81 ± 1.61

7.03

0.011 ± 0.001

0.013

0.051 ± 0.020

0.077

N/A

2

1 and 2 had a mean specific volume flow (per litre of sponge tissue) of 0.020 ± 0.008 and
0.007 ± 0.002 L water s−1 L sponge−1 (mean ± SD). The estimated mean cycle times, i.e.,
the time required for all oscula to pump a sponge’s volume, were 41 and 151 s, respectively.
During active pumping, the osculum partially contracted and then reopened following a
regular period of 20.84 ± 2.86 min.
During partial contraction, full contraction, and reopening, ES was positively related to
OSA (Eq. (3); R2 = 0.431, P < 0.001, n = 1,335, Fig. 4A). On closer examination of the ratio
of ES to OSA for each oscula, significant differences were demonstrated between values
from O2 and all other oscula, O3 and O4, O4 and O1 in E1 (P < 0.05). The difference
in O2 was due its active closure, whereas all other oscula were undergoing regular partial
contraction (Table 1). There are also significant differences between O1 and O3 as well
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Figure 4 Relationships between pumping variables. (A) Excurrent speed (ES) vs. osculum crosssectional area (OSA). Regression lines were computed using reduced major axis (RMA) regression. (B)
Volume flow (Q) vs. OSA. (C) Q vs. ES.

as O3 and O6 in E2. These differences probably account for the ∼50% of variation not
explained by the RMA model. Q was positively related to OSA (Eq. (4); R2 = 0.880,
P < 0.001, n = 1,335; Fig. 4B) and ES (Eq. (2), R2 = 0.946, P < 0.001, n = 1,335, Fig. 4C).
Despite the variation caused by different oscula, both ES and OSA were strongly correlated
to Q. The regression equations were as follows:
ES = 250.48(OSA) + 1.35
Q = 539(OSA)

2.24

(3)
(4)

Effects of elevated SSC
In the short term SSC exposure experiment, small temperature fluctuations did not have
an effect on recorded ESs (Fig. 5). Immediately after exposure to the high SSC, three of the
four explants decreased Q by 42–90%, and minimum pumping rates were reached after 15
min (Fig. 5). E3 started closing immediately after sediment exposure but partially reopened
its osculum and restarted pumping at ∼50% of pre-treatment levels after ∼25 min. E4
exhibited a short burst of increased pumping, and then partially closed its osculum in
response to SSC before reducing pumping rates to ∼50% of the pre-treatment level. After
80 mins of reduced pumping, both E3 and E4 closed their oscula and ceased pumping.
E5 continued pumping in a ‘‘normal,’’ periodic manner for ∼20 min after exposure,
then maximal pumping decreased by ∼50% and osculum closure and pumping cessation
occurred after 180 min. E6 closed its osculum and pumping ceased after 30 min. All
explants exhibited osculum closure and pumping cessation after treatment. On average,
explants kept their oscula open for 99 ± 4 min (mean ± SD) after exposure to sediment.
When explants reduced their pumping rates, partial contraction periods of ∼20 min were
similar to those explants not exposed to SSC (see Fig. 3).
In the long term sediment dosing experiment, explants 7 to 9 increased pumping rates
towards midday, reaching a maximum around the time of highest light intensity (Fig. 6),
and then decreased into the night. Although the ∼28 min period of partial contraction of
each oscula was consistent throughout the day, excurrent speeds and pumping rates varied
during the day. Generally, ES and Q increased during the morning to peak approximately
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Figure 5 Pumping rates (Q) from four oscula of four separate explants (E3–6) exposed to a single dose
of high SSC with ambient temperature (temp) recorded. The vertical, dashed line indicates when sediment was introduced.
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Figure 6 Moving average (period: 20 min) of pumping rates (Q) for four explants (E3–6) over 24 h.
Light intensity is shown on the secondary y-axis, and the grey rectangle represents night.

1 h after midday (maximum light intensity), and decreased during the afternoon and were
very low during night-time. During the night, pumping activity was markedly depressed
and all oscula were either fully or partially contracted. Some pumping occurred at night,
but maximal rates were <50% of those during the day.
On the second day, pumping rates were generally lower and the diel cycle was less
obvious, although night-time speeds decreased for all individuals (Fig. 7). The first sediment
pulse reduced excurrent speeds for all measured oscula (Fig. 7). Maximal excurrent speed
decreased by 41%, 11% and 36% for explants 7–9, respectively (mean: 29 ± 9%). Calculated
maximal pumping rates decreased by 57%, 27% and 51%, respectively, with a mean decrease
of 41% ± 12% mL s−1 (Fig. 7B). In contrast, the maximal excurrent speed of E10 increased
by 7%, and pumping rates increased by 12%. All four explants closed their oscula following
the first sediment dose after an average of 56 ± 67 min. E9 exhibited a very rapid closure,
arresting pumping and closing after 6 min. After the first sediment pulse, all explants except
E8, reopened their oscula and restarted pumping 68 ± 26 mins after closure, albeit at lower
flow rates than before.
Maximal excurrent speeds after the second sediment dosing decreased by 59 ± 19% from
pre-treatment maxima and pumping rates decreased by 71 ± 19%. However, variability
was again detected between explants. E7 ceased pumping and closed its osculum after 70
mins. E8 kept its osculum closed. E10 closed its osculum after <1 min, and E9 kept its
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Figure 7 Pumping rates (Q, blue line) in four explants over five days. (A) The grey rectangles represent
night. The red line on the third day represents suspended sediment concentrations (SSC) (right-side yaxis). Panels E7–10 represent a single osculum of different individual explants measured simultaneously.
(B) Close-up of ‘A’ graphs on the third day, when sediment was added. (C) Ambient temperature over
time corresponding to times shown in (A) and (B).
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osculum open even after the second dose (although maximal excurrent speed and pumping
rate decreased by 23% and 34%, respectively).
After the third sediment dose, all individuals except E9 closed their oscula and ceased
pumping until nightfall. Pumping ceased through the night, in concordance with the diel
pumping pattern observed before treatment. E9 kept its oscula open although excurrent
speed and pumping rates were reduced by 39% and 55% respectively. Approximately 48 h
after the first sediment treatment, E8 and E9 exhibited excurrent speeds and pumping
rates similar to pre-treatment levels, and the diel pattern was re-established with maximal
excurrent speeds at peak light intensity. A similar pattern was observed in E8, although
excurrent speeds did not return to pre-sediment levels. Explant 10 did not restart pumping
or reopen its osculum for at least 72 h post-exposure to sediment.

DISCUSSION
Although sponge pumping behaviour is paramount to sponge biology, physiology and
ecology, it has been examined in relatively few sponge species. This study, combining
flowmeters with time-lapse imagery yielded useful insights into the contractile behaviours
and pumping rates of Cliona orientalis. Both OSA and ES strongly correlated to pumping
rates and either could be used to accurately calculate Q based on Eqs. (1) or (4). Affordable,
user-friendly time-lapse cameras could therefore be used in future studies to determine
pumping rates in C. orientalis. This method, using only cameras, could be easily paired
with incubation methods in order to relate respiration, oxygen production, feeding, and/or
POM production to pumping rates (e.g., Fang et al., 2013b), provided incubation chambers
are transparent. However, the equations provided should only be used for studies of C.
orientalis pumping rates. Standards would need to be calculated to determine Q from OSA
in other species with contractile oscula. As C. orientalis has multiple oscula per sponge,
pumping in all oscula could be observed simultaneously so that specific volume flow
rates could be calculated. This calculation was hitherto limited only to sponge species or
individuals with one osculum due to logistical limitations.
C. orientalis is widely distributed in the Indo-Pacific (Van Soest et al., 2016) and
an emerging model organism in the study of the effect of climate change and ocean
acidification. As a bioeroder with photosymbionts, C. orientalis competes with hard corals
for space (Fang et al., 2016a), and it increases its growth and bioerosion rates in response
to ocean warming and ocean acidification (Fang et al., 2013a). Given potential decreases in
carbonate accretion by corals (Hoegh-Guldberg et al., 2007), C. orientalis abundance may
increase in the future. Furthermore, sponges in general (Bell et al., 2013) and photosynthetic
sponges in particular (Bennett et al., 2016) will likely increase in abundance under projected
climate change scenarios. This increase would be concurrent with an increased effect of
sponge pumping on ecosystem processes (e.g., element cycling), and could even lead to
a positive feedback loop that enhances sponge and algal growth while decreasing coral
recovery potential (Pawlik, Burkepile & Thurber, 2016).
It is therefore important to understand the baseline physiology of C. orientalis. In this
study we report the first specific volume pumping rates for C. orientalis. Pumping rates of
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0.020 ± 0.008 and 0.007 ± 0.002 L water s−1 L sponge−1 calculated here were comparable
to those of other sponge species (see Weisz, Lindquist & Martens, 2008). C. orientalis is
classified as a low microbial abundance (LMA) species like Cliona varians (Poppell et al.,
2013); however, the specific pumping rate of C. orientalis was considerably lower than
the mean specific pumping rate of other LMA sponges (∼0.27 L water s−1 L sponge−1 )
(Weisz, Lindquist & Martens, 2008) and more comparable to the mean specific pumping
rate of high microbial abundance (HMA) sponges (∼0.09 L water s−1 L sponge−1 ) (Weisz,
Lindquist & Martens, 2008; McMurray, Pawlik & Finelli, 2014). C. orientalis likely has a
lower pumping rate due to its high abundance of eukaryotic photosymbionts (Schönberg
& Loh, 2005), compared to other LMA sponges, and consequent reliance on phototrophy
over heterotrophic filter feeding (Fang et al., 2013b).
C. orientalis pumping rates and oscular behaviour exhibited diel patterns. Pumping
rates increased during the morning to peak after noon, decreased during the afternoon
and were minimal at night. This coincided with an observed decrease in osculum area at
night. The Caribbean sponge Cliona varians also contracts its oscula at night (B Strehlow,
pers. obs., 2012), as does T. crypta, which concurrently decreases its excurrent speed
overnight (Reiswig, 1971). This increased activity during the day could explain why C.
orientalis increases its chemical bioerosion rate during the day compared to night (Fang
et al., 2016b). Interestingly, the distribution of endosymbiotic Symbiodinium within C.
orientalis follows a diel rhythm, with algal cells appearing closer to the pinacoderm during
the day (Schönberg & Suwa, 2007; Fang et al., 2016b). Changes in pumping activity may
be a central part of the diel rhythms of the C. orientalis holobiont, as pumping is critical
to physiological maintenance of the holobiont. Hence, establishing a direct, causal link
between increased pumping rates, increased bioerosion and altered symbiont distribution
should be an area of further research.
Osculum area was previously found to be directly correlated with excurrent speed in
Tectitethya crypta (Reiswig, 1971). Mechanistically, this correlation indicates that either
the osculum acts as a passive, elastic valve that closes when no pressure is applied by the
pumping choanocytes or that there is communication between choanocytes and contractile
pinacocytes in the osculum. According to Ludeman et al. (2014), the osculum itself may
now be considered a sensory organ that coordinates behavioural responses, sensing and
reacting to decreased pumping by choanocytes. Flow sensing ciliated pinacocytes have been
identified in oscula from numerous sponge species and classes (Hammel & Nickel, 2014;
Ludeman et al., 2014). Although flow sensing cilia structures have not yet been observed
in C. orientalis, it is likely that they are present given our results. If so, then the oscula of
C. orientalis sense low flow from the choanocytes and close in response. This is supported
by the lag of approximately one min between pumping cessation and full osculum closure
(see Fig. 4C). This is also consistent with the observation that Xestospongia muta, which
has rigid oscula and excurrent pores, can exhibit full pumping cessation via a coordinated,
intrinsically generated decrease in choanocyte activity (McMurray, Pawlik & Finelli, 2014).
Elevated SSCs decreased pumping and eventually caused osculum closure and arrested
pumping in C. orientalis. The decrease in maximal pumping rates was likely caused by
suspended sediments clogging the aquiferous system. However the deposition of sediment
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may have been a mechanical stimulus that caused the prolonged osculum closure. Partial
contraction periods were unchanged, even when pumping rates were reduced. This
indicated that periodic, partial contraction is an intrinsic aspect of C. orientalis pumping
behaviour.
Decreased pumping rates in response to elevated SSCs have been reported in numerous
sponge species. In Aplysina lacunosa, pumping rates decrease by 41% after exposure to
sediment concentrations of ∼100 mg L−1 (Gerrodette & Flechsig, 1979) and oscula of
Tectitethya crypta close rapidly in response to wave action and sand score, with storms
causing pumping activity to drop by 27% (Reiswig, 1971). Similarly, Rhabdocalyptus
dawsoni reduces pumping by 32% within five min after exposure to sediments and can
also arrest pumping in response to mild tactile stimulation (Leys, Mackie & Meech, 1999;
Tompkins-MacDonald & Leys, 2008). However, not all sponges are equally sensitive to
tactile disturbance. The glass sponge Aphrocallistes vastus only arrested pumping after a
very intense tactile response, i.e., when stabbed with a pipette (Tompkins-MacDonald &
Leys, 2008). A. vastus also reacted rapidly (within 2 s) to deposited sediment with cessation
of pumping lasting for intervals of 30–40 s (Tompkins-MacDonald & Leys, 2008). These
intervals are comparatively shorter than what was observed in C. orientalis, and this may
be due to the ability of glass sponges to rapidly propagate action potentials across syncytial
tissue (Leys, Mackie & Meech, 1999).
C. orientalis has multiple oscula per individual that contract asynchronously under
normal conditions. The level of connection and coordination among oscula on a single
sponge and, more importantly, the aquiferous system related to each osculum, remains
to be determined for this species. However, sponges with encrusting morphologies and
contractile oscula likely have connected (confluent) aquiferous systems (Reiswig, 1975). If
disturbed locally, an osculum could contract and flow from associated choanocyte chambers
would be channelled to adjacent oscula. However, elevated SSC and sedimentation caused
all oscula on C. orientalis to contract and close. Although possibly a good short term
acclimation strategy to localised disturbance, these reductions in pumping rates and
prolonged osculum closures are implicitly detrimental to sponges in the long term. If
sediment stressors were applied chronically, decreased pumping could lead to hypoxia,
starvation and the inability to effectively eliminate waste. However, the long term effects
of dredging-related stressors still need to be determined in future work.

CONCLUSION
Understanding the baseline physiology of sponges is increasingly important due to the
demonstrated ecological importance of sponges in oligotrophic food webs and the changes
in coral reef community composition forecasted with increasing anthropogenic stress,
e.g., dredging. Here we have elucidated diurnal previously unknown patterns in pumping
and contractile behaviour in Cliona orientalis. The correlation of OSA to Q will provide
a valuable metric for future studies of C. orientalis physiology. Finally, acute exposures to
elevated SSCs caused pumping rates in C. orientalis to decrease by up to 90%. This decrease
was generally followed by a coordinated closure of the oscula and the cessation of pumping.
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However, longer term studies are still needed to confirm the effects of chronic sediment
stress.
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Terrestrial runoff, resuspension events and dredging can affect filter-feeding sponges
by elevating the concentration of suspended sediments, reducing light intensity,
and smothering sponges with sediments. To investigate how sponges respond to
pressures associated with increased sediment loads, the abundant and widely distributed
Indo-Pacific species Ianthella basta was exposed to elevated suspended sediment
concentrations, sediment deposition, and light attenuation for 48 h (acute exposure)
and 4 weeks (chronic exposure). In order to visualise the response mechanisms, sponge
tissue was examined by 3D X-ray microscopy and scanning electron microscopy (SEM).
Acute exposures resulted in sediment rapidly accumulating in the aquiferous system
of I. basta, although this sediment was fully removed within three days. Sediment
removal took longer (>2 weeks) following chronic exposures, and I. basta also exhibited
tissue regression and a smaller aquiferous system. The application of advanced imaging
approaches revealed that I. basta employs a multilevel system for sediment rejection
and elimination, containing both active and passive components. Sponges responded
to sediment stress through (i) mucus production, (ii) exclusion of particles by incurrent
pores, (iii) closure of oscula and pumping cessation, (iv) expulsion of particles from
the aquiferous system, and (v) tissue regression to reduce the volume of the aquiferous
system, thereby entering a dormant state. These mechanisms would result in tolerance
and resilience to exposure to variable and high sediment loads associated with both
anthropogenic impacts like dredging programs and natural pressures like flood events.
Subjects Ecology, Marine Biology, Biosphere Interactions
Keywords Sponge, Sediments, 3D X-ray microscopy, Scanning electron microscopy

INTRODUCTION
Sediments are an important component of all aquatic ecosystems, and they are particularly
evident in coastal zones, where sediment loads and suspended sediment concentrations
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(SSCs) can be high and variable. High sediment concentrations in the water column
can be caused by flooding or resuspension events driven by severe storms. Wave action
and currents can also resuspend sediments introduced via river discharge and flooding,
resulting in sediments being transported throughout nearshore marine ecosystems. Due
to increased land development in coastal areas, sediment loads from riverine discharge are
increasing in many coastal zones (e.g., Kroon et al., 2013). Coastal development can also
have a direct impact on sediment loads through dredging activities, which involves the
removal of sediment from the seafloor and generation of a sediment plume. Dredging is
typically undertaken to improve access and navigation by ships, and both the number and
size of dredging programs are increasing with increased port developments in Australia
and globally (Ports Australia, 2014; Ports Australia, 2015). However, the potential impact
of increased sediment loads from dredging and coastal runoff on marine organisms and
ecosystems is understudied (reviewed in Jones et al., 2016; Jones, Ricardo & Negri, 2015;
Schönberg, 2016; Fraser et al., 2017).
Sediment causes three main abiotic stressors to marine organisms: (i) elevated SSCs,
(ii) increased light attenuation, and (iii) increased sediment deposition on the benthos
(Jones et al., 2016). Elevated SSCs can clog gills and filter feeding apparatuses (Bell et al.,
2015; Jones et al., 2016; Schönberg, 2016) and can reduce the total amount of photons and
change the spectral attenuation of photosynthetically active radiation (PAR) reaching the
benthos, thereby inhibiting photosynthesis (Bell et al., 2015; Jones et al., 2016; Schönberg,
2016). High sediment deposition can smother benthic organisms and impair recruitment
(Jones, Ricardo & Negri, 2015).
Sponges are ecologically important benthic filter feeders (Bell, 2008; De Goeij et al., 2013;
Maldonado, 2016) that are abundant (Flach et al., 1998; Diaz & Rützler, 2001; Heyward et
al., 2010; Schönberg, 2016) and widely distributed (Van Soest et al., 2017) in coastal habitats
where natural sediment loads can be high and dredging typically occurs (Abdul Wahab
et al., 2017). Sponges feed, exchange gases, eliminate waste, and reproduce by pumping
and filtering water through a complex system of internal channels and chambers known
collectively as the aquiferous system (Bergquist, 1978). In the Caribbean, for example, dense
populations of Xestospongia muta can pump the equivalent volume of the overlaying water
column (at 30 m) in less than three days (McMurray, Pawlik & Finelli, 2014). Sponges can
filter out between 75% and 99% of biotic and abiotic particles in the water, depending
on particle size and the sponge species (Reiswig, 1971; Reiswig, 1974; Reiswig, 1975; Pile et
al., 1997; Savarese et al., 1997). Considering these pumping rates and filtration efficiencies,
elevated SSCs are predicted to cause sediments to enter and clog the sponge aquiferous
system (Bell et al., 2015; Schönberg, 2015; Schönberg, 2016).
Some species appear well adapted to living in environments with high sediment loads,
and there are at least 11 sponge genera explicitly named for their psammobiosis, i.e., living
partially embedded in sediments, e.g., Psammoclema, Psammocinia (Schönberg, 2015).
Others sponge species may be limited in distribution to areas with lower sediment loads,
e.g., Scopalina lophyropoda (Maldonado, Giraud & Carmona, 2008). Possible mechanisms
for, and rates of, sediment clogging of the aquiferous system are largely unknown and
have only been experimentally demonstrated in two sponge species from one location
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Figure 1 Ianthella basta body plan. (A) In situ photo of I. basta at Davies Reef (S 18◦ 49.3540 , E
147◦ 38.2530 ). I. basta is generally thin (2–5 mm) and fan-shaped (scale = 5 cm). One side, the incurrent
side (B), is studded with ostia (incurrent pores), and the opposite excurrent side (D), contains larger
oscula (excurrent pores). (B) Close up image of incurrent surface with clusters of ostia (scale = 1 cm).
(C) Schematic of incurrent surface showing many dots (ostia) and the regular structure of skeletal
elements (black lines/grid). (D) Close up image of excurrent surface on the opposite side of the incurrent
surface, as indicated by the large, curved arrow. Open oscula are indicated with black arrows. A contracted
osculum is circled (Scale = 1 cm). (E) Schematic of excurrent surface showing many circles (oscula) and
the regular structure of skeletal elements (black lines/grid). Each grid formed by the skeleton generally
contains one or more contractile oscula (arrows). Photo credits: (A) Mari-Carmen Pineda; (B) and (D)
Brian W. Strehlow.
Full-size DOI: 10.7717/peerj.3904/fig-1

(Tompkins-MacDonald & Leys, 2008). Sponges likely employ a mixture of passive and
active mechanisms to reduce and prevent sediment accumulation within their aquiferous
system. Passive mechanisms, such as self-cleaning surfaces, morphology, and orientation,
could limit sediment accumulation inside and on top of sponges (Bell et al., 2015; Schönberg,
2015; Schönberg, 2016). Active mechanisms, including the production of mucus, expulsion
of particles from the aquiferous system, pumping cessation and tissue sloughing, involve
additional energy expenditure and may not be sustainable in the long term (Bell et al.,
2015; Schönberg, 2015; Schönberg, 2016; Strehlow et al., 2016a). Note that the term ‘mucus’
is used in its broadest sense as sponge mucus has not been chemically characterised (Bythell
& Wild, 2011). The details of these sediment exclusion mechanisms are not known for
most sponge species and some have only been reported anecdotally.
To further explore the mechanistic responses of sponges to sediment we used the model
species Ianthella basta (Pallas 1766). The widely distributed, Indo-Pacific sponge I. basta
(Van Soest et al., 2017) is found in naturally turbid environments (Abdul Wahab et al.,
2017). It is tolerant to sediment-related stress, is unaffected by light attenuation (Luter,
Whalan & Webster, 2012a; Pineda et al,. 2016; Pineda et al., 2017a), has a high thermal
threshold (Luter, Whalan & Webster, 2012a), and is known to recover from stress-induced
tissue regression (Luter, Whalan & Webster, 2012b). It is generally thin (2–5 mm), erect
and laminar (Gray, 1869; Andreakis, Luter & Webster, 2012) (Fig. 1A). Due to this thin
tissue, relatively small samples (8–125 mm3 ) can be representative of the entire aquiferous
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system because the incurrent (ostia) and excurrent pores (oscula) are generally on opposite
sides of the sponge (Figs. 1B and 1C). These features make I. basta an ideal candidate
to investigate how sponges internally process sediments. In this study, we identified and
characterised the mechanisms for internal sediment processing and tolerance in I. basta
using high resolution three-dimensional (3D) X-ray microscopy and scanning electron
microscopy (SEM).

MATERIALS AND METHODS
Sponge and sediment collection
I. basta (n = 5, representing a single evolutionary significant unit, see Andreakis, Luter &
Webster, 2012, verified via examination of skeletal structure and morphology) was collected
at 10 m depth near Fantome Island (S 18◦ 41.0280 , E 146◦ 30.7060 ) in the inshore, central
region of the Great Barrier Reef (GBR) in Australia, leaving at least one quarter of the
remaining sponge to recover (Duckworth, 2003). The number of sponges collected was
limited by to five due to logistical constraints in the field. All collections from the Great
Barrier Reef were performed under Great Barrier Reef Marine Park Regulations 1983
(Commonwealth) and Marine Parks regulations 2006 (Queensland) Permit G12/35236.1
and Permit G13/35758.1. Collected I. basta were transported in flowing seawater to the
National Sea Simulator (SeaSim) at the Australian Institute of Marine Science (AIMS,
Townsville), and then cut into small explants, i.e., clones, (∼1 × 3 cm) and allowed to heal
for >2 weeks in large holding tanks (5,000 L) with flow-through seawater (600 mL min−1 ,
5 µm filtered) at conditions similar to the collection location (28 ◦ C and 36h salinity).
Sediments were collected from two geographically diverse locations where I. basta is
common: (i) Davies Reef, a mid-shelf reef on the central GBR (S 18◦ 49.3540 , E 147◦ 38.2530 )
and (ii) a coastal habitat approximately 10 km offshore, near the township of Onslow in
the Pilbara region, Western Australia (S 21◦ 38.6420 , E 114◦ 55.9240 ). Sediment composition
differed between collection sites, with Davies Reef sediment predominantly calcium
carbonate (∼80% aragonite) and Pilbara sediment primarily siliciclastic (∼50% quartz)
in nature (Ricardo et al., 2015). As such, the sediments are referred to as ‘carbonate’ or
‘siliciclastic’, respectively. Carbonate sediment were representative of sediments in offshore
environments as well as sediment from specific dredging operations, including the Barrow
Island in north-western Australia (see Bessell-Browne et al., 2017b). Siliciclastic sediment
was representative of inshore environments as its composition was highly influenced by
terrigenous discharge from a neighbouring river. The collected sediments were ground
with a rod mill grinder to a mean grain size of 29 µm (range: 3–64 µm) and 18 µm (range:
2–42 µm) for carbonate and siliciclastic, respectively. Sediments were ground because
fine and medium silts (<60 µm) stay in suspension longer and travel farther than other
particles (Bainbridge et al., 2012), so these particles are predicted to have the largest impact
in coastal areas across space and time during natural sediment resuspension events and
during dredging (Jones et al., 2016). Furthermore, dredging and natural resuspension occur
in both inshore and offshore environments, so it is important to understand the effects of
different sediment types.
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Acute exposure to sediments
To determine if passive accumulation of internal sediments could occur without active
pumping by the sponge, initial experiments were undertaken to compare sediment
accumulation in living, anesthetised, and dead sponge explants. Sponges were anesthetised
in a solution of 7.5% MgCl2 in filtered seawater (FSW) (Messenger, Nixon & Ryan, 1985)
for 10 min prior to sediment exposure, resulting in closure of sponge oscula and cessation of
pumping (see Strehlow et al., 2016a). To obtain dead individuals, sponges were euthanized
by immersion in 100% ethanol for 10 min (Bell, 2004). Living, anesthetised, and dead
explants (n = 3 per treatment) were exposed to elevated SSC (siliciclastic sediment,
approximately 100 mg L−1 ) for 48 h. Sediments were kept in suspension using specialised
115 L tanks, as previously described (see Bessell-Browne et al., 2017a; Bessell-Browne et al.,
2017b; Pineda et al., 2017b). 3D X-ray microscopy scans were assessed qualitatively for
the presence of sediment (see ‘‘X-ray microscopy settings and data quantification’’). These
comparisons showed that sediment accumulated within living explants only. For dead
and anesthetised explants, sediment was only present on their surfaces, validating the
experimental and analytical X-ray microscopy approach and confirming that water had to
be actively pumped by the sponge in order for sediment to enter the aquiferous system.
After sediment uptake by live sponges was verified, a second, acute sediment exposure
experiment was performed. The experiment used the same tanks and siliciclastic sediment,
and tested three SSCs: high (135 ± 30 mg L−1 , mean ± standard error), medium (42 ± 8
mg L−1 ), and control (0 mg L−1 ), with three tank replicates per treatment, resulting in a
total of nine tanks, each with five sponge explants. Sponges cloned from different ‘parent’
individuals were randomly distributed across the tanks and treatments to minimise
the potential impact of genetic identity. Sediment was added every 6 h over 48 h, after
which sediment addition was stopped and explants were observed for a subsequent
three-week recovery period. During this recovery period, both high and medium sediment
treatments returned to control levels. These SSCs correspond to levels that can be observed
during dredging (Jones et al., 2015; Fisher et al., 2015) and following flooding and natural
resuspension events (Bainbridge et al., 2012). Sedimentation rates, i.e., the rate at which
sediments deposited on the bottom of the tank, was measured for each SSC treatment
using SedPods (Field, Chezar & Storlazzi, 2013). Sedimentation rates were 1.29 ± 0.07, 1.03
± 0.05, and 0.14 ± 0.01 mg cm−2 d−1 in the high medium and control, respectively. The
deposition detected in the control treatment was comparatively low, and was likely caused
by algal growth or the particulate waste produced by the sponges, i.e., not sediments.
The natural orientation, i.e., erect and perpendicular to the substratum, of I. basta was
preserved during all experiments. Therefore sediment deposition on the sponge surface
was not equal to the sedimentation rates on the SedPods, and the effect of sedimentation
on the sponges was presumed to be minimal. Daily light integrals were approximately
1.2, 3.0, and 6.5 mol photons m−2 d−1 , respectively. However, as I. basta is a heterotroph,
decreased light levels have no effect its physiology (Pineda et al., 2016). Therefore, due to
its orientation and heterotrophy, the potentially confounding effects of light attenuation
and sediment smothering were eliminated in I. basta.
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Sponges were sampled 24 h after sediment dosing commenced and after 1 h, 24 h, 78 h,
and 3 weeks (w) of recovery under control conditions and fixed for X-ray microscopy and
SEM analysis. Three separate sponges were processed per time point, one from each tank.
Oscula on each sponge at each sampling time, as well as after 3 h of recovery, were recorded
as either open or closed where visible. Sponge explants contained between 3–10 oscula.

Chronic exposure to sediments
In the longer-term (chronic) exposure experiment, large (∼5 × 5 cm) I. basta explants
were exposed to elevated SSCs (76 mg L−1 ), reduced light (daily light integral: 0.15 mol
photons m−2 d−1 ), and high sedimentation rates (5.2 mg cm−2 d−1 ) for four weeks
using the carbonate sediment. In the control treatment, sponges were exposed to no
suspended sediments, no sedimentation, and a higher daily light integral of 6.53 mol
photons m−2 d−1 , typical levels for clear water reef environment (Jones et al., 2015; Fisher
et al., 2015). Experiments were performed in 4 × 1,200 L fibreglass tanks with 5 µm filtered
seawater in an environmentally controlled room at the SeaSim. The chronic exposure
formed part of a larger collection of studies (Pineda, Duckworth & Webster, 2016; Pineda
et al., 2017a; Pineda et al., 2017b; Pineda et al., 2017c) using carbonate sediment. Sediment
was kept in suspension using two recirculating pumps (see Pineda et al., 2017a). When
sediment concentrations dropped, doses of concentrated sediment (∼6 g L−1 ) were added
automatically. The doses were monitored and controlled throughout the experiment by
integrated nephelometers, which measured sediment levels, connected to a programmable
logic controller (PLC) (see Pineda et al., 2017a). Two tank replicates were used for each
treatment, making four tanks in total. At each time point, one sponge was taken from one
tank and two sponges were taken from the corresponding tank replicate, making three
replicates per time point per treatment and a total of 12 sponges. A piece (∼1 × 3 cm) was
fixed for X-ray microscopy, as outlined below, after four weeks of exposure to both control
and high sediment conditions from each replicate (n = 6). After four weeks, tanks with
high sediment loads were returned to control conditions to allow sponges to recover. After
2 w of recovery, a piece (∼1 × 3 cm) was taken from each replicate (n = 6) as described
above and fixed for examination using X-ray microscopy. For a full account of the methods
and specifications of this experiment see: Pineda et al. (2017b).

X-ray microscopy settings and data quantification
Sponges were fixed in 2.5% glutaraldehyde and 1% paraformaldehyde in FSW for 1 h at
23 ◦ C and stored at 4 ◦ C. Sponges were stained in diluted Lugol’s Iodine (I2 : 1%, KI: 2%)
for 24 h, to increase the contrast of tissue elements in X-ray scans. Three-dimensional
X-ray scans were performed using an Xradia Versa XRM520 X-ray microscope, using the
following specifications: ∼5 µm pixel size; voltage: 80 kV; power: 7 W; exposure time:
12 s; and binning: 2. Scanning time was approximately 6 h per sample. Projections were
reconstructed using XMReconstructor software (Xradia Inc., Pleasanton, CA, USA).
Avizo Fire software (FEI, Hillsboro, OR, USA) was used to extract quantitative data from
the 3D reconstructions. The Edit New Label Field tool was used to segment scans. Due
to the porous nature of sponges, the sponge tissue could not be segmented out from the
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background using thresholding. Instead, the lasso selection tool was used to manually select
the internal edge of the pinacoderm (outer layer) on 2D X –Y cross sections. Selections were
performed every 50 cross-sections (∼250 µm), and then the interpolate function was used
to create a 3D selection between the two selections. This process was repeated across 800
cross-sections (∼4 mm) to select the internal volume of the sponge. This procedure also
served to exclude sediments on the surface of the sponge since the concentration of these
sediments was highly variable due to handling effects and mucus production (Pineda et al.,
2017a). Internal organisms, such as polychaetes and barnacles, were manually excluded
from analysis using the lasso selection tool. The internal sediment, within the selected
volume, was then segmented via the Interactive Thresholding tool, and the number of
sediment particles and sediment particle volumes was quantified using the Label Analysis
tool. Sediment particle diameter, was estimated assuming that the particles were spherical.
Sponge tissue and skeletal elements were also segmented, labelled, and quantified within the
selected volume. The remaining volume in the selection was labelled as aquiferous system
because it matched threshold levels of the background solution, and was quantified using
the same approach. The number of sediment particles in each sample was standardised
to the selected volume, i.e., aquiferous system volume plus tissue and skeletal volumes.
During tissue regression in I. basta, the choanocyte chamber density decreases and the
tissue itself appears denser (Luter, Whalan & Webster, 2012b), indicating that the volume
of the aquiferous system channels had decreased. The potential for rapid recovery from this
regressed state implies that there is little change in the total number of sponge cells present
(Luter, Whalan & Webster, 2012b). Therefore, in order to quantify tissue regression, the
percent of the total volume occupied by the aquiferous system was calculated. Due to the
pixel size, the aquiferous system volume analysed is more representative of the channels of
the aquiferous system, i.e., incurrent channels, excurrent channels, atrium, etc., than of the
choanocyte chambers, which are difficult to visualise at this resolution and within these
relatively large samples.
Sediment particle position was determined by examining cross sections of the 3D
volumes. A random cross section was selected for each sample. If sediment particles
appeared tightly surrounded by sponge tissue, they were considered to be in the mesohyl.
Particles present in the channels were also counted. The percentage of total particles in
the mesohyl and in the channels was determined for each sample and averaged for each
collection point to determine sediment position.

SEM analysis
Fixed sponges were dehydrated in increasing concentrations of ethanol using a PELCO
Biowave microwave fitted with a PELCO Coldspot, then immersed in liquid nitrogen and
fractured using a chisel (Johnston & Hildemann, 1982). This fracturing technique revealed
the full aquiferous system including the choanocyte chambers. After fracturing, samples
were returned to anhydrous ethanol, critical-point dried, and then mounted on stubs using
carbon tape. Mounted samples were coated with 10 nm of gold and 10 nm of carbon to
ensure sample conductivity. Images were acquired at 5 kV using a Zeiss 55 field emission
scanning electron microscope. After 24 h exposure, all samples from the acute exposure
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Table 1 AIC values for models generated for the different response variables for the acute and chronic exposures to sediment. The chosen
model based on the lowest AIC score is shown in bold.
Response variable

Acute exposure to siliciclastic sediment

Chronic exposure to carbonate sediment

ANOVA
with Tank

ANOVA
without tank

GLS
with tank

GLS
without tank

ANOVA
with Tank

ANOVA
without tank

GLS
with tank

GLS
without tank

Sediment
particles mm−3

403

367

362

360

86

77

84

75

Sediment
particle volume

272

270

N/A

N/A

63

61

N/A

N/A

Percent volume
aquiferous system

375

354

N/A

N/A

−16

−18

N/A

N/A

experiment were assessed qualitatively for the presence of sediment. One control sample
from each time point was also mounted without being freeze fractured in order to view
the outer surface. Ostia, incurrent pore diameter, and surface area was determined from
images using the ImageJ software package (Rasband, 2012).

Statistical analyses
Linear models were fitted to predict internal sediment variables (i.e., sediment particles
mm−3 and sediment particle volume) and the percent volume of the sponge aquiferous
system in terms of time and treatment (both as fixed factors). Control sponges had no
internal sediment at any time, so control treatments from internal sediment variables data
were excluded from the models. Internal sediment data were then compared between
sediment treatments and over time. The percent volume of the sponge aquiferous system
from control treatments was included in the models. These models were compared to
linear mixed effects models with an additional random factor for tank, using the Akaike
information criterion (AIC) in R (R Development Core Team, 2016). Based on the lowest
AIC values, there was no indication that tank had an effect on any variable in either
experiment, so the more parsimonious linear models, i.e., without tank as a random factor,
were used (Table 1). In order to minimise genetic effects, sponge explants from each
original replicate were randomly distributed between the tanks. However, due to the low
number of original replicates (n = 5), there was still a chance of false positives in the models
due the limited genetic independence of the explants. For models of sediment particles
mm−3 over time and treatment, variances were weighted using a power law function
within a generalised least squares (GLS) model for data from both acute and chronic
exposure, in order to ensure homogenous variance of standardised residuals. Power-law
weighted GLS models were the best fit according to AIC value for sediment particles mm−3
in both exposures. All other variables were modelled using linear models, i.e., analyses
of variance (ANOVA). Data were arcsine transformed to model the percent volume of
aquiferous system relative to tissue and skeletal volume over time and treatment in the
chronic exposure, to meet the assumption of a normal distribution; otherwise raw data
were used. Significance of model terms was evaluated using F -tests following the standard
ANOVA approach. Tukey HSD was used to test for differences between time points and
treatments. Welch t -tests were performed for each time point to identify differences in
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internal sediment mm−3 in each treatment level, i.e., medium and high sediment, in the
acute exposure. Unless otherwise specified, reported values represent mean plus or minus
standard error.

RESULTS
Acute exposure to sediments
After 24 h of exposure, sediment was present in I. basta from both high and medium SSC
treatments, but was not evident in control sponges (Figs. 2–4). No sediment particles were
evident in the control sponges at any time point (Figs. 2–4). Internal sediment particles
per cubic millimetre of the total volume, i.e., of the sponge tissue and the aquiferous
system, (sediment particles mm−3 ) increased significantly following exposure and then
decreased during the recovery (P < 0.01, Table 2A), and there was a significant interaction
of treatment (i.e., sediment level) with time (P < 0.05, Table 2A). After the first hour
of exposure, the number of sediment particles in the high treatment sponges (180 ± 61
particles mm−3 ) was double that of the medium treatment (90 ± 32 particles mm−3 ),
however this was not significantly different (P > 0.05). After 48 h of exposure and 1 h
of recovery, sponges in the high and medium treatments had accumulated 500 ± 218
and 435 ± 118 particles mm−3 respectively, and again there was no significant difference
between the two sediment treatments (P > 0.05, Table 2A, Fig. 2). Two dimensional (2D)
cross-sections, of 3D X-ray microscopy images for all treatments are shown in Fig. 3.
These cross-sections show the sponge skeletal and aquiferous system elements as well as
the mesohyl and any internal sediments. Representative 3D X-ray microscopy images,
thresholded to show only internal sediments are shown in Fig. 4. Full 3D renderings of
sponges and sediments are presented in Movies S1–S5 .
After ∼24 h recovery (78 h after initial sediment exposure), sediment levels inside
samples from the high treatment (747 ± 146 particles mm−3 ) remained significantly
higher than those of the medium treatment (39 ± 10 particles mm−3 , Welch two sample
t -test P < 0.05, Table 2A Fig. 2). After 3 w of recovery, little to no sediment was detected
in either of the sediment treatments or the controls (13 ± 8, 21 ± 21, and 0 ± 0 particles
mm−3 for the high, medium, and control treatments respectively).
All sediment exposed sponges (n = 3 per time point) closed all of their oscula within
the first 24 h of sediment dosing in the high and medium treatments, but re-opened them
at differing times. In the medium treatment, oscula reopened 1 h after sediment exposure
ended, i.e., 49 h after the start of the experiment. Whereas, in the high treatment, oscula
stayed closed for 3 h after sediment exposure ended. Control sponges did not exhibit closed
oscula at any of the sampling times.
The size of sediments (volume: 41 ±10 µm3 , diameter: 4.2 ± 0.8 µm) inside the
sponge changed very little over time for either sediment treatment. Although there was a
significant effect of time on sediment size (P < 0.05 Table 2B), this effect was likely caused
by the decrease in particle volume in the medium treatment after 3 w (Fig. 2B). However
this decrease was not significant in the Welch t -test (P > 0.05), and no other post hoc
comparisons were significantly different. The percentage of sponge aquiferous volume
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Figure 2 Siliciclastic sediment inside I. basta during the acute 48 h exposure experiment and subsequent recovery. Data (mean ± SE) show (A) the number of internal sediment particles mm3 , (B) sediment particle volume (µm3 ), and (C) volume of aquiferous system relative to tissue and skeletal volume
(%), during the exposure and recovery periods (black and grey bars, respectively) for the control (0 mg
L−1 , grey squares), medium (42 ± 8 mg L−1 , dark grey triangles), and high sediment (135 ± 30 mg L−1 ,
black circles) treatments.
Full-size DOI: 10.7717/peerj.3904/fig-2
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Figure 3 Representative 2D X-ray cross-sections of I. basta during the recovery period after 1 h, 24 h,
1 w, and 3 w for the control (0 mg L−1 ), medium (42 ± 8 mg L−1 ), and high siliciclastic sediment (135 ±
30 mg L−1 ) treatments. The sponge skeletal fibres (s), mesohyl (mh) and aquiferous system channels (aq)
are visible in all treatments. As recovery time increases, the sediment (white particles indicated by arrows)
becomes less concentrated, and no sediment was observed in the control sponges (scale = 1 mm).
Full-size DOI: 10.7717/peerj.3904/fig-3
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Figure 4 Representative 3D X-ray images of siliciclastic sediments within I. basta during the recovery
period after 1 h, 24 h, 1 w, and 3 w for the control (0 mg L−1 ), medium (42 ± 8 mg L−1 ), and high (135 ±
30 mg L−1 ) sediment treatments. Sponge tissue (removed via thresholding) is not shown in order to emphasise sediment particles and distribution. As recovery time increases, the sediment (white) becomes less
concentrated, and no sediment was observed in the control sponges (no scale is shown because the particles are distributed in 3D).
Full-size DOI: 10.7717/peerj.3904/fig-4
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Table 2 ANOVA summaries for the acute exposure to siliciclastic sediments. (A) A generalised least
squares (GLS) model with power law weighted variance of sediment particles mm−3 in the tissue over time
and sediment treatment level. Welch t -test results are shown if significant. Time point 3, i.e., ∼24 h recovery (78 h after initial sediment exposure), is abbreviated as T3, and the high and medium sediment treatments are abbreviated as H and M, respectively. (B) ANOVA of sediment particle volume over time and
sediment treatment level. Data from control sponges were excluded from the analysis in (A) and (B) because there were no sediments present and the values for the controls were all zero. (C) ANOVA of the
arcsine transformed percent volume of the aquiferous system based on time and treatment. Control data
was included in (C).
df

F

P

Treatment

1

0.59

0.45

Time

4

7.30

<0.001

Treatment: time

4

3.627

0.02

Residuals

20

(A) Sediment particles mm−3

Welch t -test
Treatment: time

M:T3 < H:T3; t = 4.84, df = 2.02, P = 0.04

(B) Sediment particle volume
Treatment

1

2.30

0.15

Time

4

3.63

0.02

Treatment: time

4

2.25

0.01

Residuals

20

(C) Percent volume aquiferous system
Treatment

2

0.19

0.83

Time

4

0.50

0.73

Treatment: time

8

1.31

0.27

relative to tissue and skeletal volume similarly did not significantly decrease (P > 0.05,
Table 2C) in any treatment, remaining at ∼56% throughout the experiment and recovery
period for all treatments (Fig. 2C).
In the high sediment treatment, internal sediment was mostly located (93%) in the
mesohyl of sponges after 24 h. After 48 h of exposure and during recovery, most internal
sediment (61–93%) was found in the channels of the aquiferous system. In the medium
sediment treatment, the majority (>65%) of internal sediments were located in the channels
of the aquiferous system at all time points.
SEM revealed that all sponges, including those not exposed to sediments, produced
considerable amounts of mucus on their outer surfaces (Figs. 5A and 5B). Rates of mucus
sloughing and production were not determined in this study. Mucus in the control
treatment appeared to trap and facilitate any fouling on the sponge surface or pinacoderm
(Fig. 5A). The mucus in the siliciclastic sediment treated sponges also appeared to trap
and facilitate the removal of sediment particles on the sponge’s outer surface (Fig. 5B). For
the siliciclastic sediment, no major differences were observed in choanocytes of sedimenttreated and control sponges (Figs. 5C and 5D). In sediment-treated and control sponges,
choanocyte chambers were present and not clogged with sediments. Some sedimentlike particles were observed in the channels of the aquiferous system and choanocytes,
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Figure 5 Scanning electron micrographs of the sponge, Ianthella basta in control (0 mg L−1 ) (A, C, E)
and acute siliciclastic sediment exposure (B, D, F). (A) Mucus (m) production in a control sponge, trapping a diatom (arrow). Mucus sloughing cleaned an area of pinacoderm (p) (Scale = 10 µm). (B) Mucus
(m) production in I. basta from the high sediment (135 ± 30 mg L−1 ) treatment after 48 h exposure and
1 h recovery. Sediments (arrows) were trapped in mucus (m). Mucus sloughing cleaned sediments off an
area of pinacoderm (p) (Scale = 10 µm). (C) Choanocyte chambers (C) in the control treatment after 24
h (Scale = 10 µm). (D) Choanocyte chamber (C) from the high sediment treatment after 24 h of exposure to sediments (Scale = 10 µm). (E) Surface and ostia (O, incurrent pores) from a control after 24 h
of exposure to control conditions (Scale = 20 µm). (F) Surface and ostia (O) from the medium sediment
treatment (42 ± 8 mg L−1 ) after 24 h of exposure to sediment (Scale = 20 µm, arrows indicate sediment
particles blocking ostia).
Full-size DOI: 10.7717/peerj.3904/fig-5
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Figure 6 Sediments inside Ianthella basta after 4 w exposure (black bars) to carbonate sediments
(High; 76 mg L−1 ) and control conditions (Control; 0 mg L−1 ), as well as after 2 w recovery in control
conditions (grey bars). Data (mean ± SE) show the number of (A) internal sediment particles mm−3 ,
(B) internal sediment particle volume (µm3 ), and (C) volume of aquiferous system relative to tissue and
skeletal volume (%). Statistically significant differences are noted with an asterisk.
Full-size DOI: 10.7717/peerj.3904/fig-6

but internal sediment levels were not quantifiable. The ostia of some sponges exposed
to sediment were clogged with sediment particles (Fig. 5F), whereas the ostia of control
sponges were always clear (Fig. 5E). In general, ostia (n = 15) in control sponges were found
to be ellipsoid with an average diameter of 20 ± 1 µm and an average area of 268 ± 34 µm3 .

Chronic exposure to sediments
Following chronic exposure to carbonate sediments, no sediment was detected in control
sponges. There was accumulation of sediment, with high internal sediment concentrations
of 185 ± 165 particles mm−3 , in the treated sponges after 4 w of exposure to elevated
suspended sediments, light attenuation, and increased sedimentation. Internal sediment
concentrations decreased to a very low level of 23 ± 13 particles mm−3 after 2 w of recovery
in control conditions (Fig. 6A); however, this reduction was not statistically significant
(P > 0.05, Table 3A).
The average amount of sediment particles mm−3 in sponges from the chronic treatments
after 4 w of sediment treatment (185 ± 165 particles mm−3 ) was approximately 63% lower
than the highest observed value in the acute treatments, despite the longer exposure time.
The average particle volume of internal sediments in the chronic exposure was 62 ± 23 µm3
(diameter: 5.0 ± 1.3; Fig. 6B), and it did not significantly change over time (P > 0.05,
Table 3B).
The percent volume of the aquiferous system (relative to the tissue and skeletal volumes)
in the high sediment treatment (56 ± 3%) was significantly lower after 4 w exposures than
that of control treatments (75 ± 5%) (Tukey HSD: P < 0.01, Table 3C Fig. 6C). The
percent volume of the aquiferous system did not fully recover to control levels by the end
of the recovery period, returning to 63 ± 3% (P = 0.075). After 4 w of chronic exposure,
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Table 3 ANOVA summaries for chronic exposure to carbonate sediments. (A) A generalised least
squares (GLS) model with power law weighted variance of sediment particles mm−3 in the tissue over
time, i.e., 4 w exposure or 2 w recovery, in the high sediment (76 mg L−1 ) treatment. (B) ANOVA
of sediment particle volume over time high sediment treatment. Data from control sponges were
excluded from the analysis in (A) and (B) because there were no sediments present and the values for the
controls were all zero. (C) ANOVA of the arcsine transformed percent volume of the aquiferous system
based on time and treatment. Control data was included in (C). A Tukey HSD test was performed to
determine differences between the high sediment treatment and the control sponges, abbreviated H and C,
respectively.
df

F

P

Time

1

0.96

0.38

Residuals

4
3.42

0.14

(A) Sediment particles mm

−3

(B) Sediment particle volume
Time

1

Residuals

4

(C) Percent volume aquiferous system
Treatment

1

12.9

<0.01

Time

1

0.30

0.60

Treatment: time

1

0.27

0.62

Residuals

8

Tukey HSD
Treatment

H > C, P < 0.01

the majority of internal sediments appeared within channels (66 ± 33%). After the 2 w
recovery, the majority of internal sediments appeared in the mesohyl (75 ± 20%).

DISCUSSION
The sponge Ianthella basta was tolerant of both short term acute and longer term chronic
increases in suspended sediments. I. basta was able to survive using a combination of
passive and active strategies, specifically through the production of mucus to trap and
remove surface sediment, exclude large particles from its aquiferous system via its ostia,
close its oscula to limit pumping, eliminate any particles that did enter the aquiferous
system, and enter into a regressed state wherein the size of the aquiferous system was
reduced. These mechanisms have been reported or hypothesised in other sponge species
(Bell et al., 2015; Schönberg, 2015; Schönberg, 2016), and this study extends our knowledge
by providing a comprehensive account of these mechanisms occurring concurrently within
a single species. This suite of mechanisms likely underpins the ecological tolerance and
resilience exhibited by I. basta to sediment pressures (Luter, Whalan & Webster, 2012b;
Pineda et al., 2017a; Pineda et al., 2017b).
Previous analyses by Pineda et al. (2017a) revealed that mucus cover on the surface
of I. basta significantly increased from nearly zero to 21 ± 9% in the highest sediment
treatment, in the chronic exposure, compared to pre-exposure and control sponges.
Mucus was present on both the incurrent and excurrent side of the sponge. I. basta mucus
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likely functions as an anti-fouling mechanism as seen in corals (Erftemeijer et al., 2012; Jones
et al., 2016; Bessell-Browne et al., 2017a) and as proposed in the sponges Carteriospongia
foliascens (Pineda et al., 2017a) and Lamellodysidea herbacea (Biggerstaff et al., 2017). In I.
basta, mucus likely functioned to remove sediments in the treated sponges and remove
surface fouling organisms such as diatoms in untreated sponges. The chemical composition
and metabolic cost of this mucus production remains to be determined. However, based
on the increased respiration rates in L. herbacea following chronic sediment exposure
(Biggerstaff et al., 2017) and the high energetic cost of mucus production in corals (e.g.,
Riegl & Branch, 1995), the increased mucus production in I. basta may also be energetically
costly. It also remains unclear how sponges slough or remove mucus. Corals use ciliated
surfaces to remove mucus sheets (Stafford-Smith & Ormond, 1992), but sponges do not
have ciliated outer surfaces (Bergquist, 1978). High ambient currents, such as those created
in this study and in Pineda et al. (2017a), Pineda et al. (2017b) and Pineda et al. (2017c),
could facilitate the removal of mucus and the particles trapped therein; however, L. herbacea
was still able to slough mucus and trapped sediments in low-flow conditions (Biggerstaff et
al., 2017). The dynamics of sponge mucus production warrant future research, for which
I. basta would be an excellent model species.
The ostia of I. basta also form a passive, physical barrier against the entrance of foreign
particles larger than ∼20 µm in diameter. Sponges in the acute exposure had higher
internal sediment concentrations than those in the chronic treatments, which may reflect
the different sediment types and sizes used in the acute and chronic experiments. The
smaller particles in the siliciclastic sediment used in the acute exposure likely entered the
aquiferous system more easily. However, the particle size of the internal sediments in
both experiments was similar, indicating that the ostia formed a size-selection barrier for
larger sediments. With the ostia acting as a sieve, the majority of internal particles had a
diameter of 4–5 µm, which corresponds to very fine silts and clay. In dredge and flood
plumes, sediment is typically fine and comprised of medium silts and clays (<60 µm;
Bainbridge et al., 2012; Jones et al., 2016). In addition to introducing smaller sediments to
the aquiferous system, dredge and flood plumes could also potentially clog ostia of I. basta
with larger sediment particles. This clogging of ostia has been previously hypothesised to
negatively impact sponges (Bell et al., 2015; Schönberg, 2015; Schönberg, 2016), although we
now provide experimental evidence that this occurs under sediment exposure. Sponge ostia
can range from 1–50 µm in diameter across taxa (Simpson, 1984). Species with larger ostia
and higher choanocyte chamber density are likely to be more vulnerable to high sediment
exposure, since they also have comparatively high particle clearance rates (Turon, Galera
& Uriz, 1997), meaning that they can filter out more particles, including sediments. For
example, the sponge Rhopaloeides odorabile would be susceptible by this criteria, and this
vulnerability may partially explain its reduced abundance in inner-shelf reefs of the GBR,
where fine-grained sediment loads are high (Bannister, Battershill & De Nys, 2012). While
some sponge species can contract their ostia (reviewed in Leys & Meech, 2006; Elliott &
Leys, 2007), this was not observed in I. basta. However, the possibility of ostia contraction
in I. basta, particularly during coordinated tissue regression (see below), also warrants
further investigation.
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In I. basta, sediments that are not trapped in mucus or excluded by ostia can still
potentially enter the aquiferous system. Once inside, they could reduce pumping efficiency
and affect food uptake and gas exchange. While many studies have examined the rate
at which sponges can remove particles from water, few have determined the rates at
which these particles are expelled. Strehlow et al. (2016b) demonstrated that introduced
Symbiodinium (∼10 µm in diameter) could persist in the tissues and aquiferous system
of Amphimedon erina for five days after inoculation, which was comparable to the 3 day
persistence of sediment in I. basta from the high sediment treatment. The majority of
sediments were observed in the channels of the aquiferous system as opposed to the sponge
mesohyl. The increase in mesohyl sediments in the chronic exposure following the recovery
period may have occurred when sediments on the surface of the sponge were engulfed as
the sponge tissues expanded to recover from regression.
Due to the high filtration efficiencies of sponges, it is likely that the sediments were
taken up by the choanocytes and then expelled via exocytosis into the exhalant system.
Furthermore, no clumping sediments, and no corresponding increase in sediment particle
volume, were observed within the scans, which would have been expected if sediments
were clogging the aquiferous system elements. This indicated efficient processing of
sediments. Additionally, the lack of significant changes in the aquiferous system volume in
the acute exposure indicated that a coordinated contraction of aquiferous system elements
to remove clumps of material, i.e., ‘sneezing’ (Elliott & Leys, 2007; Ludeman et al., 2014),
may not occur in I. basta. However, increasing the temporal resolution of the scans could
yield further insights into this coordinated behaviour in future studies. Targeted increases
in spatial resolution could also be used to better identify the various elements of the
aquiferous system in the future. It may also be possible that internal sediments pass directly
through the aquiferous system, without ingestion, and out through the oscula. Prosopyles
and apopyles, i.e., the openings leading into and out of choanocyte chambers, respectively,
were 7–8 µm in diameter (B Strehlow, pers. obs., 2017), suggesting that the small internal
particles, i.e., fine silts and clays, could pass directly through the smallest part of the sponge
filtration system. Sediment may also have egressed through canals that bypass choanocytes
to prevent clogging (Bavestrello, Burlando & Sara, 1988; Hammel et al., 2012). Although
no direct evidence of sediment ingestion, i.e., phagocytosis or intracellular sediments, was
observed in these experiments, it is possible that sediment was ingested, processed and
egressed, particularly sediment smaller than 10 µm (Turon, Galera & Uriz, 1997; Yahel
et al., 2007; Topçu et al., 2010). In order to verify sediment ingestion, future experiments
would need to verify intracellular sediment using sectioning and transmission electron
microscopy (TEM).
Sponges exposed to acute sediment exposures closed their oscula within 24 h, indicating
a cessation of pumping. Internal sediments could have entered the aquiferous system before
full oscula closure. To our knowledge, this is the first report of oscula closure in this species,
and the first report of closure in response to sediment exposure. A preliminary experiment
found no sediment inside dead and anesthetised sponges, indicating active pumping by the
sponge is necessary for sediments to enter the sponges. Therefore, osculum closure is a clear
response to limit sediment uptake. This closure may even impose a threshold of maximum
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sediment uptake, which would explain why there was no significant difference in internal
sediment concentrations between the high and medium treatments in the acute exposure
experiment after 48 h of sediment exposure and 1 h of recovery. Oscula closure leading to
cessation of pumping has been observed in a number of other sponge species (e.g., Reiswig,
1971), particularly in response to acute and chronic SSC exposures (Strehlow et al., 2016a;
Pineda et al., 2017a). With this prolonged closure, tissue regression and necrosis of sponges
was significantly higher in the chronic, highest sediment treatment (45 ± 12%) than in the
control treatments (4 ± 1%), and continued to be high throughout the recovery period (30
± 5%, Pineda et al., 2017b). This regression corresponded to a decrease in the percentage
volume of the aquiferous system. Sponge tissue regression results in a dormant state where
choanocyte chamber density decreases (Luter, Whalan & Webster, 2012b), the volume of
the aquiferous system decreases and, presumably, active pumping all but ceases as there
are no longer visible oscula (B Strehlow, pers. obs., 2016). Necrosis, on the other hand, was
characterised by a loss of cells which resulted in exposure of the sponge skeletal elements.
Tissue regression has also been observed in sponges undergoing physiologically stressful
events such as spawning (Abdul Wahab et al., 2016), yet I. basta has a remarkable recovery
capacity, exhibiting complete recovery within 72 h of being in a fully regressed state (Luter,
Whalan & Webster, 2012b).
This dormant state would be detrimental to I. basta in the long term as they depend
on pumping for vital physiological processes (Bell et al., 2015; Schönberg, 2015; Schönberg,
2016). However, entering into a short-term regressed or dormant state may be beneficial
or preferential under chronic sediment pressure. Pumping is energetically costly (Leys et
al., 2011), and previous experiments have shown that sponges decrease or cease pumping
when exposed to suspended sediments (Gerrodette & Flechsig, 1979; Tompkins-MacDonald
& Leys, 2008; Strehlow et al., 2016a). Sponge choanocytes have the fastest cell cycle noted
for a multicellular organism, and old cells are constantly expelled (De Goeij et al., 2009).
With such a high rate of cellular turnover, maintaining the aquiferous system is likely to
be energetically costly. Entering this dormant state would not only decrease the energetic
cost of pumping but also the costs of maintaining choanocyte turnover.

CONCLUSION
X-ray microscopy proved a useful tool for studying sediment stress and uptake in filter
feeders. The resolution (micrometres) that can be achieved over large volumes (millimetres)
allowed for sensitive and accurate detection and quantification of introduced particles. The
non-destructive nature of the approach allowed sponges to be visualised and quantified
without disturbing internal structures or the positioning of introduced particles. Using
this tool, we demonstrated that I. basta can readily accumulate and expel introduced
sediments in short time frames. Coupling X-ray microscopy data with SEM observations
led to the identification of five mechanisms that control sediment rejection and elimination
in I. basta and underpin the tolerance and resilience of this species to sediment related
stressors. These mechanism include: (i) mucus production, (ii) exclusion of particles by
incurrent pores, (iii) closure of oscula and pumping cessation, (iv) expulsion of particles

Strehlow et al. (2017), PeerJ, DOI 10.7717/peerj.3904

19/26

from the aquiferous system, and (v) tissue regression to reduce the volume of the aquiferous
system, limiting pumping and filtration capacity, thereby entering a dormant state. These
mechanisms, combined with the compact ultrastructure and relative sediment tolerance
of I. basta, make it an excellent model species for studying sediment response mechanisms
in sponges. Understanding these mechanisms contributes to our general knowledge of the
effects of dredging and increased sediment loads on sponges, which will inform effective
management of coastal areas given the increasing sediment loads therein.
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