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A B S T R A C T   

Suspended sediments can affect the health of marine benthic suspension feeders, with concomitant effects on 
community diversity, abundance and ecosystem function. Suspended sediment loads can become elevated 
through trawling and dredging, and via resuspension of bottom sediments and/or direct input from land during 
storms. We assessed the functioning (survival, respiration, morphology) of a common New Zealand cushion 
sponge, Crella incrustans (Carter, 1885), during four weeks of exposure to a gradient of suspended sediment 
concentrations (SSC). Survival was high, and oxygen consumption was not affected. Sponges did, however, 
develop apical fistules, a phenomenon never-before observed in this species. Although sediments accumulated 
internally within the sponges, around a third had cleared these sediments two weeks after the elevated SSCs were 
removed. The environments these sponges inhabit may predispose them to coping with high SSCs. Such ex
periments are useful for defining SSC tolerances, which may influence how such impacts can be managed.   

1. Introduction 

Coastal marine environments are under increasing pressure from 
many natural and anthropogenic impacts operating at a range of tem
poral and spatial scales (Crain et al., 2009; Halpern et al., 2015). Of 
concern globally is the increasing amount of sediment entering coastal 
systems through waterways as a result of changes in land use, defores
tation, and agricultural practices (Airoldi, 2003; Syvitski et al., 2005), 
and being disturbed and redistributed in situ from activities such as 
coastal and offshore dredging, trawling and seabed mining (Erftemeijer 
et al., 2012; Levin et al., 2016; Paradis et al., 2018). While many or
ganisms are able to withstand natural levels of suspended and deposited 
sediment in coastal regions (Larcombe et al., 1995; Wolanski et al., 
2005; Storlazzi et al., 2009), sustained high sediment loads can impact 
the health of marine organisms and, therefore, overall ecosystem func
tion (Thrush and Dayton, 2002). 

While larger sediment particles tend to settle quickly after suspen
sion, fine particles can remain in suspension for extended periods and be 
transported over long distances by currents (Capuzzo et al., 1985; 
Rolinski et al., 2001). This means the impact of high suspended sediment 
concentrations (SSC) can occur some distance from the sediment 

disturbance source (Oebius et al., 2001; Fisher et al., 2015; Jones et al., 
2019). Excessive sedimentation and sediment resuspension can signifi
cantly affect the abundance, diversity and structure of benthic com
munities (Airoldi, 2003; Fabricius, 2005; Carballo, 2006; Knapp et al., 
2013). These effects range from burial and smothering by settling 
sediment, which can be fatal, to more chronic effects on biological 
processes such as reduced larval survival and recruitment, settlement, 
feeding efficiency and growth (Airoldi, 2003; Fabricius, 2005; Cheung 
and Shin, 2005; Lohrer et al., 2006; Walker, 2007). High SSCs in the 
water column can be particularly detrimental to benthic suspension 
feeders and may lead to clogging of their filtering apparatus, thus 
affecting growth, reproduction and other physiological processes (Ellis 
et al., 2002; Hewitt and Norkko, 2007). 

Sponges (Phylum Porifera) are an important and diverse suspension 
feeding group (Wilkinson and Evans, 1989; Bell and Barnes, 2000; 
Murillo et al., 2012) that have a number of important functional roles in 
benthic systems (Bell, 2008; Maldonado et al., 2017). In temperate re
gions, sponges can process large volumes of water and efficiently retain 
particulate and dissolved organic matter (Perea-Bl�azquez et al., 2012). 
While some sponge species can be found and even thrive in areas of high 
settled and suspended sediment (e.g. Bell and Barnes, 2000; Knapp et al., 
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2013), there is strong evidence, primarily from tropical species, that 
sediment is generally detrimental to sponges (Bell et al., 2015; but see 
Sch€onberg, 2016), and that their diversity and abundance is lower in 
high sediment environments (Leys et al., 2004; Bannister et al., 2012; 
Stubler et al., 2015). 

Exposure to suspended sediments has been reported to clog the 
aquiferous system and to reduce or arrest water pumping in several 
sponge species (Gerrodette and Flechsig, 1979; Leys et al., 1999; 
Tompkins-MacDonald and Leys, 2008; Bannister et al., 2012; Strehlow 
et al., 2016; Grant et al., 2018). As pumping is required for feeding and 
respiration, clogging induced by fine sediments can alter particle 
retention (Lohrer et al., 2006) and oxygen consumption rates (Gerro
dette & Fleshing, 1979). Despite these reported impacts on pumping 
however, respiration rates in sponges exposed to suspended sediments 
have shown contrasting results: increasing in some studies (Bannister 
et al., 2012; McGrath et al., 2017) and decreasing in others (Lohrer et al., 
2006; Tjensvoll et al., 2013; Kutti et al., 2015; Pineda et al., 2017). 
Increased respiration rates may result from the sponges employing 
mechanisms to remove sediment from their aquiferous system, such as 
mucus production (see Biggerstaff et al., 2017; McGrath et al., 2017), 
while reduced respiration rates may result from a reduction in water 
pumping rates. A protracted reduction in sponge pumping has been 
correlated with reduced growth and reproduction, and lower survival 
(Roberts et al., 2006; Whalan et al., 2007; Maldonado et al., 2008). 
These contrasting results highlight the difficulty in making generalisa
tions about impacts of sediment on sponges, and the need for 
location-specific and taxon-specific studies to understand suspended 
sediment impacts and determine SSC tolerance thresholds (e.g. Scanes 
et al., 2018). 

In New Zealand, elevated sediment loads in coastal areas are 
recognized as a major threat to coastal biodiversity (Schwarz et al., 
2006; Ministry for the Environment, 2015; Cussioli et al., 2019; Siciliano 
et al., 2019). Land-based activities such as agriculture, forestry, and 
urban development may have detrimental impacts on New Zealand’s 
coastal marine environment through increased export of terrestrial 
sediments and their subsequent resuspension by coastal waves and 
currents (Thrush et al., 2004; Schwarz et al., 2006). Changes in rainfall 
patterns as a result of climate change, including increases in the 
magnitude and frequency of storm events (Reisinger et al., 2014; Law 
et al., 2018), are likely to result in more frequent input of sediments to 
coastal regions. Additionally, larger and more frequent storms will also 
result in greater and more frequent resuspension of coastal seafloor 
sediments (e.g. Orpin and Ridd, 2012). Activities such as dredging and 
trawling are common around New Zealand, and known to resuspend 
sediments, which can persist in the water column for considerable time, 
and can thus influence widespread areas (Ellis et al., 2017). 

Sponges are one of largest contributors to total biomass in many 
shallow water regions of New Zealand (Shears et al., 2007), particularly 
on rocky subtidal reefs (Kelly et al., 2009; Berman and Bell, 2010). To 
date, few studies have addressed the impacts of resuspended benthic 
sediments on New Zealand sponges (Murray, 2009), although compre
hensive studies of impacts of terrestrial sediments (with predominantly 
silt/clay particles and very low acidity) have been conducted (Lohrer 
et al., 2006; Schwarz et al., 2006). There is need for more information to 
define environmentally relevant suspended sediment tolerance thresh
olds for sponges and to assess how they might respond to any future 
changes in SSCs, which in turn can influence how such impacts can be 
managed. In this study, we assess how the common shallow water and 
widely distributed New Zealand cushion sponge Crella incrustans 
(Carter, 1885) (Class: Demospongiae, Family: Crellidae) might respond 
to exposure to a range of elevated SSCs that could be encountered in the 
wild, and investigate whether there are thresholds of SSC beyond which 
normal functioning might become compromised. 

2. Material and methods 

2.1. Sponge collection and preparation 

The cushion sponge C. incrustans was used for this experiment. 
Multiple sponges, ranging in size from 5 to 15 cm in diameter, were 
collected from 4 to 9 m depth in Breaker Bay, Wellington, New Zealand, 
by SCUBA divers. The sponges were immediately transferred to flow 
through holding tanks in NIWA Wellington’s Marine Environmental 
Manipulation Facility (MEMF), with seawater from the adjacent bay 
(filtered to 0.1 μm) at temperatures similar to those at the collection site 
(16 �C). Any epibionts were removed from the sponge surfaces before 
they were carefully sectioned into ~3 � 3 cm portions, and each portion 
was attached to a stainless steel mesh disc (4.5 cm diameter) using 
polyester thread (after Bates and Bell, 2018). They were subsequently 
left undisturbed for two weeks to allow membranes to reform and 
sponges to recover before being photographed (Nikon D850) and 
distributed randomly amongst 16 experimental chambers (N ¼ 4 per 
chamber). The sponges were fed daily with Nannochloropsis microalgae 
(1–2 μm cell diameter; Nanno 3600™ Reed Mariculture, U.S.). Sponges 
were handled entirely underwater, from their collection and during all 
stages of the experiment, to prevent stress from exposure to air. 

2.2. Chambers 

Sixteen experimental chambers, each 28 L in volume and based on 
the Vortex resuspension tank design of Davies et al. (2009), were used to 
expose the experimental sponges to a range of SSCs. A vortex flow within 
the tanks was created by water being pumped into two vertical pipes 
using an aquarium pump (Eheim) positioned at the top of the tanks. A 
flow rate of 15 ml s� 1 was used to force the water through small jets to 
create a directional flow (Fig. 1) and keep the sediment in suspension. 
Water jets in the lower half of the tank helped to re-suspend any settling 
sediment. Additionally, any sediment falling out of suspension that 
accumulated on the base of the chamber was pulled upwards by suction 

Fig. 1. Schematic of an experimental chamber (28 L), showing details of the 
mechanisms used to keep sediments in suspension. 
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generated with an airlift system and subsequently reintroduced to the 
chamber via two outlets on a T bar pipe at the top of the chamber 
(Fig. 1). Chambers were supplied with seawater at a rate of approxi
mately 1 L h� 1, providing complete replacement of seawater in each 
tank daily. A 58 cm long outflow pipe increased the opportunity for any 
sediments within the outflow water to fall out of suspension (due to no 
vortex and low flow) within this outflow pipe. A 5 � 5 cm square of 
polyester fibre placed in the outflow pipe also prevented sediments from 
leaving the system. This filter was cleared twice daily and any captured 
sediments reintroduced to the chamber. 

2.3. Sediment treatments 

The sponges were exposed to a gradient of suspended sediment 
concentrations (SSCs), ranging from a control (no added sediment) to a 
maximum of ~832 mg L� 1 (Fig. 2). Fig. 2 shows average SSC in each 
chamber (þSE), determined from water samples collected weekly over 
30 days. Water samples were filtered on a pre-dried and -weighed GF/F 
filter, before being dried at 60 �C for 16 h. 

This gradient design experiment was used in preference to a factorial 
design as we anticipated being able to generate response curves or to 
identify thresholds in the responses to SSC, and because similarly 
designed studies have demonstrated non-linear responses (e.g. Ellis 
et al., 2002; Hewitt and Norkko, 2007). SSC levels were chosen to 
encompass measured and modelled concentrations for coastal areas 
where these sponges are found (ranging from ~10 mg L� 1 to 200 mg 
L� 1; M. Hadfield NIWA, pers. comm.), storm generated resuspension of 
bottom sediments, high SSCs generated via runoff from forestry roads 
during storms (e.g. 1000 mg L� 1 in the Marlborough Sounds; Fahey and 
Coker, 1992), and to incorporate levels used in other studies (Kutti et al., 
2015; Tjensvoll et al., 2013). Target SSCs were maintained for four 
weeks, after which time the chambers were cleaned of sediments and 
supplied with ambient seawater only for another two weeks to allow a 
‘recovery period’. 

2.3.1. SSC manipulation 
The SSCs were obtained by adding a slurry of sediment (particle size 

range from 3 to 125 μm; mean diam. 54 μm) to each chamber. The 
sediment had been sourced from a nearby inlet and defaunated by 
freezing, then thawed and dried at 110 �C for 24 h. To ensure that target 
concentrations were maintained, chamber SSCs were monitored twice 
daily using a hand-held optical turbidity meter (Seapoint Turbidity 
meter) connected to a multimeter which displayed mV. The relationship 
between mV and SSC had previously been determined for a broad range 

of concentrations of the specific sediment used in this study (Supple
mentary Fig. 1). If required, more sediment was added to the chambers 
after each monitoring check, with the quantity of sediment required 
determined by the difference between target mV and actual mV within 
the chamber, using the calibration curve (Supplementary Fig. 2). The 
weekly water samples referred to above were collected immediately 
prior to mV readings being taken for SSC monitoring. These provided 
additional confirmation of the relationship between SSC and mV 
determined during the pre-experimental calibration curve generation, 
and that it was maintained during the experiment. 

The particle size distribution of the sediment suspended in the water 
column (and thus, to which the sponges were actually exposed) was 
determined from water samples (each 30 ml) in five of the highest SSC 
chambers (SSC ¼ 135, 221, 288, 389, 544 and 832 mg L� 1). Water 
samples were collected adjacent to the sponges in the chambers, on Days 
5 and 29, (near the beginning and end, respectively, of the elevated SSC 
portion of the experiment). Samples were analysed for particle size using 
a Beckman Coulter LS 13–320 Dual Wavelength Laser Particle Sizer, 
covering a size range from 0.4 to 2000 μm and displayed as volume 
percent across 92 discrete size classes. Granulometric analyses were 
carried out in Excel using GRADISTAT version 8.0 (Blott, 2010), which 
calculates the standard granulometric statistics, textural descriptions 
and size fraction percentages. This showed that the particles in sus
pension were ~47% silt and ~43% very fine sand, and that this distri
bution did not change over time (Supplementary Fig. 2). 

2.4. Evaluating sponge responses 

Sponge responses to the SSC treatments were assessed at different 
time points during the experiment: after 8, 23 and 30 days of suspended 
sediment (SS) exposure (~1, 3 and 4 weeks, respectively; hereafter Day 
8, Day 23, and Day 30), and after two weeks without SS (~6 weeks after 
addition to the chambers; hereafter Day 44). At each time point, a single 
sponge from each chamber was sacrificed to measure respiration rates, 
assess morphological changes, and to evaluate the degree to which the 
sediments had infiltrated the animal. The exception was Day 44, when 
only 14 chambers contained live sponges. 

2.4.1. Respiration rates 
Oxygen consumption rates were assessed at each sampling time point 

in sealed 75 ml cylindrical Perspex respiration chambers with pre- 
calibrated PreSens oxygen sensor spots attached to their inner surface. 
The sealed respiration chambers were placed in a flow-through water 
bath to maintain constant water temperature, and the water was gently 

Fig. 2. The range of suspended sediment concentrations (SSC) used in the study. Data presented are means (þSE) of samples taken from a chamber on four 
separate occasions. 
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stirred using a magnetic stir bar located in a separate compartment at 
the bottom of each chamber. Sponges were added to the respiration 
chambers and “dark-adapted” for 30 min to minimize the potential ox
ygen production by photosynthetic symbionts and to allow the sponge to 
recover from being moved into the chambers, before the chambers were 
sealed. The microbial community composition of C. incrustans has been 
previously described using 16S sequencing (Astudillo Garcia, 2017), 
with a small proportion (approx. 5%) of cyanobacterial sequences being 
reported. However, earlier Pulse Amplitude Modulation (PAM) fluor
ometry work on C. incrustans (Bell unpublished data) found no evidence 
for photosynthetic activity (very low measurements of quantum yield 
(Y) of photosystem II). Dark respiration measurements were used a 
precaution, although it is unlikely these symbionts contribute signifi
cantly to the nutrition of C. incrustans. 

Dissolved Oxygen (DO) readings were taken immediately after 
sealing and 30 min later using an optical fiber system (FIBOX 4, Pre
SenseGmbH, Germany). This time period was based on preliminary 
trials, to ensure oxygen levels did not drop below 75%. Blank in
cubations (N ¼ 4) containing only seawater were used to correct for any 
microbial community respiration in the seawater. Respiration rates (mg 
O2 L� 1 g� 1 AFDW h� 1) were determined after adjusting for the volume 
of water in the chamber and the sponge ash free dry weight (AFDW; after 
drying for 48 h at 60 �C to determine dry weight, followed by ashing at 
500 �C for 5 h). 

2.4.2. Morphology 
Photographs were taken of all sponges immediately prior to the 

experiment start (Day 0), and of each sponge on the day it was removed 
from the chamber (Day 8, Day 23 or Day 44), using a Nikon D850 
camera. Comparisons between Day 0 and later images enabled us to 
assess changes in the appearance of each sponge during the experiment. 
Each sponge was then sectioned (transversely) and photographs were 
taken of the internal surfaces. A scale and colour bar were included in 
each image, and analyses were conducted using ImageJ. 

During the experiment some sponges grew projections on their 
dorsal surfaces, which we have termed “fistules”. These irregular shaped 
growths were often observed growing through layers of sediment that 
had accumulated on the sponge surface. The number of fistules on each 
sponge was quantified using the images, and is presented as a portion of 
the sponge surface area (fistules cm� 2). 

2.5. Statistical analysis 

Plots were generated of respiration rate and number of fistules vs 
SSC, along with lines of best fit and R2 values. The effect of SSC on each 
response variable was assessed using two-way ANOVA with interactions 
(SSC, Day, SSC x Day), after first confirming that assumptions of 
normality and homogeneity of variance were met (by examining the 
residual distribution plots and residuals vs predicted values and quan
tiles and using the Shapiro-Wilk test for normality). Any sponges that 
had died were excluded from the analyses. Analyses were conducted 
using SAS Version 9.4 (SAS Institute). 

3. Results 

3.1. Survival 

There were four deaths across all of the SSC treatments during the six 
week experiment, three on Day 23 (from chambers with SSC levels of 96, 
170 and 389 mg L� 1), and one on Day 30 (in the 288 mg L� 1 SSC 
chamber). The two dead sponges from the 96 and 389 mg L� 1 SSCs on 
Day 23 had originated from the same clone, so it is possible they were 
compromised during the pre-experiment sectioning, or that this sponge 
was unhealthy at the onset of the experiment. 

3.2. Respiration rates 

Respiration rates were variable between sponges (0.1–0.8 mg O2 L� 1 

Fig. 3. Respiration rates of Crella incrustans (mg O2 L� 1 g� 1 AFDW h� 1) recovered from each chamber after (A) 8 days, (B) 23 days, and (C) 30 days exposure to 
elevated SSCs. (D) shows rates on Day 44, following a two week recovery period in ambient seawater. Lines of best fit and R2 values for the relationship with SSC at 
each time point are shown. 
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g� 1 AFDW h� 1; Fig. 3). There was a slight negative relationship between 
respiration rate and SSC, which was strongest on Day 23 (R2 ¼ 0.1016; 
Fig. 3B) and at the end of the two week recovery period in ambient 
seawater (Day 44 R2 ¼ 0.1217; Fig. 3D). This relationship was not 
detected as statistically significant using two way ANOVA (SSC F1,52 ¼

2.53, p ¼ 0.1178; Table 1A). 

3.3. Morphology 

The appearance of fistules was noted over the course of the experi
ment (Figs. 4 and 5). The control sponges had <1 fistule cm� 2 on all 
sampling dates (Fig. 4). In all other treatments fistule numbers increased 
after Day 8. There was a positive relationship between fistule abundance 
and SSC which was strongest on Days 23 and 44 (Fig. 4). This rela
tionship was statistically significant across all sampling Days (SSC F1,52 
¼ 7.77, p ¼ 0.0074; Table 1B). 

Dissections revealed internal sediment accumulation in many 
sponges (Fig. 6; Supplementary data). Qualitative visual assessments 
showed internal sediment build up even after only eight days exposure 
(Fig. 6). On this sampling date about half of the sponges in the elevated 
SSC chambers contained sediments, including those from the four 
highest levels. On Days 23 and 30, sediments were apparent in all 
sponges exposed to elevated SSCs, with one exception (99 mg L� 1 SSC on 
Day 30). No sediment was observed in control sponges. The magnitude 
of this sediment incursion was variable, regardless of SCC treatment 
(Fig. 6). At the Day 44 time point, after two weeks in ambient seawater, 
two thirds of sponges still contained sediments; those that were ‘sedi
ment free’ included sponges from the two lowest SSCs, and one each 
from the 96 and 221 mg L� 1 SSC chambers. 

4. Discussion 

This study has provided new information on the effect of elevated 
SSC on a common and widely distributed coastal New Zealand sponge, 
C. incrustans. Survival was high during the four week-long exposure to 
elevated SSCs, even at the highest concentration (832 mg L� 1). There 

Table 1 
Results of statistical tests investigating the influence of elevated SSC on Crella 
incrustans (A) respiration rates and (B) number of fistules. DF ¼ degrees of 
freedom, SS ¼ sum of squares, MS ¼ mean square.   

DF SS MS F-value Pr > F 

A. Respiration rates (mg O2 L� 1 g� 1 AFDW h� 1) 

Model 7 0.236 0.034 1.34 0.2516 
Error 52 1.311 0.025   
Corrected total 59 1.548    
SSC 1 0.064 0.064 2.53 0.1178 
Day 3 0.027 0.009 0.35 0.7881 
SSC x Day 3 0.063 0.021 0.83 0.4808 

B. Number of fistules (cm� 2) 

Model 7 22.328 3.190 2.87 0.0130 
Error 52 57.734 1.110   
Corrected total 59 80.063    
SSC 1 8.622 8.622 7.77 0.0074 
Day 3 2.651 0.883 0.80 0.5017 
SSC x Day 3 3.260 1.087 0.98 0.4099  

Fig. 4. Number of fistules cm� 2 on the surface of sponges recovered from each chamber after (A) 8 days, (B) 23 days, and (C) 30 days exposure to elevated SSCs. (D) 
shows rates on Day 44, following a two week recovery period in ambient seawater. Lines of best fit and R2 values for the relationship with SSC at each time point 
are shown. 

Fig. 5. An image of the surface of a sponge after 30 days exposure to SSC of 
170 mg L� 1, showing fistules protruding from sediment that had settled on the 
sponge surface. 
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was considerable variation in responses amongst sponges, and no strong 
negative effects were detected, even at the highest SSCs. 

4.1. Respiration 

There was no significant effect of increased SSC on sponge respira
tion rates. It is possible that the duration of our experiment was not long 
enough to detect strong effects. However, many previous studies have 
reported significant effects of elevated SSCs on sponge respiration from 
much shorter exposure periods (Tjensvoll et al., 2013; Kutti et al., 2015). 
There are contrasting and variable reports of the effects of SSCs on 
sponge respiration and also pumping rates. Some experimental studies 
have reported increases in respiration and pumping rates in response to 
increased SSCs (Bannister et al., 2012; McGrath et al., 2017; Pineda 
et al., 2017), while others have shown decreases (Kutti et al., 2015; 
Pineda et al., 2017). In addition, in situ reductions in pumping rates have 
been reported in response to storm generated turbidity for some tropical 
sponge species (Reiswig, 1971). Several authors have linked increased 
respiration rates to energetically costly mucus production as a sediment 
tolerance mechanism/response (see Biggerstaff et al., 2017; McGrath 
et al., 2017), while decreased respiration rates have been linked to 
reduction or arrest in pumping in order to prevent sediment entering the 
sponge (Grant et al., 2018). Mucus production by C. incrustans was not 
measured (or observed) during our experiment. In contrast, we found no 
strong effect of elevated SSC on C. incrustans respiration rates, a result 
that is consistent with a recent study by Grant et al. (2019) who noted no 
change in pumping rates in one glass sponge species. 

The lack of effects on respiration in our study is surprising, since the 
sponges were clearly accumulating sediment internally, which might be 
expected to compromise sponge pumping efficiency. C. incrustans ap
pears to have limited loss of metabolic function in response to the SSCs 
we tested. Unfortunately, it is not possible to directly compare the actual 
respiration rates from our study with those of the other studies on 
sponge sediment impacts because of differences in the way respiration 
rates are standardized between studies. However, Bates et al. (2018) 
examined the effects of different pH treatments on C. incrustans and 
found similar respiration rates for their control sponges as we report in 
the present study (assuming an AFDW to DW ratio of 50–65%), which 
provides further support for the limited effect of elevated SSCs on the 
respiration rate of our study species. 

4.2. Morphology 

Fistules were noted in many C. incrustans over the experiment, with 
their numbers positively correlated with SSC. Sponges living in soft 
sediment environments often have apical fistular structures that pro
trude upwards, ensuring some of the sponge is elevated above the 
sediment (Sch€onberg, 2016 and references therein). These elevated 
structures have been reported to be where the water is inhaled into the 
sponge (see Rützler, 1997). While fistules have been reported for many 
sponge species living in sediments and also for some hard substratum 
species (e.g. Polymastia spp. at Lough Hyne; Bell pers. obs.), to our 
knowledge this is the first report of such structures being produced 
during a sediment experiment. The production of fistules in C. incrustans 
was unexpected, as these have not been observed for this species at their 
field collection site (Bell pers. obs.). The generation of fistules in our 
experiment may be a natural adaptation strategy in response to sediment 
that had settled on the sponge surface rather than to increased SSC. This 
morphological change could potentially be the result of remodeling of 
the sponge body plan to move the inhalant pores to a higher position 
than the main sponge surface, enabling it to continue to pump water. 
Alternatively, the build up of sediment internally may have promoted 
fistule production. Further examination of these structures is required to 
determine whether these hypotheses are correct. 

Our qualitative observations of accumulated internal sediment in 
C. incrustans suggest it may take longer than two weeks for sediment 
removal, with several sponges showing internal sediments after two 
weeks’ recovery. A similar, variable response was noted for Ianthella 
basta after two weeks in control conditions, although internal sediment 
had decreased to a very low level (Strehlow et al., 2017). Some sponges 
are known to take up and incorporate sediments into their body and in 
some species, incorporation of sediment in their tissues is beneficial and 
can actually enhance growth and provide structural support (Sch€onberg, 
2016, and references therein). However, previous experiments and 
taxonomic work with C. incrustans (Berman and Bell, 2010) have not 
noted any internal sediment in specimens from the field. 

4.3. Tolerance of coastal temperate sponges to sediment 

The SSC concentrations we used are high compared to those used in 
most previous experiments on sponges (see Bell et al., 2015; Sch€onberg, 
2016) and likely represent conditions expected under major seafloor 

Fig. 6. Images of cross-sectioned sponges showing the accumulation of sediments. Examples are shown of control and sediment-exposed sponges after 8 days and 30 
days, and at 44 days. 
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disturbance (e.g. extreme storms, mining or trawling; De Madron et al., 
2005; Bradshaw et al., 2012). Despite this, we found no strong evidence 
for negative impacts of elevated SSC on C. incrustans, nor did the thin 
film of sediment that settled on the surface of the sponge appear to have 
detrimental effects. These results, combined with those of Bell (2004) 
from Ireland, and reports of dense sponge assemblages in other 
temperate regions that experience high SSCs and settled sediment (see 
Bell and Barnes, 2000), support the view that shallow temperate sponges 
may be able to tolerate high levels of suspended sediment, and that 
sensitivity of sponge species to SSC is likely influenced by pre-adaptation 
to the turbidity of the natural habitat (e.g. Abdul Wahab et al., 2017; 
Grant et al., 2019). However, the properties of the disturbed sediment 
are also important, as shown by the detrimental effects of terrestrial 
sediments (with predominantly clay-silt particle size composition and 
very low pH) on Aoptos spp. (Lohrer et al., 2006) and Tethya burtoni 
(Schwarz et al., 2006). 

5. Conclusions 

Elevated SSCs do not appear to have strong effects on the physiology 
of the common New Zealand cushion sponge C. incrustans, at least over 
the time frame of this experiment. There were morphological changes, 
with the development of apical fistules that may be an adaptation to the 
sediment settling on their external surfaces, or accumulating internally, 
during the experiment. Sediment was taken up by C. incrustans, but the 
species has mechanisms to clear the sediment once the source of SSC is 
removed. We conclude that the coastal environments that these sponges 
live in may predispose them to coping with high SSCs, and that they may 
also be tolerant of sediment deposition events that temporarily cover 
their surfaces. 
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