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To support the use of marine demosponges for collagen production in integrated culture settings, we investigated
a low–cost, easily applicable and sustainable production method for the culture of Chondrosia reniformis Nardo,
1847 (Demospongiae, Chondrosiida, Chondrosiidae). Novel methods were tested to culture this collagen-rich
demosponge in three consecutive trials, during which recovery, survival and growth rates of explants were
monitored cultured within a site with organic pollution site (urban water discharge) and a pristine site. During
Culture Trial 1, orientation of the culture plates had a significant main effect on growth rates of glued explants,
with vertically mounted explants showing faster growth compared to horizontal ones (range 63 ± 46% to 116 ±
54%). However, vertically glued explants detached more compared to horizontal ones (30% versus 7%), which
was not the case for nailed explants where only 3% detached regardless of orientation. Thus, vertically nailed
explants yielded overall highest success rates. An interactive effect of substrate and attachment method on
sponge growth rates was also found: glued sponges growing faster on PVC and polypropylene (PP) as compared
to iron as substrate, for nailed sponges no growth differences were found between substrates. During Trial 2, no
growth differences between sites or orientation were found, although similar to Trial 1, vertically cultured ex
plants showed higher detachment rates (40–52%) and lower survival Based on to the results of Trials 1 and 2, the
combination PP/nail/horizontal was ultimately selected for scale up in Trial 3, with explants as well as colonies.
Culture Trial 3 revealed survival rates of 75–92% for explants and 83–100% for colonies after 467 days of
culture. Growth rates were similar at the polluted and pristine sites for both explants facing up/down (range 126
± 99% to 218 ± 139%) and colonies (range 128 ± 60% to 226 ± 325%). These consecutive culture trials
spanning 2 years yielded consistent growth rates and high survival rates over 1 year of culture, both under
pristine and polluted conditions. We here report the successful culturing method for a collagen production
pipeline using C. reniformis. The final ‘Demosponge lantern’ design, is simple, sustainable, enhances productivity
and is adaptable to seawater environments combined with sources of variable organic particle load such as fish
culture or sewage outfall.

1. Introduction
Marine sponges (phylum Porifera) have been of interest to mankind
since ancient times, in particular for their use as natural bath sponges
(Voultsiadou, 2005). The sponge phylum consists of four distinct classes:
Hexactinellida, Demospongiae, Calcarea and Homoscleromorpha. Demo
spongiae is by far the largest class with 8800 species described world
wide (World Porifera Database). Within this class, the order
Dictyoceratida contains well-developed spongin fiber skeletons that
make up a significant proportion of the body volume (Jesionowski et al.,
2018). The Dictyoceratid species used by humans as commercial bath

sponges belong to the family of Spongiidae. Due to the growing economic
importance of these bath sponges and declining natural stocks, demo
sponge aquaculture trials have been conducted over the last 235 years to
provide an alternative to wild harvest (Gökalp et al., 2020b). For
example in Turkey, several attempts have been performed to culture
commercial bath sponges found along the coastline since the early
1970’s. An institute was founded in Bodrum to support and regenerate
the collapsing commercial bath sponge business in the region (Gökalp,
1974; Katagan and Kocatas, 1991; Çelik et al., 2011).
Three decades ago, a new wave of in situ and ex situ demosponge
culture commenced due to the many demosponge–derived bioactive
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metabolites isolated and biomaterials identified from species other than
natural bath sponges (Battershill and Page, 1996; Munro et al., 1999;
Müller et al., 1999; Van Treeck et al., 2003; Duckworth and Battershill,
2003a, 2003b; Page et al., 2011; De Voogd, 2007; Duckworth and Wolff,
2007; De Caralt et al., 2010; Schiefenhövel and Kunzmann, 2012;
Pérez-López et al., 2013; Padiglia et al., 2018; Santiago et al., 2019;
Gökalp et al., 2019; Gökalp et al., 2020a). Demosponge mariculture has
been identified as one of the best applicable methods to sustainably
supply desirable demosponge bioactive compounds and biomaterials
such as avarol, chitin, collagen, halichondrin B, isohomohalichondrin B,
peloruside A, prenylhydroquinones and renieramycins (Sipkema et al.,
2005a, 2005b; Osinga et al., 2010; Pérez-López et al., 2013; Santiago
et al., 2019; Wysokowski et al., 2020). However, despite extensive re
views on demosponge cultivation methods (Osinga et al., 1999; Pom
poni, 2001; Belarbi et al., 2003; Müller et al., 2004; Sipkema et al.,
2005a, 2005b; Mendola et al., 2008; Koopmans et al., 2009; Duckworth,
2009; Schippers et al., 2012; Gökalp et al., 2020b) and abovementioned
in situ experiments with various potential demosponges, commer
cial–scale mariculture for the production of demosponge bioactive
compounds and biomaterials has not yet succeeded. As bioactive com
pounds are present within demosponges mostly in trace amounts (with
few exceptions such as avarol from the demosponge Dysidea avara –
Tommonaro et al., 2014; and the recently discovered bromotyrosines in
the demosponge Aplysina aerophoba - Muzychka et al., 2021), inflating
production costs and hampering economic feasibility (except for the
early phases of drug development, Sipkema et al., 2005a). Secondly,
therapeutic drug development is a time–consuming process, as the
clinical phases involved in the process are sumptuous (Pomponi, 2001;
Müller et al., 2004; Sipkema et al., 2005a).
The capability of demosponges to process large amounts of water
combined with high efficiency in retaining a wide size range of sus
pended organic particles (Jørgensen, 1949, 1955; Reiswig, 1971, 1974;
Vogel, 1974; Vogel, 1977a, 1977b; Riisgård et al., 1993) has led to
promising clearance experiments with demosponges feeding on a wide
range of microorganisms (Milanese et al., 2003; Hadas et al., 2006; Fu
et al., 2006; Stabili et al., 2006; Wehrl et al., 2007; Zhang et al., 2009;
Longo et al., 2010; Maldonado et al., 2010). There has been a renewed
interest in farming of demosponges in situ due to these outstanding
filtering abilities. This filtering is a regulating ecosystem service, pro
vided by demosponges in diverse marine habitats. Together with the
demosponges’ abilities to contain and accumulate biomaterials, their
filtering capacities have raised interest in the inclusion of these animals
in integrated multitrophic aquaculture (IMTA) applications and in use of
treatment of wastewater streams (Pronzato et al., 1998, 1999; Manconi
et al., 1999a, 1999b; Cebrian et al., 2006; Page et al., 2005, Page et al.,
2011; Osinga et al., 2010; Ledda et al., 2014; Longo et al., 2016; (Gökalp
et al., 2019), Gökalp et al., 2020a; Giangrande et al., 2020). In this in
tegrated farming approach, the demosponges consume dissolved and
particulate nutrients available in the water column without the need for
additional feeding providing a triplet benefit: 1) enhanced production of
demosponge biomass, 2) prevention of overexploitation from natural
stocks and 3) purified water, whether the organic particle load is from
suspended fish farm activities or urban runoff (Osinga et al., 2010;
Ledda et al., 2014; Gökalp et al., 2019, Gökalp et al., 2020a).
The success of demosponge mariculture is found to be influenced by
abiotic factors including light and current conditions of the farming site
(Wilkinson and Vacelet, 1979). In addition, culture depth, farm location,
seawater temperature, and nutrient levels were shown to affect the
success of demosponge farming (Verdenal and Vacelet, 1990; Osinga
et al., 1999; Duckworth et al., 1997, 2004; Garrabou and Zabala, 2001;
Kelly et al., 2004; Corriero et al., 2004; Louden et al., 2007; Duckworth
and Wolff, 2007; Gökalp et al., 2019). To achieve maximum growth and
survival rates for demosponge mariculture, a variety of culture methods
(horizontal thread/pin, mesh array, concrete disk, steel cage, suspended
rope, tray, PVC plate and lantern) were investigated by researchers, and
optimal culture methods were found to be strictly species–specific

(reviewed by Duckworth, 2009; Schippers et al., 2012). A series of
long–lasting culture trials revealed several factors that determine the
prosperity and sustainability of the culture. These include biotic factors
such as predation by marine organisms, diseases and fouling,
species-related factors such as broodstock selection and repeated clon
ing, as well as abiotic factors including water temperature, season
ality/time of seeding and external factors such as storms, wave action,
marine traffic and vandalism (Barthel and Theede, 1986; Duckworth
and Battershill, 2003a, 2003b; Duckworth, 2009; Osinga et al., 2010;
Page et al., 2005, Page et al., 2011; Gökalp et al., 2019, 2020a; Gian
grande et al., 2020).
In this paper, we describe the development of an in situ aquaculture
method for the Mediterranean demosponge species Chondrosia reni
formis (Nardo, 1847). This species is of potential commercial interest
because it produces large amounts of collagen with very specific
physico-chemical properties. Collagen derived from C. reniformis is
characterized by a unique dynamic plasticity due to the ability to
reversibly alter its viscoelastic properties in an extraordinary short-time
span (Pozzolini et al., 2018). This collagen is regarded as a very suitable
and biocompatible scaffold for bone tissue engineering, can be used as a
dermal delivery system for medication and has been shown to promote
tissue regeneration (Fassini et al., 2021).
We started farming trials with C. reniformis in Turkey in 2006, hereby
testing the potential to grow this species under in situ fish cages, using a
seafloor-based culture method (Osinga et al., 2010). These trials were
unsuccessful due to smothering of the sponges by organic sediments.
Accordingly, as a follow-up study, we investigated modified culture
conditions and tested in situ bacterial clearance rates by C. reniformis in
order to secure a raw collagen production pipeline combined with an
IMTA method for C. reniformis around suspended fish aquaculture cages
(Gökalp et al., 2019, Gökalp et al., 2020a). We found that C. reniformis
benefited from mariculture–sourced organic pollution and showed bet
ter growth performance in polluted waters compared to a control site
(170% versus 79% in 13 months, (Gökalp et al., 2019). Despite these
advancements, commercial mariculture of C. reniformis remained
problematic, due to the morphological plasticity of this species (Baves
trello et al., 1995, 1998; Bonasoro et al., 2001; Wilkie et al., 2006;
(Fassini et al., 2012)). The sponges performed best when grown on
vertically positioned plates, however, a persisting problem was the loss
of many sponge explants from the vertical plates due to active detach
ment. Furthermore, the vertically oriented plates mounted on
seafloor-based culture frames were prone to disrupting drag forces
under occasional conditions of high-water flow (Gökalp et al., 2019).
The first aim of this study was to test whether the losses of
C. reniformis explants in culture due to detachment could be reduced.
The use of nails to attach the sponges to plates was compared to the
previously applied method of attachment by acrylate glue. In addition,
we compared the suitability of two alternative plate materials, poly
propylene (PP) and iron, to the PVC plates used in our earlier study
(Gökalp et al., 2019). The choice for PP was based upon observations
during the earlier study (Gökalp et al., 2019), in which we noted that
sponges that had detached from vertical PVC plates often continued to
grow on horizontally oriented PP support plates mounted underneath
the vertically oriented PVC plates. The choice for iron plates was based
on observations by Osinga and Kotterman (2007), who reported that
continuous addition of ferric iron (Fe3+) promotes the formation and
activity of the demosponge aquiferous system of several species
including C. reniformis. The current study started with a multifactorial
experiment to test the suitability of the three selected plate materials in
combination with the new method to attach explants of C. reniformis by
nails (Culture Trial 1). To corroborate our earlier findings that explants
on vertically oriented plates outperform explants oriented horizontally
and that shaded explants grow faster than explants exposed to direct
sunlight (Gökalp et al., 2019), these factors were also included in this
first culture trial.
The second aim of this study was to explore whether mariculture of
2
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C. reniformis can be combined with purification of municipal waste
water. The successful enhancement of growth of C. reniformis by placing
the cultures in the vicinity of fish farms (Gökalp et al., 2019) suggests
that demosponge cultures may benefit from sources of organic pollution.
In the current study, we experimented in the vicinity of a municipality
wastewater discharge point (Culture Trial 2) in order to compare growth
performances of C. reniformis to: 1) a pristine control site and 2) our
earlier study carried out in the vicinity of fish farms (Gökalp et al.,
2019).
The third aim of this study was to design and implement a robust,
scalable culture system that integrates best practices and that reduces
vulnerability and operational costs, in order to enable economically
feasible, commercial-scale production of raw demosponge material for
the extraction of collagen (Culture Trial 3). Specifically, Culture Trial 3
aimed to: 1) quantify long-term in situ survival and growth of
C. reniformis, 2) compare the growth of cut demosponge fragments
(explants) to the growth of non-fragmented colonies, and 3) implement
a low–cost, easily applicable, sustainable and profitable production
method for the culture of C. reniformis, that is able to handle a range of
sea conditions and applicable in environments with varying current,
depth, turbidity and organic particle load.

status since 2014) of Antalya (Fig. 1). The marine environment of Kaş is
characterized by a rocky shoreline dropping rapidly down to about 50 m
depth. Frequently structured submerged rocks and diversely settled
shoals are scattered around the Posidonia oceanica meadows surrounding
the islands and the indented shoreline (Fig. 1). The trials for the mari
culture of C. reniformis were set on naturally formed sand/gravel patches
within the seagrass meadows/submerged rocks at depths between 14 m
and 26 m. Two major sites were selected for the culture experiments,
based on water visibility (Secchi disk, cf.) and organic loading (total
organic carbon (TOC) measurements). The pristine site lies 4.3 km south
of Kaş (Fig. 1), located within the western border of the marine pro
tected area, exposed to westerly wave and wind action. Being sheltered
by Çukurbağ Peninsula, the polluted site is at 100 m distance to the
shoreline and 2000 m west of Kaş harbor, located right next to the
municipal wastewater treatment system (Fig. 1). Kaş harbor and the
treatment facility are located right next to the SEPA area. The harbor is
seasonally affected by wastewater, urban runoff and marine recreational
activities (boating, tourism and vessel maintenance). The deep
discharge pipeline (DDP) of the wastewater facility has three outlets
located in between 20 and 28 m depths, releasing a plume of treated
effluent upwards directly into the seawater. The polluted site was chosen
as an alternative source of organic pollution to allow for comparison to
the previous study that we conducted in the close vicinity of suspended
mariculture cages (Gökalp et al., 2019). To determine organic loading,
three replicate water samples (50 mL) were taken within 10 m of the
culture platforms from each location by scuba diving for TOC analysis
using the wet oxidation method, similar to our previous study (Gökalp
et al., 2019).

2. Materials and methods
2.1. Study location and seawater parameters
Culture experiments were performed in the Levantine Sea within the
Kaş–Kekova Special Environmental Protected Area (SEPA, protection

Fig. 1. Kaş–Kekova Special Environmental Protected Area and Kaş and Castellorizo (Megisti) harbors. 1) Pristine site is located at Pina Reef diving location, which is
at the eastern tip of Heybeli Island and the western border of Kaş SEPA. 2) Polluted site is located right next to the deep discharge pipeline of the Kaş municipality
water treatment center which is located at the eastern shore of the Çukurbağ Peninsula. 3) The sponges were collected at Besmi Island. The exact locations of
experiments: 1) Pina–reef (pristine, 36◦ 09′ 42.4”N 29◦ 37′ 26.5′′ E) 2) Deep discharge pipeline (polluted, 36◦ 11′ 36.2”N 29◦ 36′ 42.0′′ E) and the sponge collection site 3)
Besmi Island (36◦ 09′ 02.7”N 29◦ 36′ 58.2′′ E).
3
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2.2. Sponge collection and seeding

facing south (exposed to sunlight) and ten boxes facing north (shaded).
Each box hosted 6 plates with 2 explants per plate, i.e. 12 explants per
box. For statistical analysis (see below), a plate was considered the
experimental unit (i.e., two explants on one plate were averaged, n =
10). All boxes were placed at 14 m depth, vertically on their long sides,
5 m apart from each other and secured with 2 stone weights (weighing 4
kg each) on each side. The boxes facing south/sunlight were positioned
towards a sand/gravel opening with a Posidonia seagrass meadow
10–20 m beyond this opening whilst the ones facing north/shadow were
positioned towards the outskirts of the Pina small reef that was 2 m away
from these boxes.

C. reniformis specimens for the three mariculture trials were collected
from naturally occurring populations at Besmi Island (36◦ 09′ 02.7′′ N
29◦ 36′ 58.2′′ E) in between 15 and 25 m depth using Scuba diving (Fig. 1,
#3) where large populations of C. reniformis cover the seabed at less than
an hour boat distance to both culture sites. Following collection, the
sponges were then transported to the culture sites, cut into pieces
following the method described in (Gökalp et al., 2019) and seeded onto
the designated plates. We left the explants horizontally next to the cul
ture platforms for 4–7 days before the plates were secured to their spots
on the culture platforms in order to enable the sponges to attach and
acclimatize after seeding (Sipkema et al., 2005a; (Gökalp et al., 2019)).
Following the acclimatization period, plates were installed on their
designated culture systems according to the experimental design (see
below for details).

2.3.2. Culture Trial 2 (initial trial) - June 2018–October 2018
We designed culture Trial 2 to study the effects of the organic
pollution from the deep discharge pipeline (DDP) on demosponge
growth rates based on the results of our previous study, where fish farm
effluents had a positive effect on demosponge growth rates (Gökalp
et al., 2019). Explants of C. reniformis (1 explant per plate, n = 10 per
box; 100 explants in total) were glued to PVC plates in 2 different
orientation types (vertical vs horizontal; n = 5 per box) in 2 different
turbidity conditions (pristine vs polluted; n = 50 per site; see Fig. 2b,3b
and Table 1 for details). The culture systems (n = 5) were placed at 14 m
depth and 5 m apart from each other for both sites.

2.3. Culture Trials - June 2018–June 2020
The three mariculture trials were executed between June 2018 and
June 2020 (Table 1). Culture Trial 1 was designed to disclose the best
combination of culture materials and positioning of the sponges (Sub
section 2.3.1). Culture Trial 2 (Subsection 2.3.2) aimed to test effects of
the culture environment (pristine versus organically enriched). In Cul
ture Trial 3, best practises obtained from Culture Trials 1 and 2 were
integrated into a first upscaling towards commercial-size mariculture
(Subsection 2.3.3). For Trials 1 and 2, polypropylene (PP) boxes with the
following dimensions were used as culture platform: height 28 cm,
width 40 cm, length 60 cm (Fig. 2a, b). All boxes were covered with
chicken wire to eliminate possible predation from surrounding marine
life, and to prevent specimens migrating off the plate or being carried
away by occasional strong seawater currents (Gökalp et al., 2019,
Gökalp et al., 2020a). The PP boxes were selected to facilitate a cheap,
lightweight and environmentally safe hard substratum for the
C. reniformis explants that enabled easy transport and culture orientation
combinations for the trials (Fig. 2a, b). For Culture Trial 3, 12 demo
sponge lanterns (height 400 cm, radius 60 cm, modified from Battershill
and Page, 1996 and Kelly et al., 2004 were used. These were surrounded
by fishing nets as a protection from the factors described above (Fig. 2c).
As stated by Duckworth and Battershill (2003a), mesh size can influence
demosponge growth. The mesh size (4 cm) of the lanterns was kept large
enough to allow sufficient nutrition carried by water flow to the ex
plants. The lanterns were held vertically in the water column by buoys
and anchors where PP plates provided shade for the layer below. Holes
were made in the net to allow easy access to the cultured explants for
maintenance and photography.

2.3.3. Culture Trial 3 (scale–up) - June 2019–June 2020
The demosponge lantern system (Battershill and Page, 1996), which
is basically a modified eel net with PP plates inside, was designed to
provide a flexible method of demosponge culture for varying oceano
graphic conditions (see Figs. 2C and 3C for details of the method). The
lanterns at the pristine site were deployed on a sand/gravel opening, 50
m southwest of the Pina–reef wall and 30 m northwest of the Pina small
reef (Fig. 1). The lanterns at the polluted site were placed next to the
DDP (Fig. 1, 3D). At each site, the culture systems (n = 6, per site) were
installed at 25–28 m depth, approximately 5 m apart from each other.
Each culture unit was anchored by a cement weight (50 kg) and buoyed,
so that the system would be held vertically. This subsurface float (radius
= 40 cm) remained at 13–16 m depth (Fig. 2C).
Based upon a combination of results obtained during Culture Trial 1
and practical considerations (which will be further explained in the
discussion), it was decided to apply horizontally mounted PP plates in
Culture Trial 3, and to apply nails as the method for attachment. Each
lantern hosted 4 circular PP plates (diameter = 60 cm; width = 2 cm)
that were placed at 1 m depth intervals. To study the effect of cutting on
demosponge growth/survival rates, we collected C. reniformis colonies
and left some of these intact for the experiment (Duckworth et al., 1997).
Intact colonies (n = 2 per lantern; width = 5–10 cm) were placed on the
1st and 3rd PP plates (top to bottom). To compare explant performance
cultured in a more shaded versus a more lit environment, cut explants (n
= 4 per lantern: width = 2–3 cm) were nailed on both on top (n = 2 per
lantern) and underside (n = 2 per lantern, on a smaller rectangular PP
plate nailed to the larger plate) of the 1st and 3rd PP plates (Fig. 2C;
Table 1). The 2nd and 4th plate of each lantern were left empty, to
prevent cross-over of replicates. Again, similar to Trials 1 and 2, one PP
plate was considered as the experimental unit. We should note here that

2.3.1. Culture Trial 1 (initial trial) - June 2018–October 2018
In Trial 1, demosponge explants (240 in total) were attached to 3
different types of culture plates (PVC, PP and Iron) in 2 different
orientation types (vertical vs horizontal), using 2 different attachment
methods (glue vs nail) and 2 different light exposure conditions (facing
sunlight vs facing shadow; see Fig. 2a,3a and Table 1 for details). Twenty
polypropylene boxes were used for the experiment, with ten boxes

Table 1
Summary of the methods tested for the culture of C. reniformis. One culture plate was considered the unit of replication.
Culture experiment

Culture substrate

Orientation

Attachment

Pollution

Light exposure

Specimens per culture plate

Depth (m)

Culture Trial 1
PP Boxes

PVC
PP
Iron
Plates
PVC plates

Horizontal
Vertical

Glue
Nail

Pristine

Facing sun
Facing shadow

2 explants

14

Horizontal
Vertical
Horizontal

Glue

Pristine
Polluted
Pristine
Polluted

NA

1 explant

14

Facing up
Facing down

1 explant
1 colony

22–26

Culture Trial 2
PP Boxes
Culture Trial 3
Sponge lanterns

PP Plates

Nail
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Fig. 2. Schematic overview of sponge platforms and plate types tested in Culture Trials 1–3. (A) Culture trial 1 Side view and bird’s eye view: PP boxes were used for
both Culture Trial 1 and 2. (B) Culture trial 2 (C) Placement of explants and colonies in the lantern system (Pictures are shown in Fig. 3). The metal rings used for
stretching the net also carry the PP plates with explants that could be inserted via vertical slots (not shown) in the netting. Plates 2 and 4 in the lantern were left
empty. The sponge lanterns used for Culture Trial 3 were constructed by combining the design and principles of scallop lanterns used for sponge mariculture
(Battershill and Page, 1996; Kelly et al., 2004) and European eel nets normally applied horizontally in freshwater creeks.

the downward orientation of the demosponges mounted onto the un
derside of the plates in the 3rd trial differs from Trials 1 and 2, during
which explants were mounted vertically. An upside-down orientation
also occurs in naturally growing populations of C. reniformis colonies.
C. reniformis orients itself over the rocks (facing up, facing down,
perpendicular, et cetera) depending on depth, current, light and the
location where it settled (Wilkinson and Vacelet, 1979; Bavestrello et al.,
1998; Nickel and Brümmer, 2003; Cebrian et al., 2006).

2.5. Data analysis
To analyze main and interactive effects of orientation (horizontal vs
vertical), substrate (PP, PVC and iron) and attachment (glue vs nail) on
growth rates for Trial 1, a three-way factorial ANOVA was performed.
Light exposure condition (facing sunlight vs facing shadow) were dis
carded from this analysis as no significant differences were found in
between these groups (North and South were pooled to substantiate the
three-way factorial Anova). To analyze effects of culture site and
orientation on growth rates for Trial 2, a two-way factorial ANOVA was
used. To determine the effect of orientation on detachment rates for
Trials 1 and 2, Fisher’s Exact Test was used. For Trial 3, since this design
was not fully factorial (i.e., no colonies in down position tested, only up),
we performed two separate three-way factorial mixed ANOVA’s: one
testing for effects of time, site and orientation using the data for explants
up and down, and another testing for effects of time, site and sponge
type using the data for explants up and colonies up. All data were found
to be normally distributed after a square root transformation as indi
cated by a Shapiro-Wilk test (p > .050) and histograms. For Trial 3, the
data violated the assumption of sphericity (Mauchly’s test, p < .050),
thus a Greenhouse-Geisser correction was used for testing main and
interactive effects of time. Bonferroni corrections in cases of multiple
testing were used by inflating p-values by the number of tests. P-values
below α = 0.05 were considered statistically significant. Statistical an
alyses including graph plotting were performed using SPSS v 25 (IBM
Corporation, USA).

2.4. Sponge growth rates
Sponge growth rates were determined from the photographs taken
during the periodical visits to the culture locations. Due to the tight
space available in the culture frames, explants were photographed with
a GoPro Hero 5 Black digital camera next to a ruler (GoPro. Inc. San
Mateo, CA, USA). Following each dive, recorded images were trans
ferred to Photoshop CS7 software (Adobe Systems Incorporated, San
Jose, CA, USA) and lens distortion was corrected. The images were
calibrated using known plate dimensions, peripheries of explants were
marked, and sponge surface areas were calculated from pixel counts of
the marked areas by using ImageJ software (LOCI, University of Wis
consin). Growth was expressed as the increase in the number of pixels,
calculated with the pixel counter function of the image editing software
and sponge survival and growth rates were calculated according to the
method described in Gökalp et al. (2019).
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Fig. 3. a) Culture trial 1, pristine site; divers working on PP boxes and taking initial pictures of explants b) Culture trial 2, polluted site; PP boxes located on both sides
of the deep discharge municipality pipe at 14 m depth c) Culture trial 3, pristine site - divers checking the cultured specimens on PP plates inside the sponge lanterns
d) Plume ejecting directly out of the pipeline from one of the free outlets of the deep discharge pipe at 25 m e) Pristine site –Diver cleaning the protective net of the
sponge lantern; Kaş economy is driven by tourism and there had been multiple complaints on the quality of the seawater (around the deep discharge pipe) both from
the diving centres/recreational facilities and from the public for 2 decades and in the course of the current study. f) Polluted site – Major epibiont growth over the
system following the unattended winter months. Diver cleaning the algal growth over the nets, buoys and ropes of the sponge lantern system. The weight of the
epibionts effected the buoyancy and caused lower plate to touch the bottom for 2 lanterns, however without negative effects on the sponges.

2.6. Productivity and feasibility

To assess economic feasibility for the upscaled culture system (Cul
ture Trial 3), productivity was calculated as above and converted into
productivity in kg sponge per demosponge lantern per year using con
version factor of 1.03 g cm− 3 to convert surface area into wet mass
(Sipkema et al., 2005a). This productivity was then divided by the
estimated costs for constructing, deploying and maintaining a demo
sponge lantern to obtain a cost per kg wet mass of the raw demosponge

To compare methods, data on growth and survival from Culture Trial
1 were used in combination to calculate an overall production factor (P,
calculated as the percentage increase in sponge biomass in relation to
the initial amount of sponge biomass seeded) for each of the 12 com
binations of plate type (PP, PVC, Iron), attachment method (glue, nail)
and orientation (horizontal, vertical):

P = ((Final size–Initial size)/Initial size ) × 100 × (Nr of survivors)/(Initial nr of sponges)
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material needed for collagen production.

Table 2
Culture Trial 1,2 and 3. Survival rates (%) of the explant at the end of the culture
period (June 2018 to October 2018) for Culture Trials 1&2 and survival rates of
explants and colonies cultured in sponge lanterns (June 2019 – October 2020)
for Culture Trial 3.

3. Results
3.1. General observations

Culture Trial 1 (Pristine site)

The surface temperatures at the study sites exhibited seasonal vari
ations typical of the Eastern Mediterranean Sea with an average annual
value of 21.9 ± 3.8 ◦ C (n = 12), while the salinity was uniform for both
experimental sites, approximately 38.6 PPT, and almost uniform over
the year at 20 m depth. During the span of the trials, the temperature
ranged from 17.3 to 28.1 ◦ C for both sites (next to the lanterns at 22 m).
From June to September (2018–2020), when the population of
Kaş–Kekova dramatically increased, the visibility of the seawater
declined at the polluted site (10.8 ± 1.6 m), in contrast to the pristine
site (19.5 ± 1.9 m; Secchi disk, see above) and there was considerable
benthic algal growth at the polluted site. Especially during the season
peak (July–August), the visibility of the polluted site occasionally
dropped further to 5 m. TOC levels at the polluted site (161.0 ± 0.057
μmol L− 1; N = 5) were 1.4 times higher than those of the pristine site
(113.8 ± 0.024 μmol L− 1; N = 5).
In May 2018, a first attempt to start the field experiments had been
unsuccessful: 14 days after seeding, most of the explants had dis
appeared from the boxes during a routine control. It later became clear
that sea turtles were most likely responsible for this unfortunate start.
Locally habiting Caretta caretta sea turtles are occasional feeders of
C. reniformis and they probably predated on exposed explants (Karaa
et al., 2018; Haywood et al., 2020). This behavior was not directly
documented on site, but occasional sea turtle bite marks on both natural
C. reniformis specimens and chicken wire covers were spotted around the
culture site. As a consequence of this predation, the experiments were
restarted in June 2018. New explants were collected, and chicken wires
covering the open part of the PP boxes successfully prevented the sea
turtles from feeding on explants.
Initially, the polluted site was assumed to be calmer than the pristine
site, as the latter faces the winter storms directly and is exposed to
powerful wave action. However, this proved to be wrong after the
disappearance of 2 demosponge lanterns following a heavy storm in July
2019 (Trial 3). The lantern systems were recovered undamaged,
perfectly erect, but located 60 m away from the pipeline and 12 m
deeper than the rest of the system. In order to protect the systems during
the winter season and occasional heavy storms (Kelly et al., 2004), each
lantern was secured to the pipeline with a rope. In addition, the pristine
demosponge lanterns were held together by ropes at the bottom. Finally,
after the summer period, in October 2019, we observed several invasive
marine organisms taking advantage of our free-floating culture plat
forms as a result of lack of cleaning during the winter period (6 months).
The epibionts were cleaned over a period of 2–3 days at each culture site
by using hard brushes, and no negative effects to cultured C. reniformis
specimens were observed. After one year of being submerged in the sea,
collected PP plates showed no sign of unwanted marine growth on their
surfaces. Any material on them was easily discarded (This applies to
Trials 1 and 2).

Survival
rates

Culture
material

Orientation

Attachment

Light exposure

PVC 63%
PP 71%
IRON 76%

Horizontal
86%
Vertical 54%

Glue 53%
Nail 88%

South – Light
65%
North – Shadow
75%

Culture Trial 2 (Pristine & Polluted site)
Survival
rates

Site

Orientation

Pristine: 78%*
Polluted: 64%**
*if detached explants included:
92%
**if detached explants included:
82%

Horizontal: 88%*
Vertical: 54%**
*if detached explants included:
88%
**if detached explants included:
87%

Culture Trial 3 (Pristine & Polluted site)
Pristine
Colony
385 Days in culture
Survival
100%
rates

467 Days in culture
Survival
100%
rates

Polluted
Explant

Colony

Explant

Explant-1 Facing Up
92%
Explant-2 Facing
Down
83%

100%

Explant-1 Facing Up
83%
Explant-2 Facing
Down
75%

Explant-1 Facing Up
92%
Explant-2 Facing
Down
75%

83%

Explant-1 Facing Up
75%
Explant-2 Facing
Down
75%

significant effect on detachment rate of glued explants (Table 2), where
vertically placed explants detached more compared to the horizontally
placed explants. For nailed explants, orientation had a significant effect
on survival and overall, horizontally placed explants performed 1.2
times better than vertically placed explants (Table 2). From each group,
only 1 explant detached out of 60 (Table 3). Regardless of plate material,
some of the vertically nailed explants left on plates were found to be
developing a circular ring around the nails as if avoiding contact and deattach their bodies, as if trying to reach a possible ground to spread.
Explants cultured on Iron plates remained slightly better than those
cultured on PVC and PP, horizontally cultured explants retained better
compared to their vertical counterparts, nailed explants survived better
than glued explants and of shadow facing explants slightly more were
recovered than from south facing ones (Table 2).
As direction (North versus South facing explants) had no significant
effect on growth (ANOVA p > .05), data for North and South were
pooled. Subsequently, a three-way ANOVA was performed. Substrate,
attachment method and orientation all had a significant main effect on
sponge growth rates as measured by surface area increase (Supple
mentary Table 1; Fig. 4). Explants grew significantly faster when
mounted vertically (116 ± 54%) as compared to horizontal ones (63 ±
46%), irrespective of substrate and attachment method (Fig. 4). An
interactive effect of attachment method and substrate on explant growth
was found (Supplementary Table 1). This was due to the fact that sub
strate had an effect on growth of glued explants only (Supplementary
Table 1), where glued demosponges grew faster on PVC and PP as
compared to iron (p = .020 and p = .015, respectively, simple effects
contrast). Nailed explants did not show any growth differences between

3.2. Culture Trial 1
During the 1st trial (83 days), in spite of the acclimation period of 4
days, initial losses were observed mainly for the glued and vertically
grown explants. Highest retention rates were found for nailed and hor
izontally mounted explants (Table 2). Overall, 168 of the 240 explants
(70%) were retained in the experiment. Of the 72 explants lost during
this period, 49 were found to be growing on the lower joint part of the PP
boxes where they were firmly attached. If these fallen explants are added
to the count, the overall survival rate is 87%. However, since they could
not be related anymore to their original size, explants that were attached
on the PP boxes were left out of the growth analysis. Orientation had a
7
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Horizontal nailing of explants resulted in the highest survival rate
and a good growth performance for all culture materials tested, and
therefore was the selected method of attachment and orientation for
Trial 3 (Table 4). Because of the low growth rates, high weight of the
material, and difficulty of use under water we excluded Iron from trials 2
and 3. For Culture Trial 3 we decided to continue with PP because of its
superior production performance (71.5%) compared to PVC and Iron
(55.3%, 46.7%; respectively) along with higher survival rates (Table 4).
The reasoning for selection of PP/nail/horizontal combination is as
follows:

Table 3
Frequencies of detached sponge explants for trial 1 and 2. For trial 1, explants
were split into two groups; mounted using either glue or nails. Direction (North
versus South) and substrate (PVC, PP and Iron) did not yield significant results
and are therefore not shown. Explant was used as the experimental unit. For trial
2, explants were split into the pristine and polluted culture site. P-values for
Fisher’s Exact test, showing the effect of orientation (horizontal versus vertical)
are included.
Culture Trial–1
Attachment

Detached

Glue

Orientation

Nail

Orientation
Total

Horizontal
Vertical
Horizontal
Vertical

Total

No

Yes

46
17
57
48
168

14
43
3
12
72

P (two-sided)
60
60
60
60
240

o Nails overall outperform glue, so that is the safest choice to keep
C. reniformis on plates.
o PP overall shows the highest growth rates.

0.000***
0.025*

Table 4
Culture Trial 1–2–3, production calculations.

Culture Trial 2
Site

Detached

Pristine

Orientation

Polluted

Orientation
Total

Horizontal
Vertical
Horizontal
Vertical

No

Yes

24
15
20
12
71

1
10
5
13
29

Total
P (two-sided)
25
25
25
25
100

0.005**

Production parameters

Vertical

Culture Trial–1

Nail

Glue

Nail

Glue

75
80
85
107
120
107
80.3
96.0
91.0
89.1

15
30
40
179
154
88
26.9
46.2
35.2
36.1

95
95
95
44
72
29
41.8
68.4
27.6
45.9

65
75
85
111
94
39
72.2
75.2
33.2
60.2

55.3
71.5
46.7
Average

Retaining rates (%)

0.038*

Growth rates (%)

*

p < .05.
**
p < .01.
***
p < .001.

(Growth × Survival)/100

substrates (p > .050). Vice versa, glued explants grew faster than nailed
explants on PVC (p = .024), which was not the case on PP (p = .260) or
iron (p = .904).
The most spectacular growth performances were recorded for ex
plants vertically cultured on PVC and PP plates that were attached by
gluing (179 ± 76% and 154 ± 41%, respectively, Fig. 4). Nevertheless,
these plates provided the highest loss (45% and 55%), which reduces the
overall productivity (P) for this method. Productivity calculations (Eq.
(1)) show that PP plates outcompete PVC and iron (Table 4). When nails
are used, vertically oriented cultures are more productive than hori
zontal cultures, when glue is used, horizontal plates overall are most
productive. It should be noted that on PP plates, the use of nails on
horizontally oriented plates resulted in a productivity that was almost
equal to the productivity of glued explants on horizontal plates.

PVC
PP
IRON
PVC
PP
IRON
PVC
PP
IRON

Horizontal

Culture Trial–2

Pristine
Horizontal

Polluted
Horizontal

Pristine
Vertical

Polluted
Vertical

Growth (%)
Retention (%)
(Growth × survival/100)

132.0
96.0
126.7

133.0
80.0
106.4

139.0
60.0
83.4

149.0
48.0
71.5

Culture Trial–3

Pristine
explant

Polluted
explant

Pristine
colony

Polluted
colony

Growth (%)
Retention (%)
(Growth ×
survival/100)

150.0
92
138.0

182.0
75
136.7

103.0
100
103.0

152.8
100
152.8

Fig. 4. Culture Trial 1, June to October 2019 (83 days). Mean areal growth rate of explants (N = 10 plates per treatment combination) grown on 3 different plates
(PVC, PP, Iron), attached by two different methods (glue, nail) and placed in two various orientations (horizontal/vertical).
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o Horizontal orientation of the plates may prevent drag forces. How
ever, if the current pulls the lanterns into a more horizontal position
(which was observed sometimes), they become vertically oriented
and increase the drag. On the other hand, this movement of the
lanterns in the current makes the difference between horizontal and
vertical less pronounced: if there is current, the sponges will be
oriented vertically, if there is no current, they will be oriented
horizontally.
o The earlier observed difference between shade and light is not
confirmed, so this is apparently not as relevant as we thought.

and down facing explants of polluted site (%75; Table 2). After being
cultured for 467 days, average surface area increase for colonies was
found to be 128 ± 60% at the pristine site and 225 ± 325% at the
polluted site (Fig. 6). In contrast, the average surface area increases for
explants facing up at the pristine site was around 1.2 times more
compared to the polluted site. Whereas average surface area increases
for explants facing down at the pristine site was 1.4 less compared to the
polluted site (Fig. 6). A significant main effect of time on growth rates for
explants as well as colonies was found (Supplementary Table 2). When
corrected for interval size (i.e. using daily growth rate), explants grew
faster during the first summer as compared to the winter and second
summer intervals (p = .001 and p = .000, respectively; Fig. 7). No
growth difference was found between the winter and second summer
interval for explants (p = .892). For colonies, we observed a similar
pattern, with fast growth during the first summer (on average 0.8%/day)
followed by a reduction to a consistent average growth of 0.25%/day
after that during the winter and second summer (p = .000 and p = .000,
respectively). Again, no daily growth difference was found between the
winter and second summer (p = .786). No effects of sponge type (ex
plants versus unfragmented colonies), orientation or site were found
(Supplementary Table 2). Productivity for the polluted colonies (153%)
outscored the explants at both sites (138%, 137%; respectively) and the
pristine colonies (103%; Table 4).
In this current study, the system was left unattended intentionally
during the winter period for 6 months. Hence, the demosponge lantern
systems were slightly fouled and attracted several Lessepsians that were
recently described in the Eastern Mediterranean Sea. The list of fouling
organisms (some considered as invasive) at the pristine site included
long spine sea urchins growing on the plates (Diadema setosum, Leske
1778) which is an invasive echinoderm first spotted in the Mediterra
nean in 2006, the frond oyster Dendostrea frons (Linnaeus 1758)
attached to the plates, the invasive tunicates Herdmania momus (Savigny
1866, first spotted in the Mediterranean in 2008) and Phallusia nigra
(Savigny 1816) growing over the net/plate junctions (Shenkar and Loya,
2009), and large shools of juvenile Indian Ocean two spot cardinal fish
Cheilodipterus quinquelineatus (Cuvier 1828). Apart from the invasive list,
we spotted occasional Eudendrium sp. hydroids growing over the nets
and nudibranch species Flabellina affinis (Gmelin 1791) and Coryphellina
rubrolineata (O’Donoghue 1929), residing over these hydroid branches.
As for the polluted site, there was massive algal cover Stypopodium

3.3. Culture Trial 2
For both the pristine and the polluted site, orientation had a signif
icant effect on detachment rate, where horizontally cultured explants
performed better than their vertical counterparts (Tables 2,3). In gen
eral, the pristine site survived slightly better (1.2 times) compared to the
polluted site (Table 2). If explants dropped inside their boxes are
included in the analysis, survival rates for both sites were 92% and 82%.
Explants cultured at the pristine site grew at a similar rate compared to
the polluted site in 83 days of culture (135 ± 63% vs 142 ± 57%; Fig. 5),
with no statistical differences between sites or orientation (Supple
mentary Table 1), the latter being in contrast to the results obtained in
Culture Trial 1, where growth of explants glued on vertical PVC plates
was significantly faster than growth of explants glued on horizontal PVC
plates. Productivity for horizontally oriented plates at the pristine site
was 127% (Table 4), which is considerably higher than productivity on
comparable plates (PVC, horizontal, glued explants) in Culture Trial 1,
which was only 72% (Table 4).
3.4. Culture Trial 3
Just over one year (385 days) after the demosponge lanterns were
installed, there was a 100% recovery rate for the cultured colonies at
both the pristine and the polluted site (Table 2). Recovery of explants
facing up and facing down were almost identical for both sites during
this period (Table 2). After 467 days however, 2 colonies were lost from
polluted site due to unknown reasons, while pristine colonies retained
their numbers. Up facing explants at the pristine site showed better re
covery (%92) compared to the explants facing down (pristine) and up

Fig. 5. Culture Trial 2, June to October 2019 (83 days). Mean areal growth rate of explants (N = 25 plates per treatment combination) grown on PVC plates attached
by gluing, at two different culture sites (pristine and polluted).
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Fig. 6. Culture Trial 3, Pristine and Polluted Sites after 385 days and 467 days in culture: Mean areal growth rate of explants and colonies attached by nails. Up:
explants facing upwards on PP plates, down: explants facing downwards on PP plates. N = 12 plates per treatment combination.

Fig. 7. Culture Trial–3: Growth rates of colonies (up only) and explants (up & down) for three intervals; the first summer (83 days), the winter period (302 days) and
the second summer (65 days).

schimperi (Kützing, Verlaque and Boudouresque 1991) over the nets,
H. momus and P. nigra over the net/plate junctions, schools of
C. quinquelineatus almost in every part of the system, and a respectable
amount of Pteragogus pelycus (Randall 1981) individuals as a result of
macro algae habitat.

and a single plate can contain either 20 explants or 5 colonies and in
total there will be 240 explants and 60 colonies per lantern. The explant
and colony mass (in grams) were calculated by multiplying the volume
(based on height, width and length) of the explants/colonies with the
density of C. reniformis (Sipkema et al., 2005b). For the feasibility
analysis, the pristine and polluted sites were pooled as no significant
differences were found between these groups (see Box 1). The calcula
tions in Box 2 show that the price per kg sponge dramatically drops from
28.30 Euro to 1.64 Euro with increasing number of lanterns deployed
from 1 to1000 lanterns. With a collagen yield of 5.3% wet weight of the
sponge (Gökalp et al., 2020a), the price per kg collagen drops from
566.04 Euro (1 lantern) to 32.83 Euro when the system is upscaled to
1000 lanterns (culturing 53 t of sponge material, Box 2b). Silva et al.
(2014) indicated that the target standard cost of marine collagens is <83

3.5. Productivity and feasibility analysis
The demosponge lantern culture system was designed to contain 4
plates in each lantern unit, where upper and lower parts of the plates are
used. We left sufficient space (100 cm) in between each plate for
photographic analysis. However, in a commercial scale farm scenario,
these empty spaces could be used for placing more plates. This way, it
was calculated that each demosponge lantern unit can harbor 12 plates
10
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Box 1
Production calculations according to the lantern design and availability of space.
Growth (%)
Survival (%)
Production (growth x survival/100)
Average sponge mass (g)
Harvest per sponge (g)
Sponges per lantern
Production per lantern (kg)

Pristine-explant
150.0
92
138.0
27.2
37.5
240
9.3

Polluted-explant
182.0
75
136.7
27.2
37.2
240
9.0

Pristine-colony
103.0
100
103.0
349.8
359.4
60
22.2

Polluted-colony
152.8
100
152.8
349.8
533.2
60
33

The initial weight of the explants and colonies were found to be on average 27.2 g and 349 g, respectively. By using the survival and growth
data from the current study following the 1 year in culture period, the produced amount of sponge per lantern was found to be 9.3 kg for explants
and 27.5 kg for colonies (Box 1). By selecting the optimal growth rates of the colonies and average sponge mass from Table 1, the harvest per
sponge (882 g), the production per lantern (53 kg) and the number of lanterns necessary for culturing 100 kg, 1 ton and 5 t of sponge material
(Table 2) were calculated.

Box 2
a) Harvest per sponge and production per lantern b) Calculation of the mariculture expenses: price per kg wet sponge mass and price per kg
sponge raw material.
a
Production (growth × survival/100)
average sponge mass (g)
harvest per sponge (g)
sponges per lantern
production per lantern (kg)
b
Materials
Deployment (boat + manpower)
Filing/harvesting (boat + manpower)
Maintenance (boat + manpower)
Total cost per lantern
Price per kg sponge (wet mass)
Price per kg sponge (raw material)

153
349
883
60
53
1 lantern
100
500
600
300
1500
28.30
566.04

100 lanterns
1000
500
600
300
240
4.53
90.57

1000 lanterns
8000
900
1800
1800
125
2.36
47.17

2000 lanterns
60,000
5400
10,800
10,800
87
1.64
32.83

By using the results of Box 1, we can calculate the mariculture costs for the production of desired amount of sponge material, where total cost
per lantern is calculated per growing demand of sponge material (1, 10, 100, 1000 lanterns). For instance, 2 lanterns are necessary to harvest
100 kg and 94 lanterns to harvest 5 ton of sponge material where this number grows in relation to the demosponge material demanded (Box 2a).
The price per kg sponge (wet mass) is then calculated by dividing the total cost per lantern (Euro) with the production per lantern (kg) which was
calculated earlier in Box 1 (53 kg).

Euro per kilogram for food applications and 4–40 Euro per kilogram for
healthcare products based on the average market prices of collagenbased products. With further upscaling, culture of C. reniformis speci
mens in demosponge lanterns would be a viable method for the pro
duction of collagen, although expenses for investment, insurance,
overhead et cetera are not yet included.

4.1. Culture Trial 1
We observed differences in behavior of explants cultured on plates.
Glued explants oriented vertically were lost more often but grew better
compared to horizontally oriented counterparts. The high morpholog
ical plasticity of C. reniformis and escaping behavior observed in this
study (see Section 3.1), were reported before in earlier experiments and
natural specimens (Wilkinson and Vacelet, 1979; Bavestrello et al.,
1998; Garrabou and Zabala, 2001; Van Treeck et al., 2003; (Gökalp
et al., 2019); 2020). Interestingly, this behavior was not observed for
explants that were cultured (nailed or glued) horizontally. The high
detachment rate of vertically glued explants (72% of the explants were
lost), resulting in the lowest survival rate, confirms our earlier study,
where only 61% of the explants detached (Gökalp et al., 2019).
Although there was a slight morphological disturbance of the sponges
(avoidance of the nails), nailing explants proved more successful in
retaining them on the plate. As expected, explants that dropped from the
plates started to grow over the end parts of the PP boxes (cf. (Gökalp

4. Discussion
The overall aim of this study was to develop a viable method for the
culture of C. reniformis demosponges for collagen production in inte
grated mariculture applications. Following a series of subsequent cul
ture trials, we were able to develop a robust system which enhances
productivity for the production of raw demosponge material while
removing organic pollution from the water column.
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TOC levels at the polluted site around fish farms were 2.4 times higher
than the TOC level at the pristine level site (Gökalp et al., 2019). It
cannot be excluded that not only the greater TOC level but also the type
of organic pollution (originating from the fish farm instead of municipal
waste) were more suitable to stimulate demosponge growth.
Interestingly, one colony performed consistently higher and
massively increased its size (1105%) after 15 months in culture. This
was the highest growth rate observed in this study and greater than the
maximum values reported in our previous studies: up to 700% a year by
Osinga et al. (2010) and 401% after 13 months in culture by Gökalp
et al. (2019). We do not know what triggered this massive size increase
in size for this colony, but it is possible that genetics played a role. This
implies that brood stock selection might be a promising tool to increase
intrinsic growth rates from such specimens. In future studies, these high
performers should be subcloned, in order to assess whether the clones
continue to grow with these high rates. Interestingly, a similar extreme
growth rate was observed for the explant grown on the same plate
(470%), so it can also not be excluded that some environmental variable
stimulated this growth. If taken out from the analysis, the mean growth
rates of both sites even nearly equalized (157% for pristine polluted,
151% for polluted). No effect on explant growth rates was observed from
sponge orientation.
The colony and explant growth rates displayed a clear difference
over the three-time intervals monitored (first summer, winter and sec
ond summer). All groups, except for the down–facing explants at the
pristine site, had significantly reduced growth rate after the first summer
period (Fig. 7). As colonies perform highly similarly to the up–facing
explants, at both sites, there is no indication that cutting demosponges
will influence their initial growth. The reduced growth during winter
(for all but the down–facing explants at the pristine site) could be due to
decreasing temperatures, reducing metabolism and therefore growth
(Verdenal and Vacelet, 1990; Duckworth and Battershill, 2003b; Page
et al., 2005; Duckworth, 2009). However, during the second summer,
we did not observe a growth increase for any of the experimental groups.
There is a strong indication, that what we observe here, is a starting
effect initiated by the disturbance of being removed from the original
location and transplanted to a new environment. In previous experi
ments, we observed an initial growth boost, also for explants that were
cultured from fall to winter (unpublished results). Such a temporary
growth boost could be taken advantage of by cutting and outplanting
C. reniformis every 3–4 months. This way, several times a year, boosted
growth and subsequent elevated harvest could be achieved. Our results
show that the reduction in (stabilisation of) growth rate later on is in
dependent of sponge size. The production table (Table 4) shows us that
colonies at the polluted site had the highest overall production at the end
of 467 days, and for the explants there was no difference.

et al., 2019)). The glue/vertical/PVC and PP combinations provided the
highest growth rates, although retaining rates of these groups were
lowest. The elevated growth rates for these combinations could be
explained by the lack of sample size as a result of low survival rates. The
low growth of the horizontally mounted explants on iron was unex
pected, as a boost in growth was predicted due to ferric iron promotion
observed earlier by Osinga and Kotterman (2007).
4.2. Culture Trial 2
In Culture Trial 2, horizontal explants were retained better compared
to their vertical counterparts at both sites. Similar to Culture Trial 1,
explants dropped from the plates and continued to grow inside the PP
boxes, although in less numbers. The PVC/Glue combination in Culture
Trial 2 was far more successful (1.7 times more productive) than Culture
Trial 1, despite the fact that both experiments were exactly similar. This
shows the variability of this type of study, probably related to high in
dividual variability among C. renifromis genotypes/explants: a few fast
growers can totally change the result. In our earlier study (Gökalp et al.,
2019) we used similar plate material (PVC), attachment method and
design of the experiments (Pristine versus Polluted sites), but now we
found higher sponge recovery at the pristine site (78% vs 39%, respec
tively) but lower at the polluted site (64% vs 86%). In our previous
study, however, we included dropped explants which were found to
continue growing on PP plates into the survival calculations. But in the
current study they were left out. The growth rates achieved in the cur
rent study for both sites (132–150%, pristine and polluted, respectively)
were much higher during 4 months of culture compared to our earlier
work in the first 6 months of culture (70–114%, pristine and polluted,
respectively) in the same season (summer 2013 vs summer 2018). The
protective nature of the polypropylene boxes may have caused the
recent improvement in growth rates for this study in contrast to the
earlier one where the explants were prone to occasional currents. In
contrast to our earlier study, we observed no significant growth differ
ences between sites, which could be explained by the only 1.4 times
higher TOC concentration at the polluted site as compared to the pristine
site. The recorded visibility was 1.8 times higher and the difference in
pollution was visible.
4.3. Culture Trial 3
The Culture Trials 1 and 2 provided hints to design a best practise
method for Culture Trial 3: 1) Nailing demosponges instead of gluing
helps to prevent losses, in particular on vertically oriented cultures; 2)
PP plates overall showed the highest productivity; 3) Chondrosia reni
formis can be grown in the vicinity of sewage outlets. These findings
prompted us to design a scalable trial that combined best practises, low
costs, robustness and ease of operation under different environmental
conditions. In Culture Trial 3, the performance of colonies has shown
promising results at both locations, and no specimens were lost during
the first year. However, right after the second summer season, two
specimens were lost at the polluted site due to unknown reasons,
reducing the recovery rate to 83%, and no specimens were lost from the
pristine site. For both sites, all explants were retained during the
experiment so we can conclude that the demosponge lantern system was
successful at keeping colonies and explants healthy and in place. Oc
casional currents were a problem in our previous study at the pristine
location where the culture system was prone to such conditions (Gökalp
et al., 2019). It is evident that, by providing initial care during the first
week of culture and by including a more secure attachment method,
together with the advantages (open flow environment) of demosponge
lanterns, the system created a noteworthy improvement in survival rates
for both demosponge colonies and explants (Gökalp et al., 2019).
In Culture Trial 2, growth rates did not differ between the two sites,
suggesting that the degree of organic enrichment at the polluted site was
insufficient to enhance growth of C. reniformis. In our previous study the

4.4. Evaluation of the demosponge lantern method
It was reported earlier that certain demosponge species grow fastest
and reach their largest size at sites with high water movement, as flow
might promote sponge growth through increased food availability or by
increasing internal flow through the sponge aquiferous system (Vogel,
1974; Wilkinson and Vacelet, 1979; Duckworth et al., 2004; Mendola
et al., 2008). We observed occasional moderate to heavy currents,
reaching velocities up to 25 cm/s recorded during the summer periods.
At depths where the lanterns were located, we did not measure currents,
but at times all demosponge lanterns angled at 20 to 30◦ from their
original upheld positions (personal observations). The water flow
threshold for feeding of C. reniformis was not documented in the current
study, but considering our experiences, we anticipate that the lanterns
could be placed in high flow areas that occur i.e., around offshore fish
farms without any problem. The lanterns being covered by nets proves
to be advantageous during these heavy flow periods, as it prevents loss
of sponges. However, for the system to work effectively, it needs peri
odic cleaning every 3–6 months so that the net openings stay open and
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the epibiont growth also cannot cause too much drag on the system
Giangrande et al. (2020). Both Kelly et al. (2004) and Duckworth et al.
(2004) documented several biofouling organisms such as tunicates,
anemones, algae, tubeworms and bryozoans in and outside the lanterns.
Duckworth and Battershill (2003a) reported more severe biofouling
organisms compared to mesh begs applied in their study, adding that the
larger size of lanterns provides more surface area for the attachment of
fouling organisms. They eventually concluded lanterns to be cumber
some and unsuitable for farming demosponges commercially. Kelly et al.
(2004) reported heavy fouling at certain sites and recommended
maintenance of lanterns on a semi-annual basis. Previously shown for
coral mariculture, the occurrence of fouling also depends on the pres
ence of a healthy fish community that might eat away certain portion of
fouling (Knoester et al., 2019). We anticipate that the fouling experi
enced in Duckworth and Battershill (2003a) in New Zealand might be
more prominent than in the Mediterranean Sea. As we had no problems
whatsoever while deploying, cleaning and making photographic anal
ysis on demosponge lanterns and considering the consistency of the
system observed in our study, we report that the demosponge lanterns
could be suitable for commercial demosponge culture. We also included
in our demosponge lantern system design that we had to retain
C. reniformis, which is a specimen notorious for escaping from their
designated spots on the plates (Gökalp et al., 2019). Also, by placing
them horizontally (facing up or down) on the plate, and we avoided the
drop–off problem that we encountered before associated with occasional
currents. Furthermore, by using nails we increased survival rates
compared to our earlier study. The thus developed demosponge lantern
system has proven its stability and robustness after being submerged
underwater for two summers.
In conclusion, the here developed and validated demosponge lantern
system provides a secure system that delivers consistent survival for
C. reniformis along with high growth rates, boosted during the first
months after placement, that is suitable to deploy in forthcoming
innovative approaches to IMTA systems. The estimated minimum re
quirements for economically viable demosponge culture of 90% survival
and growth of 100% per annum (as proposed for bath sponges by Ver
denal and Vacelet (1990) were easily met in this study. Future per
spectives are brood stock selection, searching for those individuals that
thrive in the specific culturing method as we always observed fast
growers and no-growers. In addition, synergy with feeding fish mari
culture can be further developed, to optimize the feeding removal of
organic particles (including potential pathogens) from the water column
by the sponges.
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