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Chapter 5  Substrate Tiles for Control of Larval Settlement


CHAPTER 

5

Innovative Substrate Tiles to Spatially Control Larval Settlement in Coral Culture 

INTRODUCTION

Various substrata such as coral skeleton (Babcock and Davies 1991; Babcock and Mundy 1996), ceramic or terracotta tiles (Tomascik 1991; Hunte and Wittenberg 1992; Maida et al. 1995; Mundy and Babcock 1998; Wilson and Harrison 1998), cement blocks (Hunte and Wittenberg 1992), glas jars or petridishes (Hodgson 1990; Oren and Benayahu 1997; Epstein et al. 2001), PVC plates (Soong et al. 2003), crustose coralline algae fragments (Morse et al. 1996; Heyward and Negri 1999), and more complex set ups like polystyrene grates (Van Moorsel 1988) have been used for settlement experiments to study coral biology. Settlement and metamorphosis are generally favored in crevices and on ridges of biologically conditioned surfaces (= biofilm) (Harrison and Wallace 1990). Rough surfaces such as on ceramic tiles and on coral skeletons are more attractive than substrata like petridishes (Harriott and Fisk 1987). A comparative study of Harriott and Fisk (1987) emphasized the use of ceramic tiles as an economical and attractive substratum for larval settlement. Nevertheless, commercially available terracotta tiles often used in settlement studies usually are not a favorable substratum for further use in mariculture or restoration, simply due to the fact that a few hundred settlers located on one plate are difficult to separate from each other. Besides such terracotta tiles are not principally designed to avoid damaging young settlers e.g. by handling and by grazing organisms. Smaller sized tiles made from clay may reduce the number of settlers per unit, but need specific attachment to avoid tumbling over in the water current (Petersen and Tollrian, 2001).  

Currently there are no standardized substrata available, which allow to control coral settlement and to handle recruits for specific purposes in a reproducible way. Designing such substrata, which can be manufactured in large numbers will be increasingly important in coral mariculture to serve the needs of field restoration projects, public aquaria, the trade in marine ornamentals or other fields. 

Identifying the special needs for settlement tiles to serve in mariculture based on the studies of Petersen and Tollrian (2001), and of Harriott and Fisk (1987), I designed a new type of settlement substratum suitable to gain primary polyps and juvenile colonies, and to exchange coral stocks in large quantities among public aquaria. The aim was to: (1) attract and (2) spatially control larvae settlement to a maximum, (3) further more produce substrate units for appropriate handling in coral mariculture.

MATERIALS AND METHODS
Principal design and methodology

I designed 2 different types of substrate tiles representing horizontal (= ‘flat tiles’) and vertical surfaces (= ‘pyramid tiles’) for settlement (see Figure 1). The tiles, 22.0 x 22.0 ± 1.0 mm (L x W) for the flat tiles and 17.0 x 17.0 ± 1.0 mm for the pyramid tiles are relatively small to serve as basic units; they can be arranged in a chessboard pattern (Fig. 2). Depending on specific demands and available space, these units can temporarily be put together in any number to create settlement surfaces of any size. The tiles are placed into a polystyrene grid next to each other. Whereas the flat tiles show only 1 flat horizontal surface, the pyramid tiles display 4 vertical surfaces. All exposed surfaces have several parallel grooves (width and depth 2.0 ± 0.1 mm). The lower non-exposed bases of both types have the same conically tapered shape (17.0 x 1.70 x 11.0 ± 1.0 mm, L x W x H) to fit exactly into the grid (see Fig. 1).   


Manufacture of tiles

The tiles were produced from commercially available liquid clay (product: GK100, producer: VeKa BV, The Netherlands), which was pressed under vacuum in specially designed molds made from plaster. After a drying period of 1-2 days the tiles were baked at 1040 ºC. We started with an oven that had been used for baking and glazing all sorts of pottery (Oven 1), but this one was soon replaced by a brand-new oven (Oven 2). All tiles used in settlement experiments were manufactured in Oven 2.     

Chemical analysis

White-baking clay consists mainly of kaolinite Al2(OH)4[Si2O5] and limespar CaCO3 (Holleman and Wiberg 1985). We analyzed tiles freshly baked in Oven 1 and 2 whether they released chemical elements into seawater, which could disturb larvae settlement. 250 ml UV-sterilized seawater was incubated for 1 week at 26 ºC with and without tiles. Water samples were prepared for ICP spectrometry by adding 1.6 ml of HNO3 (65%) per 100 ml. All further measurements (salinity, pH, Ca2+ and alkalinity) and settlement experiments were only carried out with tiles from Oven 2, which were incubated in seawater for at least 2 months. Because of logistical and financial reasons, no parallel analyses were conducted.

Salinity, pH and alkalinity were measured before and after settlement experiments. Nitrogen bond as NH4+, NO2-, NO3- and phosphorous (PO43-) were analyzed using photo spectrometry (DR/4000U Photospectrometer, HACH Company U.S.A.).

Studied species

Experiments were carried out with the Caribbean brooder Favia fragum and with the Indo Pacific broadcast spawner Acropora tenuis. Colonies of F. fragum were collected in Curaçao, Netherlands Antilles and transported to Rotterdam Zoo, where they regularly released larvae. Larvae of A. tenuis were reared from field-collected gametes at Aka Island, Okinawa, Japan following the protocol of Iwao et al. (2002) and shipped to Rotterdam Zoo following the protocol of chapter 4.

Settlement experiments

In order to develop a biofilm, some of the tiles (flat- and pyramid-types) were placed in a grid and incubated for at least 2 months in a laboratory aquarium (5,000 l water volume; closed system with a monthly water exchange rate of approx. 10%), which contained marine algae and other benthic organisms (= conditioned tiles). Other tiles were incubated for 2 months under sterile conditions (external UV-sterilizers; 500 L tank with a water exchange rate of 100 % weekly) without any light exposure (= non-conditioned tiles). Twelve tiles of each type were placed into a non-incubated grid in a flat polyethylene box (normally used to pack fast-food), 250 ml seawater was added to partially submerge the tiles in such a way that in the end the top of the pyramid tiles was just above the water surface (see also Fig. 1). Three treatments were tested: (1) only non-conditioned tiles, (2) only biologically conditioned tiles, (3) alternating non-conditioned with biologically conditioned tiles. Temperature was constantly at 26 ºC. The amount of light was kept constant (room light: 40 μmol m-2 s-1; measured with a spherical light sensor, LI-193SA, LICOR). No water was exchanged during the settlement period. Forty larvae of Favia fragum (2 replicates per case) respectively 100 larvae of Acropora tenuis (4 replicates per case) were added per treatment. The number of larvae per case and the number of replicates was determined by the amount of larvae available. Settled F. fragum larvae were counted after 24 hr, A. tenuis larvae after 6 days by checking each settlement tile separately under a microscope. Settlers were defined as attached larvae showing minimum initial metamorphosis (flat disk shape). 

Data analysis

Settlement preferences were tested using a 2-factor ANOVA with the factors ‘substrate condition’, ‘surface’, and ‘surface nested within substrate condition’. Substrate condition was categorized as mentioned before. Four different surface categories were defined to describe potential settlement spots on the substrata: (1) within the grooves (2.70 ± 0.33 cm2; mean ± SD) or (2) outside the grooves (4.27 ± 0.13 cm2; mean ± SD) of horizontal tiles, and (3) within the grooves (6.18 ± 0.18 cm2; mean ± SD) or (4) outside the grooves (11.13 ± 0.34 cm2; mean ± SD) of vertical tiles. Settlers located between 2 tiles were categorized as ‘outside the grooves’ of the tile on which they were attached after separating the tiles. The number of settlers per surface category was transformed into density cm-2. The surface area of each category was determined by measuring 10 tiles of each type with a computer supported digital microscope camera (AxioCam MRc, AxioVision 3.1, Carl Zeiss Vision GmbH Germany). Statistical tests were performed for both species separately. When significance was shown, multiple comparisons of means were carried out to identify differences between groups (Tukey’s test). All statistical analyses were carried using SPSS 12.0.

RESULTS

Influence of settlement tiles on water chemistry
Seawater from Oven 1 baked tile incubations showed high concentrations of lithium (104 times higher) and certain heavy metals (10 to more than 3 x 103 times higher) compared to water with tiles baked in Oven 2 (Table 1). Tiles from Oven 2 still released a considerable amount of chromium into the water compared to the control, whereas elements such as copper, zinc and lead showed lower concentrations. No lithium was detected in the control, whereas the amount of heavy metals was slightly higher compared to common field data (after Adey and Loveland 1998). New tiles baked in Oven 2 caused a quantitative increase of calcium and a decrease of pH and alkalinity (Table 2). After 6 days of incubation water samples, which were taken after a settlement experiment with Acropora tenuis including tiles that had been incubated for at least 2 months in seawater, showed a slight decrease in pH and alkalinity, whereas an increase of PO43- and NO3- was observed (Table 3). 

	
	Li
	Cr
	Mn
	Co
	Ni
	Cu
	Zn
	Cd
	Pb

	Conc in ppb
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Tiles of oven 1
	5203.4
	547.8
	560.8
	13.7
	14.7
	120.4
	517.8
	35.3
	98.7

	Tiles of oven 2
	<0.1
	20.9
	1.4
	1.3
	8.3
	7.3
	0.1
	0.5
	0.2

	Controla
	<0.1
	<0.1
	1.2
	0.9
	8.9
	16.6
	70.1
	0.1
	0.5

	Fieldb
	180
	0.3
	0.2
	0.05
	1.7
	0.5
	4.9
	0.1
	0.03



	
	pH
	Salinity 
	Ca
	Alkalinity

	
	
	(in ‰)
	(in mg l-1)
	(in meq l-1)

	Tiles (52.8g)

	6.92
	36.1

	535.02

	0.40

	Tiles (26.5g)
	7.66
	36.2

	517.00
	1.60

	Control (start)
	8.15
	36.0
	469.20
	2.74

	Control (end)

	8.03
	36.1

	464.90

	2.72



Settlement behaviour of Favia fragum and Acropora tenuis
Tiles incubated in the aquarium showed mainly initial growth of green turf algae (Chlorophyta; approx. 30% total surface cover) and crustose coralline algae (Rhodophyta; approx. 10% total surface cover), those maintained under sterile conditions did not show any visible biofilm after incubation.

Table 4 gives an overview of the settlement experiments. Settlement differed between the conditions, and between the surface categories, and showed significant interaction between both factors for Favia fragum (2 factor ANOVA, p ≤ 0.001) and for Acropora tenuis (2 factor ANOVA, p < 0.001). The significant interaction between tile condition and surface shows that both factors had a different effect on larval settlement (Table 4).

Overall settlement rates of Favia fragum (60.7 ± 13.3 %; mean ± SD) using biologically conditioned tiles were similar to those of alternating non-biologically with biologically conditioned tiles (Tukey’s test, p = 1.0). In all treatments settlement occurred only on biologically conditioned tiles. Larvae highly preferred to settle in the grooves of pyramid tiles compared to all other surfaces (Tukey’s test, p < 0.001), whereas no significant differences were detected among the latter ones (Tukey’s test, p > 0.5). The majority of larvae was negatively buoyant during the experiment. 

Acropora tenuis showed with 16.3 ± 3.1 % (mean ± SD) lower total settlement compared to Favia fragum (see Table 4). Nevertheless, overall settlement rates were again similar when only using conditioned tiles or when alternating non-conditioned with conditioned tiles (Tukey’s test, p = 0.395). Settlement occurred only on biologically conditioned tiles, except for 2 settlers attaching to non-conditioned tiles, which showed initial algae growth at the end of the experiment (treatment: alternating non- with conditioned tiles; see Table 4). Larvae highly preferred to settle in the grooves of vertical tiles (Tukey’s test, p < 0.001) compared to all other surfaces, which showed no settlement differences between each other (Tukeys test, p > 0.1). Already from the start of the experiment larvae were swimming near the water surface. 

	
	pH
	Salinity
	Alkalinity
	NH4-N

	NO2-N
	NO3-N

	PO4-P

	
	
	(in ‰)

	(in meq l-1)
	(all in mg l-1)

	
	
	
	
	
	
	
	

	BC
	8.01
	35.8
	1.76

	0.00
	0.006
	1.4

	0.08

	NC
	7.92
	35.7
	2.72
	0.00
	0.003
	1.3
	0.15

	Start
	8.11
	35.8
	2.80

	0.00
	0.004

	0.7
	0.06



DISCUSSION

Surface relief, substrate orientation and the presence of a biofilm were used to control larvae settlement in the highest possible spatial scale. Larvae of both species clearly preferred to settle in grooves of biologically conditioned surfaces. Species-specific larval behaviour resulting in attachment on flat or pyramid tiles further restricted potential settlement surface. Due to the grooved surface structure of the tiles, settlement at edges or between tiles, which might not be beneficial for further handling in aquaculture or certain research purposes, was highly reduced. In conclusion, although settlement rates were comparable (Lewis 1974), or in the case of A. tenuis even lower compared with studies, in which normal terracotta tiles or other substrate types were used (Mundy and Babcock 1998, Petersen and Tollrian 2001), the presented design shows the high advantage of the arrangement of tiles and the grooved surface structure. It gives the possibility to spatially control larval settlement within square centimeters. Due to the use of single units (tiles), which can be arranged to create surfaces of any size, this high spatial differentiation of settlement behaviour might principally still function even in large scale applications using thousands of tiles. Settlement in the grooves provided shelter and enabled us to handle tiles without damaging primary polyps. Using temporarily arranged basic units (flat and pyramid tiles) we could separate settlers for further 

	Larval settlement on tiles
	Non-conditioned
	Pyramid tiles
	Elsewhere
	0.00
	-
	0.0
	0.0
	-
	0.0

	
	
	
	In grooves
	0.00
	-
	0.0
	0.0
	-
	0.01 ± 0.05

	
	
	Flat tiles
	Elsewhere
	0.00
	-
	0.0
	0.0
	-
	0.0

	
	
	
	In grooves
	0.00
	-
	0.0
	0.0
	-
	0.0

	
	Biologically conditioned
	Pyramid tiles
	Elsewhere
	-
	0.004 ± 0.005
	0.008 ± 0.011
	-
	0.0
	0.0

	
	
	
	In grooves
	-
	0.10 ± 0.07
	0.13 ± 0.04
	-
	0.19 ± 0.03
	0.44 ± 0.06

	
	
	Flat tiles
	Elsewhere
	-
	0.02 ± 0.00
	0.0
	-
	0.0
	0.0

	
	
	
	In grooves
	-
	0.48 ± 0.22
	1.05 ± 0.44
	-
	0.02 ± 0.03
	0.06 ± 0.04

	
	Total
	
	
	0.0
	61.3 ± 12.4
	60.0 ± 14.1
	0.0
	14.75 ± 1.7
	17.8 ± 3.6

	
	
	
	Variable
	NC
	BC
	NC/BC
	NC
	BC
	NC/BC

	
	
	
	
	F. fragum
	
	
	A. tenuis
	
	


 

use in research (see chapter 9) and mariculture (chapter 11), which shows another advantage compared to commonly used terracotta tiles. The mean density of settlers per unit, which might be important to control in coral culture, was determined by the amount of biologically conditioned tiles per set up. Light intensity, kept constant at a relatively low level in the present study could be varied (Maida et al. 1995; Mundy and Babcock 1998) or tiles could be prepared with metamorphosis inducers (Morse et al. 1996; Heyward and Negri 1999; Negri et al. 2001; Iwao et al. 2002) to maximize and to spatially control settlement, presumably up to the species level. The design and dimensions of the tiles could be adapted to specific needs in settlement and recruitment studies, or in restoration and mariculture, which might highly differ between each other. Small settlement units are generally more favorable for transferring recruits from mariculture centers to public aquaria, whereas for field applications far more robust tiles might be necessary. The presented tiles are successfully used to supply public aquaria with maricultured coral settlers attaining high post-transport survival rates and recruitment rates (chapter 11 of this thesis). Contrary to simply attaching single tiles to the aquarium decoration using epoxy, the proper attachment of tiles in the field might be more complex (Mundy 2000). 

Apart from the selection of appropriate material, the production process of substrata has to be carefully performed to avoid toxic effects. Although clay does not contain potential toxins, we measured high concentrations of heavy metals reaching lethal levels of copper (Esquivel 1983) when tiles were burned in an oven, which had been regularly used to glaze commercial pottery. Regarding the high settlement of F. fragum, the incubation of the tiles in the presented re-circulation systems was sufficient to neutralize negative effects of chemicals released by the tiles. Low settlement rates of Acropora tenuis could be caused either by sub-optimum settlement conditions or by low fitness of larvae. Sub-optimum conditions could be e.g. the low light intensity used in the present study. Mundy and Babcock (1998) showed significant lower settlement of A. tenuis at low light intensities. This could also explain the preference for the vertical tiles as larvae spent more time at the water surface due to positive photo-taxis (see also Mundy and Babcock 1998). Furthermore, larvae fitness may differ between spawning seasons (Hatta personal communication). We achieved settlement rates up to 72 % in similar experiments with A. tenuis carried out 1 year later, which might indicate fitness differences between both seasons (unpublished data). It is difficult to estimate whether the shown increase of nitrogen and phosphorous concentrations and the decrease of alkalinity during the relatively long incubation period (6 days) in a water volume of 250 ml reduced settlement, since influences of these factors on larval settlement are hardly known yet.

Regarding mariculture and restoration purposes the design of settlement tiles will be increasingly important. Besides aspects such as high survival and growth rates of juveniles, the control of settlement, handling and the possibility to automatize processes will be crucial to produce large numbers of coral recruits in an economic way.
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Fig. 2 Chessboard-like ar-rangement of flat and pyramid tiles. Three tiles are not placed to emphasize the polystyrene grid. Due to the arrangement of the tiles in the grid and due to the low water surface not covering the top of the pyramid tiles, larvae could settle only surfaces with grooves. The majority of settlers were located in these grooves. Four of such tile units were used to replicate each treatment.





Fig.1 Side view of both tile-types. The flat tile provides 1 horizontally, while the pyramid tile provides 4 vertically oriented settlement surfaces. The grooves give shelter for initial life stages of settlers. 





Table 4 Total larval settlement (mean ± SD %), and density of settlers (mean ± SD cm-2) per surface category (in grooves or elsewhere on flat and on vertical tiles) and tile condition (biologically conditioned, non-conditioned) for Favia fragum and Acropora tenuis in 3 different treatments: only non-conditioned tiles (NC), only biologically conditioned tiles (BC), and alternating non- with biologically conditioned tiles (NC/BC).  





Table 1. Selection of metal contents in salt water incubated for one week with tiles baked in Oven 1 or 2 (ICP spectrometry). a Natural seawater supplied by tank ships. b Common values after Adey & Loveland (1998).








Table 2. Water chemistry after one-week incubation of new tiles in 250 ml seawater per treatment. 





Table 3. Water chemistry of settlement experiments with Acropora tenuis after 6 days of incubation using biologically conditioned (BC) and non-conditioned tiles (NC) incubated for at least 2 months in seawater prior to the experiment.








