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Abstract To study the effect of water flow on coral

growth, four series of ten coral nubbins of Galaxea fascic-

ularis were exposed to four different flow regimes (0, 10, 20,

and 25 cm s-1, bidirectional flow) for 42 weeks. Buoyant

weight, surface area, and polyp number were measured at

regular intervals. Net photosynthesis and dark respiration

were measured at the corresponding flow speeds, and daily

amount of photosynthetic carbon left for coral growth was

calculated. Finally, skeletal density and CN content, chlo-

rophyll concentration and dry weight of coral tissue were

determined for each coral. Specific growth rate (in day-1)

decreased with time in each flow treatment. Absence of flow

resulted in significantly lower growth rates. Average specific

growth rate calculated over the entire experiment was not

significantly different between 10 and 20 cm s-1, while it

was significantly higher at 25 cm s-1. From 10 to

25 cm s-1, average net photosynthetic rate decreased and

average dark respiration rate did not change significantly.

Scope for growth based on phototrophic carbon decreased

with increasing flow. Growth was not positively correlated

with either photosynthesis or respiration, or scope for

growth. It is suggested that higher flow rates reduce the

chance of disturbance of coral growth by competing algae or

cyanobacteria, allowing corals to grow more readily with the

maximum specific growth rate possible under the given

environmental conditions. Notably, other effects of

increased flow, such as increased respiratory rates and

increased (in)organic nutrient uptake, might have been

equally responsible for the increased growth of the corals in

25 cm s-1.

Keywords Coral growth � Water flow � Photosynthesis �
Respiration � Galaxea fascicularis

Introduction

Water flow is one of the most important abiotic factors

influencing the growth of sedentary marine invertebrates

(Sebens 1987). Particularly interesting is the effect of flow

on the growth and metabolism of zooxanthellate sclerac-

tinian corals, because of the complex physiology of these

animals. Zooxanthellate scleractinian corals live in sym-

biosis with unicellular algae, known as zooxanthellae, that

translocate part of the carbon that is fixed during photo-

synthesis to their animal host. This symbiotic relationship

allows the coral to benefit from both heterotrophic and

phototrophic carbon sources.

The importance of water flow for different aspects of

coral biology has received considerable attention. Water

flow affects physiological processes such as photosynthesis

and respiration by relieving diffusion limitation for dis-

solved gasses (Dennison and Barnes 1988; Patterson et al.

1991; Patterson 1992; Atkinson et al. 1994; Lesser et al.

1994; Shashar et al. 1996; Bruno and Edmunds 1998).

Flow also affects the encounter and ingestion rate of food
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particles (Helmuth and Sebens 1993; Sebens 1997; Sebens

et al. 1997, 1998), the uptake of dissolved inorganic

nutrients such as nitrate, phosphate (Stambler et al. 1991;

Atkinson and Bilger 1992; Thomas and Atkinson 1997),

and the uptake of inorganic carbon (Lesser et al. 1994).

Third, flow aids in removal of harmful waste products such

as oxygen radicals or its derivatives (Nakamura and van

Woesik 2001) and in removal of sediments or nuisance

algae and cyanobacteria that might otherwise suffocate

corals (Rogers 1990; Anthony and Fabricius 2000; Box and

Mumby 2007). On the other hand, water flow can also have

negative effects on coral biology, for example by stressing

the coral (Jokiel 1978) by damaging the delicate coral

tissue, by breaking off branches of skeleton, or by

restricting particle capture due to deformation and flatten-

ing of the tentacles (Sebens et al. 1997). Growth rates of

corals grown under different flow regimes will thus be a

consequence of the sum of effects that flow exerts on coral

physiology. The different processes affected by flow (i.e.,

feeding efficiency, gas exchange, and waste removal) may

each have their optimum at a different flow rate. Further-

more, optimal flow rates may vary among species and even

among conspecific individuals. Indeed, some corals have

been found to grow more rapidly when flow increases

(Jokiel 1978; Montebon and Yap 1997; Nakamura and

Yamasaki 2005), while other corals were found to have

comparable growth rates (Sebens et al. 2003), or even

decreased growth rates (Kuffner 2001). Khalesi et al.

(2007) found a hyperbolic profile of growth with increasing

flow rate for a soft coral.

Most studies on the effects of flow on either growth or

metabolic rates often examined only ‘‘low’’ and ‘‘high’’

flow treatments and did not characterize their flow regimes

with a meaningful number for flow speed, or they exam-

ined only a limited range of flow speeds (e.g., Sebens et al.

2003, 0–10 cm s-1). Besides that, different coral species—

that might respond differently to flow speed—were used in

previous studies, thus making it difficult to compare

results. Therefore, from the available data, it is hard to

deduce the response of a single coral species to a wide

range ([10 cm s-1) of flow regimes.

The first aim of this work was to study the effect of

water flow on the (skeletal) growth of Galaxea fascicularis

in a long-term growth experiment. For this, a series of ten

genetically identical coral nubbins of G. fascicularis were

cultured for a period of 42 weeks at a wide range of defined

flow speeds (0–25 cm s-1) in a controlled aquarium envi-

ronment. The range of flow speeds was chosen to contain

flow speeds higher than 10 cm s-1 up to the highest

average flow speed that was technically feasible in our

experimental setup (25 cm s-1). Growth was measured at

regular intervals. We hypothesized that increasing water-

flow rates would have a positive effect on skeletal growth.

Secondly, effect of flow on photosynthesis, respiration, and

the calculated daily amount of photosynthetic carbon left

for coral growth was studied in short-term experiments and

was related to effects of flow on growth. We hypothesized

that phototrophic metabolism and growth would be posi-

tively correlated. Thirdly, at the end of the long-term and

short-term experiments, the effect of water flow on dif-

ferent coral biomass parameters (CN content, chlorophyll

concentration and ash-free dry weight of coral tissue and

skeletal density) was determined. Here, we hypothesized

that corals cultured at higher flow regimes (i.e., higher

hydrodynamic stress) would have more dense skeletons, to

withstand physical damage (Schumacher and Plewka 1981;

Scoffin et al. 1992; Bucher et al. 1998; Smith et al. 2007).

Materials and methods

Long-term growth experiment

Study species

Forty (40) coral nubbins (single polyp clones) of

G. fascicularis were created from coral colonies that were

grown at an irradiance of ca 60 lE m-2 s-1 (70 W HQI) in

a closed-circuit coral aquaculture system in Burgers Ocean,

Arnhem, The Netherlands. This 6,800 l system consists of

four 1,300 l aquaria and two 800 l sumps, one with live

rock and the other without. The circulation system cycles

18 m3 h-1, and the system is connected to a trickle tower, a

23.5 l self-made Ca2? reactor, and a Schuran Aquafloater

AQ250 protein skimmer. Each coral nubbin was fixed to a

7 9 7 cm PVC plate using a two-component epoxy (Reef

Construct, Aquamedic). After a 3 weeks acclimation per-

iod, each coral nubbin was placed on one of four rectan-

gular peg-boards in two rows of five coral nubbins.

Experimental setup

Each peg-board containing 10 coral nubbins was assigned

to each of four experimental treatments: no water flow

(±0 cm s-1), ±10 cm s-1 bidirectional water flow,

±20 cm s-1 bidirectional water flow, and ±25 cm s-1

bidirectional water flow. The actual average water-flow

speeds during the long-term growth experiment were resp.

1.2 ± 1, 9.0 ± 2.5, 17.5 ± 3.7, and 24.5 ± 4.4 SD cm s-1.

The different flow regimes were created using Tunze

Turbelle Stream 6000 and 6100 pumps that were hung at

either end of a submerged, open flowcell and adjusted to

the desired flow speed (Fig. 1). Flow direction was chan-

ged every 5 min using a Tunze 7095 Multicontroller. By

offering water flow in two directions, it was assumed

that the effect of flow on coral physiology would not be
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one-sided. Flow straighteners were constructed of 10-cm-

long PVC pipes with a diameter of 1 cm and placed

downstream from the pump outlets and before the location

of the corals, to create a more or less uniform flow pattern.

A rectangular cell was constructed for the 0 cm s-1 flow

regime. Flow speeds were measured every 4 weeks by

placing a SENSA RC-2 electromagnetic velocity meter

(Aquadata) in each submerged flowcell (in the absence of

any corals) with its sensor tips 5 cm from the flow

straighteners (Fig. 1), which is the location of the first coral

on each PVC plate. Flow speeds were adjusted if needed.

Lighting was provided by fluorescent T8 lighting sys-

tems with 36-W Philips Tl-D90 965 color bulbs, providing

an equal light distribution (see Schutter et al. 2008). Irra-

diance was measured using a Li-Cor 192SA quantum

underwater sensor and maintained at 90 lE m-2 s-1. A

light dark cycle of 10L:14D was applied.

Each experimental treatment was fed indirectly by daily

feeding of the entire coral culture system (4–8 art-

emia ml-1) and additionally twice a week directly inside

each experimental treatment (i.e., each submerged flow-

cell) (5,000 ± 800 Artemia nauplii per treatment, yielding

15 artemia l-1). Artemia nauplii (Salt Lake aquafeed) were

hatched on site and subsequently enriched using Rich

Advanced feed for 24 h.

Seawater was made up from Tropical Marine salt (Zoo-

mix without bromide). Temperature was maintained at

26 ± 2 SD �C, salinity at 34 ± 0.3 SD, and pH at 8.0 ± 0.3

SD. Water quality parameters were measured at regular

intervals. During the experiment, alkalinity in the system

was 4.0 ± 1.0 SD mEq l-1, calcium concentration 395 ±

20 SD mg l-1, magnesium concentration 1,200 ± 50 SD

mg l-1, nitrate concentration 0.03 ± 0.01 SD mg l-1

NO3
-, and phosphate concentration 0.02 ± 0.01 SD

mg l-1 PO4
3-. Algae fouling and growth of cyanobacteria

were controlled by removing any algae growing on and

around the PVC plates every week.

Growth parameters and analysis of growth kinetics

Growth was measured as an increase in buoyant weight

(according to Schutter et al. 2008), surface area, and

polyp number of the coral nubbins. Determination of

buoyant weight is a good method to measure skeletal

growth, since coral tissue has a density similar to that of

seawater, and therefore does not contribute significantly

to the buoyant weight of the coral (Davies 1989). Surface

area was measured as projected surface area. Pictures

were taken perpendicular to the coral directly inside the

aquarium system using a Nikon coolpix S1 5.1 mp digital

camera in a Nikon WP-CP5 underwater housing. Surface

area was determined by image analysis using Image J

(1.37v) by tracing the live part of each coral colony.

Since tentacle extension is variable over time, no tentacles

that were extending beyond the skeleton were traced for

surface area. Polyp number was counted visually. Only

live polyps were counted. Newly formed polyps were

only counted once they started projecting from the basal

skeletal plate. All methods were non-destructive. How-

ever, since the coral colonies needed to be taken out of

the aquarium for the determination of buoyant weight and

polyp number, these measurements were taken only every

6 weeks for a 42-week period to reduce the amount of

handling. Surface area was determined inside the experi-

mental treatments and was therefore measured every

3 weeks for a 42-week period.

For comparison with growth rates from a previous study,

exponential growth was assumed and specific growth rates

(l) were calculated using the formula:

l ¼ ðln BWn � ln BWn�1Þ=Dt ½day�1�

where l is the specific growth rate (day-1), BWn is buoyant

weight at the end of a growth interval, BWn-1 is buoyant

weight at the start of a growth interval, and Dt is time

between measurements of buoyant weight in this growth

Fig. 1 Side view of a

submerged flow cell

(l 9 w 9 h: 95 9 30 9

25 cm). a Tunze pumps, b flow

straighteners, c position of

SENSA RC-2 electromagnetic

velocity meter (Aquadata) when

measuring water flow. The

small black circle is the position

of the sensor tip. The dashed
line indicates the water level

inside the coral culture system
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interval. The same was done for surface area and polyp

number.

Short-term physiological experiments

Respirometric flowcell

A respirometric flowcell (1616 ± 5 ml) (Fig. 2) was

designed and built at Wageningen University to study the

metabolic rates of G. fascicularis colonies in response to

different water-flow speeds. Water flow is created by two

RC-280 model boat propellers ([ 3 cm) that are driven by

two separate Maxon DC motors that allow precise control of

rotation speed through the EPOS_UserInterface (Version

2.31) software. The propellers are placed in such a way to

create an unidirectional flow inside the flowcell. Using this

setup, flow speeds from 0 to 30 cm s-1 were attained.

Upstream from the coral colony, the water passes a 3-cm-

long flow straightener constructed from plastic straws

([ 5 mm) to decrease turbulence and create a more laminar

flow. Behind the flow straighteners, a small coral colony was

placed underneath a translucent lid made of Perspex, which

allowed the passage of all wavelengths between 400 and

700 nm. Oxygen measurements are made using a LDO

probe (Luminiscent Dissolved Oxygen, Hach), which was

placed downstream of the coral colonies. A built-in water

jacket is connected to a TECO TR10 cooler to keep the water

temperature inside the flowcell at 26 ± 0.4�C.

Water-flow speeds across the coral section were cali-

brated by tracing plastic particles ([ 1 mm) moving in a

5-mm light beam plane created by a slide projector with a

slitted cover across the lens. The beam plane was projected

at a height of ±3 cm in the flowcell, which is the average

height of the coral colonies used in this study. Video

recordings were made using a JVC GR-DVL digital video

camera, and particle positions were traced in successive

video frames (1/30 s apart) using Midas Player 2.2.0.8

(Xcitex, free version). Only particles that remained in the

beam plane for four or more successive frames were used,

to reduce error due to particles moving diagonally across

the beam plane (Sebens and Johnson 1991).

Respirometric flowcell incubations

Three corals from each experimental flow treatment were

randomly chosen at the end of the long-term growth

experiment and used to measure photosynthetic and

respiratory rates at their corresponding flow speeds. The

incubations were conducted at the end of the long-term

growth experiment to reduce possible negative effects of

handling on coral growth. During the execution of the

short-term experiment, the experimental flow treatments in

the coral culture system were maintained as before. It was

not possible to get accurate oxygen readings for the corals

from the 0 cm/s flow regime using our setup.

Each coral was measured on three different days, each

day starting with a control incubation in the light, three

replicate 30-min trials for photosynthesis, a control incu-

bation in the dark and three replicate 30-min trials for

respiration. At least a few hours before incubation, algae or

cyanobacteria were cleaned off each coral, to prevent any

anomalous contributions to photosynthesis and respiration

measurements. Corals were left undisturbed as long as

possible between different incubation days in order to

reduce possible effects of measurement handling.

Net photosynthetic production of oxygen and respiro-

metric consumption of oxygen was measured according to

Schutter et al. (2008) and was expressed as lmol O2 min-1

cm-2. Temperature inside the respirometric flowcell was

maintained at 26 ± 0.5 SD �C and salinity at 34 ± 0.1

SD ppt.

Lighting was provided using a T5 lighting system (ATI)

containing four 24-W Aquablue Spezial bulbs. Irradiance

was adjusted to an irradiance of ca 90 lE m-2 s-1 using a

Profilux II aquatic computer-controller (GHL) and mea-

sured using a Li-Cor 192SA quantum underwater sensor.

This irradiance corresponded to the irradiance experienced

in the growth experiment.

Surface area, volume, and buoyant weight of the

experimental corals were determined weekly during this

experimental period. Surface area was determined to nor-

malize the respirometric data. The volume of the coral was

determined using the water displacement technique to

correct flowcell volume for the space taken in by the coral.

Buoyant weight was determined to monitor the growth

during this experimental period. Besides that, buoyant

weight of all corals from the growth experiment was

determined before and after the respirometric flowcell

incubations, to test whether the extra experimental han-

dling had an effect on growth rates of these corals.

Fig. 2 Respirometric flowcell. The most important parts are indi-

cated with an arrow and accompanying alphabetic letter. a Glass

screw cap, b location of coral, c location of oxygen probe

(downstream of coral), d site of attachment for the motor block that

powers the propeller, e propeller, f internal water jacket that can be

connected to a water bath, g location of flow straighteners (upstream

from coral)
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Scope for growth

Scope for growth, based on solely phototrophic feeding,

was determined by calculating the daily amount of carbon

per cm2 of coral that is left after satisfying respiratory

needs (after Anthony and Fabricius 2000). Scope for

growth indicates whether corals can satisfy their daily

respiratory needs using photosynthetic products translo-

cated by their zooxanthellae only (i.e., are self-supporting

with respect to carbon, scope for growth [0) and how

much (phototrophic) carbon would be left for growth or

other processes.

To be able to calculate scope for growth, net photosyn-

thetic rates and dark respiratory rates were converted to

carbon equivalents, using a 1:1 molar ratio to convert oxy-

gen evolution measurements into carbon equivalents. Since

we do not know the exact composition of substances that are

produced during photosynthesis and that are respired during

respiration, no further corrections were applied using met-

abolic quotients (Gattuso and Jaubert 1990).

Scope for growth was calculated using the following

equation:

SfG ¼ ðPc � 10Þ � ðRc � 14Þ

where SfG is scope for growth based on phototrophic

feeding expressed in lmol C h-1 cm-2, and Pc and Rc are

photosynthetic and respiratory rates expressed in

lmol C h-1 cm-2. Calculations were based on a light–

dark period of 10L:14D.

Coral biomass parameters

At the end of all respirometric flowcell incubations,

buoyant weight, surface area, and volume were once more

determined for all corals. An estimate of the skeletal (bulk)

density of the coral skeleton was calculated by dividing the

buoyant weight (g) of the coral skeleton by the total

enclosed volume (ml) of the coral skeleton (Bucher et al.

1998). Then, all corals were used for subsequent analysis

of their tissue.

Corals were snap-fixed in 10% formaldehyde in 0.22 lm

filtered seawater (FSW) (34 ppt) and then placed in

250–300-ml Ca2?–Mg2?-free artificial seawater (ASW)

with ethylenediaminetetraacetic acid (EDTA). This solution

was prepared according to Rinkevich et al. (2005). Coral

tissue was splashed off after 30-min ultra-sonification by

using sharp water jets coming from small pipettes. Cell

suspensions were collected, diluted with 0.22-lm FSW, and

centrifuged twice for 10 min at 3�C at 4,000 rpm, after

which total volume was determined.

Each tissue sample was homogenized using a LABO-

CAT X1030, after which subsamples were taken for anal-

yses of chlorophyll, ash-free dry weight, and CN content.

Chlorophyll was extracted by adding 9 ml 100% acetone to

900–1,000-ll tissue homogenate and storing it at -20�C

overnight. Absorbance of the extract was measured in

triplicate using a Beckman Coulter DU 530 Spectropho-

tometer at 750, 664, and 630 nm. Ninety percentage of

acetone was used as a blank. The concentrations of chlo-

rophyll a and chlorophyll c2 were computed according to

the equations given by Jeffrey and Humphrey (1975) for

dinoflagellates.

A duplicate of approximately 4–7-ml tissue homogenate

of each coral was dried at 103�C until constant weight and

then burnt at 550�C until constant weight. Ash-free dry

weight was calculated by subtracting ash weight from dry

weight. Due to the small amount of tissue of the corals

from the zero flow treatment, the tissue sample used for

chlorophyll analysis was recovered for analysis of ash-free

dry weight by evaporating the acetone at 60�C inside a

fume hood and resuspending the pellet in a final volume of

1-ml 0.22 FSW (34 ppt).

CN analysis was done using an EA 1108 CHN-O from

Fisons Instruments. Approximately 10 ll of wet tissue

suspension (*10–15 lg in dry weight) was used for each

measurement, measuring each coral in triplicate. Atropine

was used as a standard.

Data analysis

Statistical analyses were made using the SAS 9.1. All data

were analyzed using a one-way analysis of variance

(ANOVA) followed by the Tukey’s HSD post hoc test. To

test whether our data satisfied the assumptions for ANOVA

testing, the error terms of the ANOVA analyses were tested

for homogeneity of variances (P [ 0.05) and normality

(P [ 0.05) using, respectively, the Levene’s test and the

Shapiro–Wilk test. Only the data for photosynthesis, respi-

ration, and scope for growth satisfied the assumptions for

ANOVA. Data that did not satisfy the assumptions for

ANOVA were subsequently tested using the non-parametric

Kruskal–Wallis test to detect statistical differences between

treatments. This was followed by pair wise comparisons

using the Mann–Whitney U test. Results were considered

statistically significant when P-values were below 0.05.

Results

Growth parameters

Buoyant weight

All corals grew in buoyant weight during the experiment

(P \ 0.001, Fig. 3). The first significant differences in

buoyant weight between flow regimes became apparent
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after 12 weeks (110 days after nubbing) (P = 0.0005). At

the end of the growth experiment (week 42), the corals in

the 0 cm s-1 flow treatment had a significant lower

buoyant weight compared with the corals in the 10, 20, and

25 cm s-1 flow treatment (P = 0.0002), while the corals in

the 25 cm s-1 flow treatment had a significantly higher

buoyant weight compared with the corals in the 0, 10, and

20 cm s-1 flow treatment (P \ 0.0005). No difference was

detected between the 10 and 20 cm s-1 corals (P = 0.82).

The corals in the 0 cm s-1 flow treatment appeared

unhealthy, their tissue was pale and showed regression

from time to time.

Surface area

The increase in surface area during the experiment (Fig. 4),

gave a similar result as the increase in buoyant weight

(Fig. 3), except that differences in surface area between

treatments became apparent only at week 15 (135 days)

(P \ 0.0001).

Growth in surface area was found to be not as contin-

uous as in buoyant weight. When growing, G. fascicularis

appears to first create a layer of tissue around the coral (in a

circular fashion), in which ultimately some polyps will be

formed. Thus, this type of growth occurs in ‘‘bursts.’’

Skeletal growth, on the other hand, is an ongoing process

also occurring in the central part of the colony. Growth in

surface area is also much more hindered by algal compe-

tition than growth as buoyant weight (visual observation).

At the end of the growth experiment (week 42,

320 days), the relative differences in growth as surface area

between flow treatments were similar to the relative dif-

ferences in growth as buoyant weight: 0 cm s-1 flow

treatment had a significant lower surface area compared

with the corals in the 10, 20, and 25 cm s-1 flow treatment

(P = 0.0002), while the corals in the 25 cm s-1 flow

treatment had a significantly higher surface area compared

with the corals in the 0, 10, and 20 cm s-1 flow treatment

(P B 0.0012). No difference was detected between the 10

and 20 cm s-1 corals (P = 0.8206).

Polyp number

The increase in polyp number during the experiment

(Fig. 5) gave a slightly different result than the increase in

buoyant weight (Fig. 3) and surface area (Fig. 4).

Just as with buoyant weight, the first significant differ-

ences in polyp number between flow regimes became

apparent at week 12 (110 days after nubbing) (P \ 0.0001).

However, at the end of the growth experiment (week 42),

polyp numbers had significantly increased with each flow

regime. The 0 cm s-1 flow treatment had a significant lower

polyp number compared to the corals in the 10, 20, and

25 cm s-1 flow treatment (P \ 0.0003). The 10 cm s-1

flow treatment had a significant lower polyp number com-

pared to the corals in the 20 and 25 cm s-1 flow treatment

(P \ 0.05), and the 20 cm s-1 flow treatment had a signif-

icantly lower polyp number than the corals in the 25 cm s-1

flow treatment (P \ 0.005).

Growth kinetics

Specific growth rates were calculated per measurement

interval using the buoyant weight data (Fig. 6). It was seen

that the specific growth rate decreased with time, implying

that the growth of G. fascicularis was not exponential. Within

measurement intervals, the growth of the 0 cm s-1 nubbins

was consistently lower, with exception of the growth interval

between week 6 and 12 where the specific growth rate of the

20 cm s-1 nubbins was also decreased. The differences in

specific growth rates between the corals in the 10, 20, and

25 cm s-1 flow treatment were not consistent.
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Fig. 3 The effect of flow regime on buoyant weight increase during

the experimental period. Values are mean ± SD, N = 10
Fig. 4 The effect of flow regime on surface area increase during the

experimental period. Values are mean ± SD, N = 10
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On average, over the entire experimental period (week 1 to

week 42), specific growth rate was 0.0094 ± 0.0007 day-1 in

the 0 cm s-1 flow treatment, 0.0119 ± 0.0004 day-1 in

the 10 cm s-1 flow treatment, 0.0119 ± 0.0003 day-1 in the

20 cm s-1 flow treatment, and 0.0128 ± 0.0006 day-1 in

the 25 cm s-1 flow treatment.

Respirometric measurements

Net photosynthesis and dark respiration

Net photosynthesis decreased with flow speed. A significant

difference was detected between 10 (11.7 ± 1.8 nmol

O2 min-1 cm-2) and 25 cm s-1 (8.2 ± 0.2 nmol O2

min-1 cm-2) (P = 0.03). However, no significant differ-

ences were detected between 10 and 20 cm s-1 (10.4 ±

1.4 nmol O2 min-1 cm-2)(P = 0.71) and 20 cm s-1 25 cm

s-1 (P = 0.08) (Fig. 7).

Dark respiration was not significantly different between

either 10 cm s-1 (-9.0 ± 0.3 nmol O2 min-1 cm-2) and

20 cm s-1 (-10.0 ± 0.4 nmol O2 min-1 cm-2) (P = 0.35)

or 10 and 25 cm s-1 (-10.4 ± 0.6 nmol O2 min-1 cm-2)

(P = 0.08) or 20 and 25 cm s-1 (P = 0.53) (Fig. 7).

During these short-term incubation experiments, the

skeletal growth rate (in day-1) of the experimental corals

(n = 3) in each flow treatment was not significantly dif-

ferent (P [ 0.14) from the corals that remained untouched

in the flow experiment (n = 7). Thus, during this time

period, no significant effect of handling on skeletal growth

rate was detected.

Scope for growth

Scope for growth based on phototrophic carbon decreased

with flow speed. Scope for growth was -0.54 ± 0.98

SD lmol C cm-2 day-1 for 10 cm s-1, -2.22 ± 0.81 SD

lmol C cm-2 day-1 for 20 cm s-1, and -3.84 ± 0.35

SD lmol C cm-2 day-1 for 25 cm s-1 (Fig. 8). The amount

of carbon per cm2 left for other processes decreased with

increasing flow rate. Scope for growth was significantly lower

in the 25 cm s-1 flow treatment compared with the 10 cm s-1

flow treatment (P = 0.004). No significant difference was

found between 10 and 20 cm s-1 (P = 0.08) and 20 and

25 cm s-1 (P = 0.09).

Coral biomass parameters

Coral biomass parameters were determined after the ending

of the short-term incubation experiments. Since the health

of corals in the 0 cm s-1 became more and more impaired

after the 42-week growth experiment, the biomass
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Fig. 5 The effect of flow regime on polyp number increase during

the experimental period. Values are mean ± SD, N = 10

Fig. 6 Specific growth rates (day-1) based on coral buoyant weight

and calculated for each measurement interval. Values are

mean ± SD, N = 10

Fig. 7 The effect of water-flow speed on net photosynthesis and dark

respiration. Values are mean ± SD, N = 3. Means lacking a common

superscript differ significantly (P \ 0.05)
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parameters measured of the 0 cm s-1 corals do not nec-

essarily reflect the status of these corals during the growth

experiment. The health of the corals in the other treatments

was not impaired, and therefore their biomass parameters

are assumed to be representative of the status of the corals

during the entire experiment.

Skeletal density

A proxy of skeletal density was calculated by dividing

buoyant weight of each coral (g) by its volume (ml), after

subtracting weight and volume of their PVC plates. This

measure of skeletal density was 0.18 ± 0.03 g ml-1 for the

corals in the 0 cm s-1 treatment, 0.67 ± 0.06 g ml-1 for

10 cm s-1, 0.79 ± 0.11 g ml-1 for 20 cm s-1, and

0.75 ± 0.11 g ml-1 for 25 cm s-1. The corals in the zero

flow treatment had a significantly lower skeletal density

than the others (P \ 0.005), while the skeletal density of

the corals in the other flow treatments was not significantly

different from each other (P [ 0.08).

Coral tissue parameters

Ash-free dry weight of coral tissue per surface area was

significantly lowest in the 0 cm s-1 treatment (3.6 ±

1.5 lg cm-2, P \ 0.008), while it was significantly highest

for the corals in the 10 cm s-1 treatment (8.4 ± 1.9

lg cm-2, P \ 0.03). No significant difference was found

between the corals in 20 cm s-1 (5.5 ± 1.1 lg cm-2) and

25 cm s-1 (5.4 ± 1.3 lg cm-2) (P = 0.74) (Fig. 9).

The percentage of carbon in coral tissue

(41.4 ± 7.6% C, calculated as mg C per mg ash-free dry

weight of tissue) was not significantly different between

treatments (P [ 0.12). The percentage nitrogen in coral

tissue, however, showed small, but significant differences

between 0 (7.41 ± 0.68) and 20 cm s-1 (5.99 ± 0.68)

(P = 0.015) and between 0 and 25 cm s-1 (6.03 ± 0.35)

(P = 0.007), with a higher percentage nitrogen in the tis-

sue of the 0 cm s-1 corals. The C:N ratio increased slightly

with flow speed: 5.65 ± 1.23 for 0 cm s-1, 6.07 ± 0.90

for 10 cm s-1, 6.56 ± 1.17 for 20 cm s-1, and

7.18 ± 1.21 for 25 cm s-1. The C:N ratio of coral tissue of

corals maintained at 25 cm s-1 was significantly higher

than that of corals maintained at 0 cm s-1 (P = 0.022).

The amount of chlorophyll a (Chl A) and chlorophyll c2

(Chl C2) per coral surface area was significantly lower for

the corals in the 0 cm s-1 flow treatment (1.0 ± 0.3

lg Chl A cm-2 and 0.6 ± 0.2 lg Chl C2 cm-2) compared

with the corals in the 10 cm s-1 flow treatment

(3.8 ± 1.5 lg Chl A cm-2 and 2.7 ± 1.1 lg Chl C2 cm-2)

and 25 cm s-1 flow treatment (4.1 ± 0.6 lg Chl A cm-2

and 2.0 ± 0.5 lg Chl C2 cm-2) (P \ 0.005). No signifi-

cant difference was detected between 10 and 25 cm s-1

(P = 0.48). The samples of the corals in the 20 cm s-1 were

lost. Since the values for OD664 (i.e., the extinction coeffi-

cient at 664 nm, indicative of the presence and amount of

Chlorophyll a) of the corals from the 0 cm s-1 flow treat-

ment were frequently below the detection limit, the absolute

values should be interpreted with caution.

Discussion

Water flow and growth

Skeletal growth of G. fascicularis increased with time in all

flow treatments. Since differences in growth between

treatments only started to become apparent at week 12,

Fig. 8 Influence of flow speed on the daily amount of carbon left for

growth (lmol C cm-2). Values are mean ± SD, N = 3, 3 measure-

ments averaged per coral. Means lacking a common superscript differ

significantly (P \ 0.05)

Fig. 9 The effect of flow regime on the ash-free dry weight of coral

tissue per surface area of coral (mg cm-2). Values are mean ± SD,

N = 10 for 0, 20, and 25 cm s-1, N = 5 for 10 cm s-1. Means

lacking a common superscript differ significantly (P \ 0.05)
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growth experiments using G. fascicularis nubbins should

last at least for 12 weeks. This study demonstrated the

importance of water flow to the growth of the scleractinian

coral G. fascicularis. Absence of flow resulted in signifi-

cant lower specific growth rates. An increase in growth was

found between 0 and 10 cm s-1, which is in agreement

with the findings of Jokiel (1978) in the range of 2–

15 cm s-1 for Pocillopora meandrina and Pocillopora

damicornis. However, no significant difference in growth

was found between the 10 and 20 cm s-1 flow treatments,

while the corals in the 25 cm s-1 flow treatment had a

significant higher skeletal growth than the corals in the

other flow treatments. The same trend was found for sur-

face area, while polyp number was significantly increased

with increasing flow. Surface area and polyp number are,

however, more an expression of morphology than of clear-

cut skeletal growth.

Specific growth rate of G. fascicularis decreased with

time, as observed before by Schutter et al. (2008), and fell

within the range of specific growth rates to be expected for

G. fascicularis at an irradiance of 90 lE m-2 s-1

(±0.012 day-1, Schutter et al. 2008). The decline in spe-

cific growth rate during the experiment was in part a

consequence of the exponential growth model. It is

expected that other growth models, such as the surface-

related growth model of half a sphere (Sipkema et al.

2006), will better describe the growth of a mound-shaped

coral such as G. fascicularis. Although the differences in

specific growth rates between flow treatments were not

consistent between measurement intervals (Fig. 6), the

specific growth rate calculated over the entire experimental

period showed the same trend as for the growth parameters.

Water flow and phototrophic metabolism

First, it can be argued that each physiological measurement

is just a random indication of the metabolic rate at the time

of measurement. However, by measuring the metabolic

rate of each coral at various times at different days, this

potential artifact is reduced. Second, it can be argued that

measurements cannot be extrapolated because of differ-

ences in colony size. However, a strong linear correlation is

found between metabolic rate (mg O2 per min) and surface

area (cm2) (Adj R2 = 0.65, P \ 0.01 for photosynthesis,

adj R2 = 0.91, P \ 0.01 for respiration) over a size range

of 5–50 cm2, indicating that the measured metabolic rates

are representative for a large range of coral sizes.

Photosynthesis

Reduction in the diffusive boundary layer thickness with

increasing water flow did not result in increased net pho-

tosynthetic rates. In contrast, the net photosynthetic rate

was not significantly different between 10 cm s-1 and

20 cm s-1 and between 20 and 25 cm s-1. However, net

photosynthetic rate at 25 cm s-1 was significantly lower

compared with 10 cm s-1. In this study, net photosynthetic

rates were thus not positively correlated with growth, in

contrast to Schutter et al. (2008). Obviously, photosynth-

ates are not effectively channeled into skeletal growth and

possibly allocated to different processes than skeletal

growth. Our results are in line with Sebens et al. (2003),

however, who found no differences in rate of net photo-

synthesis between 2, 5, 8, and 10 cm s-1 for Agaricia

tenuifolia. However, Lesser et al. (1994) did find positive

effects of increasing flow on net photosynthesis of Pocil-

lopora damicornis (mean flow: 0.2, 3.8, and 7.2 cm s-1).

The decline we found in net photosynthesis at flow rates

higher than 10 cm s-1 cannot be verified with other data

from the literature, since, to the best of our knowledge, no

data in literature are available for comparison. At low

irradiances, such as used in this study, water flow may have

a smaller effect on photosynthesis, since the need for

inorganic carbon supply and/or removal of oxygen to

optimize photosynthesis at low irradiance levels is not as

demanding as at high irradiance levels (Nakamura et al.

2005; Finelli et al. 2006; Smith and Birkeland 2007). Water

flow did not have an effect on chlorophyll a and chloro-

phyll c2 content per surface area, which is in agreement

with the findings of Stambler et al. (1991) and Lesser et al.

(1994) for Pocillopora damicornis and of Rex et al. (1995)

for Porites cylindrica. Clearly, irradiance has a dominant

effect on photosynthesis and chlorophyll content, while

water-flow rates can only modulate uptake and release rates

of substances needed for photosynthesis.

Respiration

Reduction in the diffusive boundary layer thickness with

increasing water flow did not result in significantly

increased respiratory rates. Sebens et al. (2003) reported an

increase in dark respiration with flow speed for Agaricia

tenuifolia between 2 and 10 cm s-1. However, our data

cannot be compared with data that have been collected at

flow speeds above 10 cm s-1, since, to the best of our

knowledge, such data have not been reported.

Respiration increases the availability of metabolic CO2

that can be used as a source of carbon for calcification

(70% of DIC for calcification comes from metabolic CO2:

Furla et al. 2000) and generates energy that can be used for

calcification. Therefore, respiration could potentially be

limiting for growth.

The decreased growth of the corals in the 0 cm s-1 flow

treatment compared to the other flow treatments could

possibly be the result of a limited supply of oxygen and

consequently a reduced dark respiratory rate, which could
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have resulted in a reduced availability of metabolic CO2.

Nevertheless, the difference in growth between 20 and

25 cm s-1 cannot be explained by dark respiratory rates,

since this difference was not significantly different.

Respiratory rates during the day (light respiration) will

probably be independent of flow-related mass transfer,

since oxygen used for respiration is not limiting due to

photosynthetic production of oxygen in the light.

Scope for growth

Scope for growth based on phototrophic feeding (i.e., daily

amount of photosynthetic carbon that is left for other

processes after satisfying respiratory needs) was negatively

correlated with growth rate, indicating that phototrophic

carbon was not instrumental in supporting higher skeletal

growth rates.

Since the average net photosynthetic rate in this study

was 50% lower than what we would expect, based on

previous photosynthesis–irradiance curves of G. fascicu-

laris measured under similar conditions (Schutter et al.

2008), and average respiratory rate was threefold higher,

absolute values should be interpreted with caution. Dif-

ferences between respirometric values could possibly be

the result of the short-term nature of the measurement of a

photosynthesis–irradiance curve and the influence of the

growth irradiance on the result. A photosynthesis–irradi-

ance curve provides information about the potential to

acclimate to irradiance within a short time, while in the

long run, the photosynthetic rate at a certain irradiance

intensity might be different because of long-term adapta-

tions of the coral’s physiology. Nevertheless, these data do

provide a qualitative indication of the effect of flow on

photosynthesis, respiration, and scope for growth.

While the corals in the 10 cm s-1 flow treatment had the

highest scope for growth, this did not seem instrumental in

supporting higher skeletal growth rates. It might be possi-

ble that this carbon was not allocated to skeletal growth but

to tissue growth, since ash-free dry weight of the coral

tissue was significantly higher. Since the average C:N ratio

of tissue of the 10 cm s-1 corals was not significantly

different from the other flow treatments, no difference in

the composition of the tissue is expected. This excludes the

possibility that the 10 cm s-1 corals had stored more

(carbon-rich) storage compounds (Glynn et al. 1985; Har-

land et al. 1992; Anthony et al. 2002), which would occur

if the amount of translocated carbon-rich photosynthetic

products exceeds that what is necessary to keep pace with

skeletal growth (Anthony et al. 2002). The tissue mass thus

seems normal. The average C:N ratio of coral tissue

(6.37 ± 1.26) found in this study (with exception of

0 cm s-1 corals) is in line with values reported in literature

for Montastrea annularis (7.5, Szmant and Gassman 1990)

and Pocillopora damicornis (8–10, Lesser et al. 1994) and

suggests total nutrient sufficiency.

Water flow and energy allocation

The increased growth at 25 cm s-1 compared with growth

at 10 and 20 cm s-1 cannot be explained by the availability

of photosynthetic carbon. Alternative potential explana-

tions are that: (1) corals at high flow have better access to

other sources of carbon (e.g., artemia, DOC) resulting in an

increase in scope for growth (based on both sources of

carbon) with increasing water-flow speed (Atkinson and

Bilger 1992), and/or (2) corals at high flow have an

increased supply of inorganic carbon (HCO3
-) which is

required for calcification, and/or (3) different allocation

processes played a role and therefore energy was allocated

among different biological functions, e.g., between skeletal

growth, tissue growth, and competition.

Tissue mass of the corals in the 20 and 25 cm s-1 flow

treatment was significantly lower compared with

10 cm s-1. The decreased availability of photosynthetic

carbon with flow does not seem to explain the decreased

tissue mass, since a similar amount of carbon was allocated

to both the 20 and 25 cm s-1 corals. Moreover, despite a

lower availability of photosynthetic carbon, a significant

amount of carbon was allocated to skeletal growth in the

case of the 25 cm s-1 corals. The corals in the 25 cm s-1

treatment must therefore either have had more access to

other sources of carbon or the available carbon was allo-

cated to different processes. Since the corals in the

25 cm s-1 flow treatment experienced the lowest competi-

tion with fouling algae and cyanobacteria (personal

observation), it is possible that they were able to allocate

more energy to skeletal growth than to defense or repair

mechanisms against competing algae or cyanobacteria

(McCook et al. 2001; Kuffner et al. 2006). The inconsistent

differences in specific growth rates between growth inter-

vals among the corals in the 10, 20, and 25 cm s-1 treat-

ment also confirm this differential energy allocation.

Although the corals in the lower flow treatments (10 and

20 cm s-1) were able to express a similar growth potential

as the corals in the 25 cm s-1 flow treatment on some

occasions, they did not express it as regularly. Apparently,

corals growing at higher water-flow rates are less often

disturbed in growth by competing algae or cyanobacteria,

and will grow more often with higher specific growth rate.

Therefore, a combination of the individual growth potential

under the given environmental conditions, and the indi-

vidual presence of disturbances, will determine the result-

ing specific growth rate. Although differential energy

allocation might be a possible explanation for our contra-

dictory findings (increased growth but decreasing photo-

trophic metabolism), more research is needed to confirm
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this. It is expected that phototrophic feeding and the

modulation of photosynthesis by water flow becomes more

important at high irradiance. Further research describing

the interaction between water flow and irradiance is

necessary.

Water flow and skeletal density

Skeletal density was significantly lower in the absence of

flow. This can be considered abnormal, since the corals in

the 0 cm s-1 flow treatment were unhealthy at the time of

sampling. They had very little pigmentation and a lower

tissue biomass, which occurs in bleached corals (Szmant

and Gassman 1990).

Galaxea fascicularis developed a denser skeleton at

higher flow regimes. However, the absence of significant

differences in skeletal density with increasing flow rate (10,

20, 25 cm s-1) suggests that they do not further strengthen

their skeleton to withstand physical damage from hydro-

dynamic energy in this range of flow. In contrast, a positive

relation between increasing water flow or hydraulic energy

and skeletal density was found for different coral species

by Schumacher and Plewka 1981, Scoffin et al. 1992, and

Smith et al. 2007. Besides living primarily on relatively

protected reef sites, G. fascicularis is also known to occur

on current-swept reefs, for example in the Tiran Straits

(Genin and Karp 1994), where flow speeds are expected to

be much higher than 25 cm s-1 (average current speed in

water column 43 cm s-1, with maximum recorded speed

[100 cm s-1, Murray et al. 1984). Possibly, the threshold

level of water flow for increasing skeletal density was not

yet reached for G. fascicularis. Additionally, it might not

be necessary for a massive mound-shaped coral like

G. fascicularis to increase skeletal strength in the tested

range of flow regimes, since its growth form does not

obstruct the water flow as much as branching corals.
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