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Effects of flows on transparent
exopolymer particles released
from branching Acropora
coral colonies
Heng Wu*, Yosuke Yamada †, Po-Shun Chuang †,
Kota Ishikawa and Satoshi Mitarai

Marine Biophysics Unit, Okinawa Institute of Science and Technology Graduate University,
Okinawa, Japan
Transparent exopolymer particles (TEP), a major component of coral mucus, are

responsible for particle aggregation. These particles contribute substantially to

the carbon cycle in coral reefs, and serve as an energy source for bacteria and

other microorganisms. Water flows and induced turbulent mixing control

material exchange between the coral canopy and the surrounding water,

which is critical for coral health. However, how these factors affect TEP release

by coral colonies has yet to be evaluated. Using a recirculating flume, we

assessed TEP release by branching Acropora coral colonies and associated

bacterial growth in the water column under different unidirectional flows.

Changes in TEP and bacterial concentrations after 24-h incubation were

quantified for flow speeds of 0, 5, 10, and 30 cm/s. Particle image velocimetry

(PIV) measurements provided an estimate of turbulent mixing efficiency above

the coral canopy. TEP and bacterial concentrations in the water column

increased after 24 h of incubation. The increase in TEP and bacterial

concentrations were 6.2–9.3 times and 3.4–5.1 times higher in the absence of

flows, respectively, than mean values under water flows. Although mixing

efficiency increased linearly with mean flow speeds, TEP release and bacterial

growth differed only marginally at flows ranging from 5–30 cm/s. Detailed flow

measurements combined with evaluation of TEP release suggest that the

complex geometry of corals facilitates efficient material exchange at a range of

flow speeds, and highlight the importance of considering these factors when

estimating coral reef biogeochemistry.
KEYWORDS

flow, transparent exopolymer particle (TEP), particle image velocimetry (PIV), Acropora,
coral mucus
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1 Introduction

Transparent exopolymer particles (TEPs) are sticky, low-

densi ty , ge l - l ike , ac id ic polysacchar ides re leased by

phytoplankton, bacteria, and corals, and they are responsible for

particle aggregation in the ocean (Passow, 2002). Depending on the

composition of ballasted particles, aggregates formed of TEPs may

float on the sea surface, forming biofilms, or they may sink,

becoming accessible to the benthic heterotrophic community and

bacteria (Wurl et al., 2011; Passow and Carlson, 2012; Mari et al.,

2017). Given that TEPs usually have C:N ratios higher than the

Redfield ratio (C:N=106:16), their vertical movements imply a

significant role in cycling of organic carbon in marine

environments (Passow, 2002).

In aquatic environments, TEP concentration correlates with

phytoplankton abundances, suggesting phytoplankton as a major

contributor of TEPs (Engel and Passow, 2001). In coral reefs, which

are characterized by low nutrient concentrations and low

phytoplankton biomass, corals are potentially a major source of

TEPs. Up to half of the carbon fixed by coral holobionts through

photosynthesis is released as mucus, which may comprise up to 80%

of coral exudates (Crossland et al., 1980; Davies, 1984). Aggregates

induced by coral mucus may contribute to up to one-third of

particulate organic carbon and it significantly modifies the

biogeochemistry of reef lagoons (Huettel et al., 2006).

Due to their richness in polysaccharides, TEPs serve as a

substrate for bacteria and other microorganisms in oligotrophic

seawater, such as coral reef ecosystems (Wild et al., 2004; Nakajima

et al., 2009; Taniguchi et al., 2014). The role of bacteria in the TEP

pool is complicated, as they both produce and consume TEPs

(Sugimoto et al., 2007). Previous studies have reported a wide

range of mucus decomposition rates by bacteria. Such

decomposition could be as rapid as 28–40% reduction of

dissolved organic carbon in 24 h (Nakajima et al., 2009), while

Vacelet and Thomassin (1991) reported that mucus was not fully

decomposed even after 21 days of incubation. In addition to

degradation, bacterial production contributes to the TEP pool.

Based on field observations, TEP production by bacteria in

seawater may vary from 0–156 μg XG eq. L-1 day-1 (Sugimoto

et al., 2007). As both a source and sink for the TEP pool, it is

necessary to monitor changes in bacterial abundance when studying

TEP concentration.

Corals generally secrete mucus as a self-defense mechanism

under environmental stresses (Bythell and Wild, 2011). Coral

mucus also acts as a food trap and facilitates feeding by corals

themselves and other organisms (Bythell and Wild, 2011). Most

laboratory experiments investigating environmental effects on coral

mucus or organic matter release have been conducted in beakers

with stirrers, in which generated flow characteristics were very

different from what corals experience in nature (Tanaka et al., 2008;

Naumann et al., 2010). Several studies were conducted in situ, but it

was difficult to isolate the effect of flows in a reef (Crossland, 1987).

So far as we know, only one study has examined the relationship of

water flow speed and organic matter release by corals (Wild et al.,

2012). Through laboratory flume experiments with small fragments

of corals, Wild et al. (2012) showed that corals release significantly
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more particulate organic carbon when subjected to water flows than

with no current, which they attributed to hydrodynamic impact.

However, the amount of particulate organic matter release in low

and high flows (~5 cm/s and ~15 cm/s) did not differ significantly.

Stronger flows not only cause stronger hydrodynamic impact, but

also greatly enhance material exchange between coral tissue and

seawater, which mitigates coral stress response (bleaching)

(Nakamura, 2010). Water flow characteristics at coral-colony or

polyp scale modulate many biological processes of coral reefs

(Dennison and Barnes, 1988; Nakamura and Yamasaki, 2005;

Finelli et al., 2007). The effect of water flows on coral biological

processes is generally related to efficiency of material exchange

between corals and ambient water in the form of nutrient uptake

and waste disposal (Guizien and Ghisalberti, 2016; Davis

et al., 2021).

Material exchange, including exchange of particulate organic

matter, between corals and seawater relates directly to mixing and

shear stress at the tops of coral canopies. The extremely rough

surface of corals induces strong frictional shear that enhances mass

transfer across the interface between coral canopies and free stream

flows (Bilger and Atkinson, 1992). Efficiency of material exchange

between the coral canopy and seawater can be described by

diffusivity (or the diffusion coefficient), which is the sum of

turbulent diffusivity and molecular diffusivity of some substance

in seawater (such as nutrients, oxygen or carbon dioxide) (Chin,

2012). In the absence of flows, molecular diffusion is the sole

mechanism for material exchange between the coral canopy and

ambient water. In the case of water flows, vertical turbulent

diffusivity is usually much stronger than molecular diffusivity and

controls the vertical material exchange.

Vertical exchange coefficient marks the material exchange

efficiency between the coral canopy and ambient water flows and

is determined by friction at the interface between the canopy and

free stream flows (Ghisalberti and Nepf, 2005). When coral colonies

are exposed to steady, unidirectional flows, a shear layer forms at

the interface between the top of the coral colonies and the free

stream flows. The shear layer determines the momentum, and in

turn the amount of material that can be delivered into coral colonies

(Hearn et al., 2001). The strength of the shear layer is often

quantified by friction at the upper surface of colonies, which is

dominated by Reynolds shear stress, peaking near the top of the

coral canopy. Friction at the upper surface of colonies is mainly

determined by coral morphology. The high spatial heterogeneity of

coral geometries, compared to canopies with homogeneous heights,

produces a larger momentum deficit in the canopy and generates

more complicated flows (Hamed et al., 2017). Very rough coral

geometries, which enhance the mass transfer rate, may explain how

coral reefs maintain high productivity in low-nutrient tropical

waters (Hearn et al . , 2001). However, effects of flow

characteristics on organic matter, especially TEP release from

corals have not been assessed at colony scale.

Studying changes in transparent exopolymer particle

concentrations in the water column caused by coral colonies and

the effect of ambient flows on the TEP concentration change should

enhance understanding of coral roles in the marine carbon cycle.

This study evaluated how ambient flows, including the mean flow
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speed and the induced turbulent mixing efficiency, affect net TEP

release from Acropora coral colonies and associated bacterial

growth in the water column through systematic laboratory

flume experiments.
2 Materials and methods

2.1 Setup and experimental design

Acropora colonies were placed in a closed-system flume and

exposed to unidirectional flows of 0, 5, 10, and 30 cm/s. Flow speeds

were selected based on flow speeds measured in situ near coral

collection sites, which ranged from 0 to 30 cm/s (Rintoul et al., 2022).

Branching Acropora corals were selected as the study subject

based on their dominance in shallow reefs in Okinawa, Japan (Loya

et al., 2009), their wide distributions in the Indo-Pacific region

(Veron et al., 2000), and their large mucus production, compared to

other coral genera (Nakajima and Tanaka, 2014). Two sets of

Acropora corals colonies were collected near the shore at

Maeganeku, Okinawa island (26°26’29.77˝N, 127°47’24.84˝E) at a

depth of about 3–5 m. Set A was collected on July 8 2021 and set B

was collected on April 26 2022. For each set of corals, the size and

number of the coral colonies were chosen to fully cover the test

section of the flume to test the effect of flows at a scale of multiple

coral colonies (Supplementary Figure S1). Set A consisted of 14

colonies with 1–9 branches, each branch with a length of 5–18 cm

and diameter of 0.7–1.7 cm. Set B was composed of 20 colonies with

3–15 branches, each branch with a length of 2–12 cm and diameter

of 0.5–1.5 cm. Experiments on Acropora set A were conducted

between September 6 2021 and October 14 2021. Experiments on

Acropora set B were carried out between May 16 2022 and July 5

2022. Prior to and after trials, corals were kept in an open outdoor

tank with running filtered natural seawater.

To better describe the geometry of the coral canopies, lp was

defined as, at each elevation from the bottom of the test section, the

ratio between the area occupied by the corals and the total bottom

area of the test section in the flume (Lowe et al., 2008). Following

the method in Lowe et al. (2008) to estimate lp, we placed the coral

colonies (the dried skeleton after all of the coral colonies bleached)

into a rectangular tank and filled the tank at a known rate. Pictures

of a ruler taped to the side of the tank were taken to evaluate the

water level change. The water level change with and without the

coral colonies in the tank was compared to obtain lp. The lp
profiles of each coral sets are presented in Figure 1. The plan area

fraction occupied by the coral colonies decreased with elevation and

varied between 0 and 0.10 (for coral set A) and 0.13 (coral set B).

All experiments were conducted in a recirculating, closed-

system flume (West Japan Fluid Engineering Laboratory Co.,

Nagasaki, Japan), at the Marine Science Station of the Okinawa

Institute of Science and Technology, Japan. The test section was an

open channel with zero slope and a rectangular cross-section, 98 cm

long and 30 cm wide. Water depth was around 30 cm. Flow in the

flume was driven and controlled with a variable-speed impeller.

Flow through the test section circulated back from a pipe

underneath the test section. Acropora colonies were placed in the
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flume so as to cover the bottom of the entire test section (Figure 2A;

Supplementary Figure S1). The submergence ratio, defined as the

ratio between the height of the coral colonies and the total water

depth, was around 0.2, such that the setup fell into the category of

depth-limited canopy flows and the blocking effect was negligible

(Asher and Shavit, 2019). Three aquarium lights (Spectra SP200,

Blue Harbor) were positioned atop the flume test section. The color

spectrum was adjusted to match light conditions at 5 m depth and

scheduled to turn on between 06:00 h and 18:00 h. Light intensities

were ~200 μmol m-2 s-1 at the bottom of the test section using a

quantum light meter MQ-210 (Apogee Instruments, Utah, USA).

Light intensities agreed well with those reported for reefs 5 m deep

(Crossland, 1987). The x-axis was defined as the streamwise

direction with the positive end downstream and the origin placed

at the inlet of the test section. The y-axis was defined as vertical with

positive pointing upward and the origin at the bottom of the test

section. The z axis was in the spanwise direction.

Seawater filtered with a sand filter followed by a 10 μm filter to

remove larger plankton was used in the trials. The total amount of

water in each trial was 406 L. Water temperature was maintained at

25°C. The salinity of the natural seawater varied slightly, but it was

34.4–35.6‰ during our experiments.

Each trial lasted 24 h, starting at 18:00 h in the dark and ending at

18:00 h the next day. Within two h prior to the start of each trial, the

flume was rinsed with filtered seawater for 10 minutes and filled with

filtered seawater. Immediately prior to each trial, coral colonies were

transferred from the outdoor open tank, submerged and gently rinsed

with filtered seawater to remove any visible organisms attached to

them. After the filtered seawater wash, colonies were placed in the

flume (Figure 2A; Supplementary Figure S1). Water samples were

collected immediately after starting the water flow at 0, 5, 10, or 30 cm/

s. Three water samples were collected to allow three replicates for TEP

and bacterial concentration analyses. Water samples were 300 mL for
FIGURE 1

Profile of lp for the two coral sets. lp was defined as the ratio of the

area occupied by the coral colonies and the total area of the flume
test section at each elevation (Lowe et al., 2008).
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TEPs and 5 mL for bacterial concentration evaluation. At the end of

trials, coral colonies were removed from the test section and returned to

the outdoor holding tank. Water in the flume was homogenized by

running unidirectional flows at 80 cm/s for 15minutes before sampling

the water for TEP and bacterial quantification to avoid potential biased

spatial distribution of TEP and bacteria.

To ensure that changes in TEP concentration and bacterial

growth resulted from the presence of coral colonies, we conducted

control experiments following the same procedure, but without

corals in the flume. Control experiments for each flow condition

were conducted within 24 h after each trial to account for potential

fluctuation in natural seawater quality.

Following the procedures above, we conducted trials under four

mean flow speeds (0, 5, 10, 30 cm/s) with the same set of coral colonies

used repeatedly for all four flow speeds. The seawater was replaced for

each trial. The absence of water flows was expected to have strong

negative effects on the corals. To avoid re-using visually abnormal coral

colonies (such as tissue loss) in the trials, the stagnant flow trials were

conducted last, and trials for the other flow speeds were carried out in a

random order. Experiments for different flow speeds were conducted at

least one week apart. Coral colony placement in the flume was kept as

similar as possible among flow conditions to minimize variability

arising from changes in flow pattern due to different coral canopy

geometry. Experiments were repeated on two sets of Acropora colonies

(set A and set B) to ensure repeatability.
2.2 Quantification of TEP concentration
and bacterial abundance

TEP concentration was quantified colorimetrically at the

beginning and the end of incubation. Water samples were filtered

with 47-mm, 0.4-μm polycarbonate filters under a vacuum of 0.02

MPa. Immediately after filtration, filters were stained with 1 mL of

0.02% alcian blue solution in 0.06% acetic acid for 30 s, rinsed with
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1 mL of MilliQ (Merck, Darmstadt, Germany) water to remove

excess dye and then stored at –20°C for later analysis (see Figure 3

for a sample image of TEP stained with alcian blue) (Passow and

Alldredge, 1995). Each filter was then placed in a glass vial filled

with 80% sulfuric acid and shaken at 200 rpm for 2 h. After

extracting dye from the filters, 300 μL of the solution was

transferred onto a 96-well plate and absorbance was measured at

787 nm with a Multiskan GO microplate reader (Thermo Fisher

Scientific, Massachusetts, USA). Absorbances were converted to

TEP concentrations using a calibration curve generated using Gum

Xanthan (XG) (MP Biomedicals, LLC, California, USA) standard

solution. TEP concentration was standardized with acidic

polysaccharide Gum Xanthan and the TEP concentration was

expressed as μg XG equivalent per liter following the procedures

proposed by Passow and Alldredge (1995), a widely used method to

measure TEP (see our calibration curve in Supplementary Figure

S2). The TEP concentration change in the water column due to the

presence of corals (net TEP release), was defined as

DTEP = (TEPt24 − TEPt00) − DTEPc, (1)

Where

DTEPc = TEPc,t24 − TEPc,t00 (2)

is the increase in TEP concentration in control experiments for

each flow speed. Values of DTEPc are shown in Supplementary Figure

S3A. The TEP concentration of each water sample was denoted as TEP,

the t00 and t24 under-script indicates that water samples were collected

at the beginning and end of the incubation, respectively. The under-

script c denotes data in control experiments. The over bar denotes the

average TEP concentration of triplicate water samples.

To estimate bacterial abundance, for each trial, triplicate 5-mL

water samples were fixed, filtered, and stained immediately after

sampling. The final concentration of formaldehyde in the fixed

solution was 5%. The fixed solution was filtered using 25-mm, 0.2
A

B

FIGURE 2

Flow measurement setup (A) side view: with corals placed in the flume; (B) plan view indicating the locations of particle image
velocimetry measurements.
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μm polycarbonate filters with low vacuum of 0.02 MPa and then

stained with DAPI (Porter and Feig, 1980). Ten pictures were taken

at random locations on each filter with an epifluorescence

microscope and bacterial cells were counted using ImageJ

software to estimate bacterial abundance (see Supplementary

Figure S4 for a sample picture used in counting bacterial cells).

As in TEP release, bacterial growth was defined as the difference

between bacterial growth, DN, in the trial and control experiments

for each flows condition,

DN = (Nt24 − Nt00) − DNc, (3)

where

DNc = Nc,t24 − Nc,t00 (4)

is the increase in bacterial concentration in control experiments

for each flow speed. Values of DNc for each flow condition are

shown in Supplementary Figure S3B. The bacterial concentration of

each water sample is denoted as N, the over bar denotes the average

bacterial concentration of triplicate water samples.

2.3 Statistical analysis

Mean values and standard deviations (SDs) were computed for

DTEP and DN for each set of corals at each flow speed using three

replicates. The correlation between net TEP release and bacterial

growth were examined using the Kendall rank correlation

coefficient for its accuracy for small data sets. The correlation

coefficient was computed with all DTEP and DN from both coral

sets pooled together.

2.4 Flow measurements

To estimate efficiency of vertical material exchange near the

interface between free stream flow and coral colonies, we conducted

detailed flow measurements using standard two-dimensional, two-

component particle image velocimetry (PIV) with the same sets of

corals placed in the flume in the same configuration as the TEP and

bacterial concentration experiments. Flow measurements were

conducted separately for TEP and bacteria experiments so that

the biological response of corals was not affected by stimulation of

the laser or seeding particles.
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A PIV system was implemented to measure streamwise (u) and

wall-normal (v) velocities. The PIV system consisted of an 8-W

continuous green laser (532 nm) (Omicron-laserage Laserprodukte

GmbH, Rodgau, Germany), a camera to capture images (Kato

Koken, Kanagawa, Japan) 1024 × 1024 pixel with a field of view

of approximately 20 cm × 20 cm. Flow was seeded with silver-

coated hollow-glass spheres with a mean diameter of 10 μm and an

average specific gravity of 1.4 (Dantec, Skovlunde, Denmark). The

laser beam exited the laser head, oriented downward, perpendicular

to the bottom of the test section of the flume and spread into a thin

laser sheet with series of cylindrical lenses (Thorlabs, New Jersey,

USA). Laser light scattered by seeded particles was captured by the

high-speed camera at a frequency from 50–200 Hz, depending on

experimental conditions to obtain a crisp image of seeded particles.

Captured images were processed with the PIVlab tool in MatLab

(Thielicke, 2014; Thielicke and Stamhuis, 2014; Thielicke and

Sonntag, 2021) with a recursive grid of 64 × 64 pixel to 32 × 32

pixel and maximum displacement of 0.49. Particles in each grid

were correlated between images in each image pair with an FFT

correlator to estimate flow velocity in each grid in pixel units. Image

units were converted to cm/s with the time separation between

image pairs and a calibration image that was a picture of a ruler.

Flow fields were measured at nine locations across the test

section to account for the complex, heterogeneous geometry of

coral colonies and to provide an average description of flow

properties. Measurements were taken at three streamwise

locations, each with three lateral slices (Figure 2B). For each trial,

8000 images were acquired to ensure convergence in mean and

second order turbulence properties (the Reynolds shear stress).

The streamwise velocity, u, at each grid point, following

Reynolds decomposition, was decomposed into a temporal mean,

U, and fluctuation components, u0,

u = U + u0 : (5)

The same operation was also applied to decompose the vertical

velocity, v, into mean vertical velocity, V, and vertical fluctuation, v0.
To visualize flow development, mean velocity profiles were

represented by those at the center of the flume to minimize wall

effects. Representative mean velocity profiles were computed from

measurements at S1, S4, and S7 (Figure 2B). The streamwise velocities

averaged over three lateral slices at three streamwise locations were also
m

A B

FIGURE 3

Sample images of a transparent exopolymer particle (A) stained with alcian blue dye, and (B) bacteria attached to it.
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computed. Mean velocity profiles were computed by taking a spatial

average in the streamwise direction of the temporal mean streamwise

velocity, U (Equation 5), for each trial. To highlight flow development,

spatio-temporally averaged velocity profiles at S1, S4, and S7 were

further normalized by the maximum velocity in each profile.

Material exchange strongly depends on shear at the interface

between coral colonies and the ambient water. We estimated the

shear strength with the peak Reynolds shear stress. Reynolds shear

stress, t, at each grid point was computed as

t = −ru0v0 (6)

where r is the density of seawater estimated from water temperature

and salinity. The overbar denotes temporal averaging. As with

procedures for mean velocity profiles, we took the spatio-temporal

average of the Reynolds shear stress (Equation 6) to obtain a profile

for upstream, mid-stream, and downstream locations to illustrate

development of Reynolds shear stress. Each Reynolds shear stress

profile was normalized with the peak value in the profile and the

vertical coordinate was normalized with the total water depth.

Reynolds stress profiles averaged over three lateral slices were

also computed.

The vertical exchange coefficient, is proportional to the shear velocity

(Ghisalberti and Nepf, 2005). Here we use the shear velocity as a proxy

for the material exchange efficiency. The shear velocity is approximated

with the peak of the Reynolds shear stress profile, u* =
ffiffiffiffiffiffiffiffi
t=r

p
. The

shear velocity estimated at S4 (Figure 2B), which was at the center of the

flume, was used as a representative material exchange efficiency.

3 Results

3.1 TEP and bacteria

Incubation experiments with Acropora colonies showed an

increase in TEP concentration for both sets of corals. At no flow,

some colonies experienced “whitening” in some branches. Polyps were

not observable in the whitened branches and tissue debris was found

beneath colonies, suggesting tissue loss in these colonies under no flow

condition. Even after recovering in the outdoor holding tank for weeks,

the whitened branches were not able to recover their colors.
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Differences in DTEP at 5, 10, and 30 cm/s flows were minor for

both sets of corals (Figure 4A). The net TEP release, DTEP computed

with Equations (1) and (2), was 6.2–9.3 times higher under no-flow,

compared to the average DTEP under 5–30 cm/s flows.

Bacterial concentrations, computed with Equations (3) and (4),

increased at all flow speeds after the 24-h incubation. Bacterial

growth showed minor differences among 5, 10, and 30 cm/s

(Figure 4B). Bacterial growth at no-flow was 3.6–5.1 times higher

than that under 5, 10, and 30 cm/s flows for both sets of corals.

Net TEP release and bacterial growth were positively correlated

(Kendall rank correlation coefficient t=0.71, p=0.014).
3.2 Flow characteristics

Particle image velocimetry measurements provided

instantaneous two-dimensional, two-component velocity fields.

Normalized spatio-temporally averaged streamwise velocity profiles

of coral set A and B through the center-line of the test section S1, S4, and

S7 in Figure 2 are shown in Figures 5A, C. (The streamwise velocity

averaged over three lateral slices at three streamwise locations were

shown in Supplementary Figures S5A, C for coral sets A and B,

respectively.) Mean streamwise velocity profiles of various flow rates

collapsed onto each other when normalized with the maximum velocity

and the distance to the wall normalized with the total water depth. Mean

velocity profiles were more uniform when entering the test section and a

turbulent boundary layer developed as the water flowed downstream

(Figure 5). The lower part of the velocity profile was slowed by drag

imposed by the complex geometry of the coral canopy. The inflection

point in the velocity profile, where strong shear usually occurs, was

located in close proximity to the top of the canopy. As the flow

developed, the inflection point moved upward, away from the wall.

Similarly, Reynolds shear stress profiles of coral set A and B

through the center-line of the test section is shown in Figures 5B, D.

(The Reynolds shear stress profiles averaged over three lateral slices

were also computed and presented in Supplementary Figures S5B, D

for coral sets A and B, respectively.) Normalized Reynolds shear stress

profiles for different flow rates, when normalized with the peak value in

the profile, collapsed onto each other, while developing as the water
A B

FIGURE 4

Both (A) net TEP release, DTEP and (B) bacterial growth, DN, increased in the absence of flow. Error bars indicate the standard deviation of three
water samples in each set of corals.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1404526
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2024.1404526
moved downstream. These profiles all showed a peak near the top of

the coral canopy, indicating the location with the strongest turbulent

mixing (Figures 5B, D). The location with strong shearing coincides

with the location of a kink in the mean velocity profile, which indicates

a strong velocity gradient and shear. Reynolds shear stress profiles,

similar tomean velocities, develop as the water flowed downstream and

the location of the peak moved away from the bottom of the test

section. The most downstream Reynolds shear stress profile showed a

secondary peak beneath the primary peak, which was likely a result of

shear layer vortices generated by upstream branches being advected

downstream (Koken and Constantinescu, 2021). The peak of Reynolds

shear stress was strongest at the upstream leading edge. Stronger

turbulent mixing in the upstream region was also consistent with the

fact that a pressure gradient is more important than turbulent stress at

the leading edge of the developing boundary layer above coral canopies.

As a proxy of the vertical material exchange efficiency, the shear

velocity increased linearly with mean flow speed, with R2 values of

0.999 for both sets of corals (Figure 6). The two sets of corals

showed slightly different slopes, suggesting that they have different

friction coefficients (see Discussion for more details).

As many biological responses of corals stem from material

exchange, we estimated vertical material exchange efficiency using
Frontiers in Marine Science 07
shear velocity. In cases without flows, material exchange between the

coral canopy and the environment can only occur via molecular

diffusion. Molecular diffusivities depend solely on the substance

being exchanged and the medium in which it happens. Estimated

shear velocity increases with mean flow speed, which is consistent with

the expectation of stronger turbulent mixing in faster flows (Figure 6).

Estimated shear velocity varied at different locations in the test section

with a coefficient of variation between 0.105 and 0.205. With variations

at different locations in the test section, shear velocity, however, did not

show any trend as the boundary layer developed in the flume. Figure 7

showed that net TEP release decreased with shear velocity.
4 Discussion

4.1 Coral TEP release

We suspect that the reason for increased net TEP release in the

no-flow condition could be inefficient material exchange. This

explanation is consistent with enhanced diffusivity (hence better

material exchange efficiency) in high flows from our detailed flow

measurements and previous studies, suggesting amplified material
A B

DC

FIGURE 5

(A, C) Normalized mean streamwise velocity profiles for (A) coral set A and (C) coral set B. (B, D) Reynolds shear stress profiles for (B) coral set A and
(D) coral set (B) The profiles were measured at three streamwise locations in the flume. The vertical distance from the bottom of the test section, y,
was normalized with water depth, H. The streamwise location, x, was normalized with the length of the test section, L. Mean velocity profiles were
normalized with the maximum velocity. Reynolds shear stress profiles were normalized with the maximum value in the profile.
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exchange across tops of coral canopies in turbulent flows (Atkinson

and Bilger, 1992; Bilger and Atkinson, 1992; Chang et al., 2013).

Some coral colonies bleached and lost some tissue during

incubation at no-flow, which is consistent with a previous study

relating coral mortality to low flow rates (Nakamura and van

Woesik, 2001) and findings of Finelli et al. (2006) that water

flows mitigate oxidative stress in corals and help them resist

bleaching. Niggl et al. (2008) found that Acropora corals released

large amounts of organic matter during early stage bleaching

induced by heat stress. The spike in net TEP release at no flow in

our experiment could be because some colonies underwent early

stage bleaching due to the lack of material exchange. Although the

shear velocity in faster flows (30 cm/s) was substantially higher than

that in low flows (5 cm/s), corals did not release more TEPs in high

flows. Minor differences in net TEP release at flows of 5–30 cm/s

despite enhanced turbulent mixing at higher flows suggests that

even the amount of material exchange induced by a flow of as little

as 5 cm/s was sufficient for coral survival. Given the higher TEP

production in no-flow than flowing conditions, it can be

hypothesized that tide pools formed during low tides might be a

dominant factor in the biogeochemical impact of coral colonies in

reef ecosystems. During low tides, an inner reef may become a

lagoon, creating no-flow conditions for corals to release large

amounts of TEP and those releases may be transported to the

open ocean during high tides (Mashini et al., 2015). Our findings

suggest that corals in inter-tidal area and tide pools may contribute

significantly to the TEP pool in the nearshore ocean.

Apart from self-defense, coral mucus also facilitates

heterotrophic feeding of corals (Brown and Bythell, 2005). The

sticky string or coating of TEP-rich mucus helps to trap food

particles, that are delivered to the mouths of polyps using cilia or

tentacles. Therefore, secreting more mucus would enhance ciliary-

mucoid feeding. Particle uptake is important for corals, especially

when recovering from early-stage bleaching (Ferrier-Pages et al.,

2003; Houlbreque and Ferrier-Pages, 2009; Hughes and Grottoli,

2013). At the beginning of bleaching, the main energy provider for

corals, zooxanthellae, leave the corals. Heterotrophic feeding, as an
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alternative method to obtain energy, helps corals to survive energy

shortages. Under no-flow, corals may experience early-stage

bleaching and secrete large amounts of mucus in an attempt to

facilitate heterotrophic feeding.

While we observed reduced net TEP release from coral colonies

with negligible water flows, using a laboratory flow chamber,Wild et al.

(2012) found that particulate organic carbon released from corals

increases with water flows (compared to no-flow conditions). They

also reported a statistically non-significant decrease in particulate

organic carbon from corals in high flows (~15 cm/s) compared to

low flows (~5 cm/s). Our results showed a minor decrease of net TEP

release with flow speed, but a substantially higher net TEP release at no

flow (Figure 4A). One possible reason for the seemingly contradictory

results is the number of corals used by Wild et al. (2012), compared to

our experiment. While they used small coral fragments, we used a

number of colonies (around 17) to cover the whole test section of the

flume (Figure 2; Supplementary Figure S1). A recent study showed that

the physiology of a larger colony cannot be estimated by linearly scaling

up that of a small fragment (Edmunds et al., 2022). The biological

response of a small coral fragment to water flows could be very different

from that of multiple colonies placed together. The complex geometry

formed by single coral colonies and the arrangement of multiple

colonies induce complicated flow patterns and turbulent mixing

when subjected to water flows. When multiple neighboring colonies

are exposed to unidirectional flows, downstream colonies are sheltered

by those upstream and the flow cannot penetrate deeply into these

colonies, resulting in less efficient material exchange. On the other

hand, when a single coral fragment is exposed to water flows without

neighboring objects, nutrient uptake and waste removal can be

accomplished by advection by water flows rather than turbulent

mixing. Under no flow, material exchange is accomplished solely by

molecular diffusion. The efficiency of molecular diffusion is determined

by molecular diffusivity and the concentration gradient. Molecular

diffusivity depends only on the solute and the medium of diffusion;

hence, it remains the same for a coral fragment or for multiple colonies.

However, the concentration gradient may be greater for a single coral

fragment than deep inside closely packed coral colonies. In the latter
FIGURE 7

Net TEP release, ΔTEP, was a function of shear velocity. Error bars
indicate the standard deviation of the three water samples for each
set of corals.
FIGURE 6

Shear velocity as a proxy of material exchange increased linearly
with mean flow speeds for both sets of corals.
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case, the concentration of materials to sustain coral biological processes

may deplete rapidly. In contrast, the time for a single, small, fragmented

coral without neighboring colonies to deplete those materials might be

much longer than inside closely packed colonies.
4.2 Bacterial growth

Bacterial growth in stagnant water was 3.6–5.1 times greater than

the average bacterial growth in 5–30 cm/s flows. The net increase in

TEP concentration, DTEP measured in the present study reflects the

presence of coral communities, including contributions of corals and

bacteria on the coral surface as well as in seawater used. Bacterial

activity may also differ in the presence and absence of corals. By

subtracting DTEPc in the definition of DTEP in (1), we likely could not

completely remove TEP changes due to bacterial activities. Promoted

bacterial growth (Figure 4B) was mainly an effect of corals and coral-

derived TEPs, as bacterial growth estimated with (3) removed the

bacterial growth contributed by nutrients and bacteria in the filtered

seawater. Bacteria both produce and degrade TEPs and could rapidly

reproduce on TEPs (Passow, 2002). Taniguchi et al. (2014) reported

doubled bacterial growth in seawater after injecting a very small

amount of coral mucus, suggesting that even when the amount is

small (~ 300 μL of mucus per liter of seawater), coral mucus has a

significant impact on reef biogeochemistry. The strong correlation

between bacterial growth and net TEP release that we observed in our

experiment is consistent with findings of previous studies (Taniguchi

et al., 2014). Detailedmechanisms underlying this correlation, however,

require further investigation.
4.3 Flow characteristics and implications
for corals

In typical fully developed turbulent boundary layers, the peak of

Reynolds shear stress stays very close to the bottom boundary. Our

results showed the peak in Reynolds shear stress shifting upward

away from the tops of coral canopies as the boundary layer

developed downstream (Figures 5B, D). The shift in location of

the peak, corresponding to a large gradient in the mean velocity

profile, could be due to accelerating flow above the corals (Hamed

et al., 2017). In addition to the peak in close proximity to the tops of

coral canopies, the Reynolds shear stress profile showed a second

peak farther away from the bottom (Figures 5B, D). The secondary

peak was also observed in other experimental and numerical studies

(White and Nepf, 2007; Koken and Constantinescu, 2021), and was

associated with shear-layer vortices advected from upstream. This

suggests that the irregular shape of the coral colonies enhances the

mass transport rate by generating multiple mixing shear layers at

different vertical levels.

The shape of the Reynolds shear stress profile showed a trend as

the boundary layer developed. The most downstream Reynolds

shear stress profile showed a thicker region with strong shear, while

the strong shear in upstream locations concentrated at the top of

coral colonies (Figures 5B, D). The strong shear region extended

upward into the free stream rather than downward into the coral
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canopy. For this reason, the benefit of the thicker strong shear

region on material exchange between the interior of the canopy and

the free stream flow may be limited. However, extension of the

strong shear region into the free stream, which corresponds to

strong turbulent mixing, may increase heterotrophic feeding of

corals by bringing in particles from regions that are not in close

proximity to the tops of coral canopies, thereby replenishing the

depleted layer adjacent to the top of the canopy.

Shear velocity at different locations in the flume showed a

coefficient of variation between 10.5–20.5%, indicating that spatial

heterogeneity in geometry strongly influences turbulent mixing at

each location. Although Hamed et al. (2017) suggested that

turbulent mixing becomes stronger as the boundary layer

develops over an artificial canopy, we did not observe an obvious

trend in shear velocity as the boundary layer developed, which

could occur because the complex geometry overrides that of

boundary layer development.

Beside turbulent mixing driven by the turbulent boundary layer

formed above coral colonies, waves generated by Kelvin-Helmholtz

instability in the region immediately above coral colonies provides

stronger mixing than typical turbulent boundary layers (Falter et al.,

2007; Asher and Shavit, 2019). Vortices induced by Kelvin-

Helmholtz instability push the shear layer deeper into the coral

canopy and enhance vertical turbulent mixing. In Figures 5A and C,

upstream and mid-stream mean velocity profiles showed an

inflection point above the canopy, indicating that vortical motion

induced by Kelvin-Helmholtz instability pushed turbulent mixing

deeper into the coral canopy.

Estimated shear velocity increased linearly with flow speeds

with R2 values of 0.999 (Figure 6). Bottom drag can be expressed as

t = 1
2 cDrU

2 = ru2* (Schlichting and Gersten, 2016). Hence, the

linear fit with a value near unity unity R2 (Figure 6) suggested a

constant friction coefficient, cD, in the tested range offlow speeds. In

this case, the constant friction coefficient for coral canopies (A and

B) can be estimated from the slope of the linear fit in Figure 6 to be

0.0098 and 0.0065, respectively. These values are slightly lower than

in previous studies (Lentz et al., 2017). The reduced friction

coefficient could be due to the larger submergence ratio (water

depth to coral colony height ratio), which is consistent with findings

of previous studies indicating that a greater submergence ratio leads

to a smaller friction coefficient (Lentz et al., 2017). The Re-

independent friction coefficient has also been observed for

engineering flows, as in the Moody chart, that for high enough

Reynolds numbers, the flow becomes fully rough and the friction

coefficient depends only on the roughness height, independent of

the Reynolds number. In our studies, due to the extremely rough

geometries of the coral canopies, the flow was fully rough even at a

mean flow speed as low as 5 cm/s, which corresponds to a bulk

Reynolds number,  Re = UH
n , of 1.5 × 104.

Because the size of coral reefs is finite and the magnitude and

direction of oceanic currents are constantly changing, most turbulent

boundary layers in reef systems may be under-developed. For this

reason, information on spatial variation of turbulent characteristics as

a turbulent boundary layer developing over coral reefs is important.

While theories for typical fully developed turbulent boundary layer

flows can still describe flow characteristics in reefs to a degree,
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developing turbulent boundary layers could estimate the correction

that comes from underdeveloped flows.

Our results may underestimate mixing efficiency compared

other studies because Acropora tends to live in shallow waters,

where waves are significant. Material exchange in oscillatory flows is

more efficient than in unidirectional flows, as the momentum and

mass exchange can penetrate deeper into coral colonies (Falter et al.,

2004; Lowe et al., 2005; Reidenbach et al., 2006). The effect of

oscillatory flows with different combinations of wave period and

orbital velocity still requires further investigation.

One limitation of the results stems in incubation in a closed-

system. For the coral-derived TEP and bacterial growth to

accumulate to a detectable level, incubation within a closed-

system was chosen. However, the accumulated TEPs and bacteria

could impact the water quality in the system and influence the coral

colonies. Despite the potential impacts, based on our field

observations in the coral reef where the corals colonies used in

this experiments were collected from (unpublished data), the

observed range of TEP concentration in the coral reef was twice

the highest concentration observed in this study. Although the TEP

concentrations increased towards the end of incubation, they

remained much lower than the concentration in the corals’

natural habitat. The elevated TEP concentration in the closed

recirculating system was unlikely to significantly affect the corals.

Another limitation of the results presented in this study is

imposed by the low number of replicates. Our experimental design

required a substantial number of coral colonies in a large flume to

more nearly approximate the geometry of corals in their natural

habitat. Despite the challenges of acquiring many colonies and

acclimating them prior to experiments, we conducted experiments

on two sets of coral colonies. With low number of replicates, our

results may be biased and care needs to be taken when interpreting

our findings. However, it is worth noting that both replicates showed

similar trends, suggesting that our observation were likely correct.
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