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Reef-building corals are inherently sessile organisms. However, motion is an important behavioral trait
of coral polyps, which plays an essential role in feeding, competition, defense, reproduction, and thus,
survival and fitness. Notwithstanding the importance of inherent temporal and spatial multiscale features
of polyps, their quantitative properties and modeling still remain challenging and unexplored. Here, we
observe Pocillopora acuta in vivo under different light and temperature conditions using a fluidic platform
that allows the direct microscopic study of small live coral fragments, where the stochastic dynamics of the
in-plane waving motion of polyps is uncovered. The relationship between polyps on nubbins is described
by motion-correlation analysis. Additionally, the fractional Brownian motions of polyps under certain
light conditions and temperatures are revealed by the Hurst index via power spectral analysis. Finally, the
motion of polyps is modeled by Langevin dynamics, numerically obtained by data-driven parameteriza-
tion. This combination of experimental observations, numerical analysis, and theoretical modeling opens
an avenue to boost our understanding of the biological and physical behaviors of corals in relation to
changing environmental conditions.
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I. INTRODUCTION

Animal movement is one of the key features in under-
standing animal behaviors. The rich dynamics of move-
ments in biosystems have been attracting the interest
of many researchers in the field of biophysics for their
inherent temporal and spatial multiscale features. How-
ever, quantifying and characterizing the different types
of motion in biological systems remains challenging due
to randomness and the intrinsically complex nature [1].
Recently, with the development of tracking techniques and
mathematical modeling strategies, the behaviors, foraging
strategies, and distributions of animals are well studied. A
variety of methodologies to model animal motions are pro-
posed, including, but not limited to, uncorrelated or corre-
lated random walks [1–4], Levy flight [5–9], stochastic dif-
ferential equation, such as the noted Ornstein-Uhlenbeck
process [1,10–14], and hidden Markov models [15,16].

Many biophysical processes can be modeled as Brow-
nian motion. Nevertheless, other processes reveal the
existence of anomalous Brownian motion, which is also
called fractional Brownian motion [17]. Such Brownian
and derivative motions are widely observed not only in
biological systems but also in physical systems, such
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as the dynamics of ultracold atoms [18]; quantum dots
[19–21]; nanoelectrodes [22]; heartbeat intervals [23]; and
in our daily lives, including fluctuations of climate [24]
and economic markets [25]. In biological systems, par-
ticularly in subcellular and cellular structures, the motion
of proteins or submicron tracers in living cells [26–29],
telomere diffusion in the cell nucleus [30], and diffusion
in lipid membranes [31–34] are characterized by fractional
Brownian motions. However, the efficacy of such frac-
tional Brownian motion to model the behavior of clonal
and colonial organisms, such as reef-building corals, has
not been reported and remains elusive.

Coral reefs, as keystone organisms, support rich and
diverse ecosystems, and hold immense ecological and
economic value. Coral organisms live in symbiosis with
photosynthetic algae and complex assemblages of bacte-
rial, archaeal, and fungal communities [35]. The impacts
of anthropogenic activities influence the behavior, phys-
iology, and ecology of corals through the global rise
in sea-surface temperatures and ocean acidification [36].
Coral colonies are fixed to the substrate, but polyps display
dynamic properties, including temporal motion, and their
substructures may play an important role in overall coral
health, especially in relation to changing environmental
conditions [37]. For example, some soft corals, such as the
family of Xeniidae, exhibit a unique rhythmic pulsation,

2331-7019/22/18(2)/024078(14) 024078-1 © 2022 American Physical Society

https://orcid.org/0000-0003-3380-3910
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.024078&domain=pdf&date_stamp=2022-08-30
http://dx.doi.org/10.1103/PhysRevApplied.18.024078


SHUAIFENG LI et al. PHYS. REV. APPLIED 18, 024078 (2022)

which functions to enhance photosynthesis by modulating
water flow [38,39], while, in many species of scleractinian
corals, the motions of polyps and tissue are more subtle
or even imperceptible [37]. Erratic behavior may occur on
coral polyps and colonies due to abnormal environmen-
tal variables. Thus, understanding coral motions will help
us to better assess coral health in a proactive manner and
understand coral physiology in a changing environment,
in terms of light conditions, temperature, pH, and other
environmental variables [40–46]. To date, however, the
motions of coral polyps remain largely unexplored, and
their characterization using appropriate models is in its
infancy. To evaluate the effect of environmental variables
on coral motion, the fluidic platform is necessary for the
study of coral motion in vivo at the microscale [47,48].

To this end, we design a fluidic platform that allows
us to observe the coral nubbin in vivo in real time
under the microscope, so that the subtle in-plane wav-
ing motion of polyps can be captured for analysis. We
conduct multiple observations of coral nubbins under dif-
ferent light conditions and temperatures to demonstrate
how polyps adjust their motions in response to these condi-
tions. We find that both light (wavelength) and temperature
impact polyp motions and modulate behaviors based on
differences in correlation, phase synchronization, and the

Hurst index of stochastic motion processes. Moreover,
we utilize the generalized Langevin equation to model
the polyps’ motion under different light conditions and
temperatures. This unique combination of studying coral
behaviors and describing it with mathematical models can
boost our understanding of coral physiology and promote
the simulation and prediction of coral behavior in response
to a given environmental condition in the future.

II. EXPERIMENTAL SYSTEM

Figure 1(a) shows the schematic of our octagonal flu-
idic platform with a coral nubbin in the chamber. Our
fluidic platform, manufactured through three-dimensional
(3D) printing, is shown in the inset with the tubing connec-
tors attached. The full design is explained in Appendix A.
It is centered around a main chamber surrounded by eight
valves and in- and outflow channels that can be opened
or closed individually. The valves can control the flow of
fluid. Therein, in Fig. 1(a), since the valves shaded in yel-
low are open, the flow direction of fluid is along a straight
path, as shown in blue. The computational fluid-dynamics
simulation of this fluidic platform is shown in Appendix A.
The velocity field shows the low impact on the coral

(a) (b)

(c) (d)

(e)

FIG. 1. Experimental obser-
vation of coral in the fluidic
platform. (a) Schematic of our
octagonal fluidic platform with
a coral nubbin in the chamber.
Inset shows our octagonal fluidic
platform for experiment made by
3D printing with VeroClear resin.
Valves control the flow of fluid.
(b) Coral nubbin observed under
the microscope under normal
light conditions and 25 °C. Polyps
being analyzed in this case are
labeled by numbers and color
codes used in subsequent figures.
(c) Trajectory of polyps. (d)
Azimuthal angles, θ , of different
polyps as a function of duration.
(e) Probability density function of
the azimuthal angles, θ , of differ-
ent polyps after being centered on
zero. Colors in (c)–(e) correspond
to the colors of labels in (b).
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nubbin induced by the water flow to ensure that the sponta-
neous motion of polyps can be observed. The experimental
setup and procedure are shown in Appendix A.

Figure 1(b) shows the coral nubbin under the micro-
scope, where the coral nubbin with several polyps can
be observed. This picture is taken of the experimental
setup under normal light and 25 °C. A time-lapse video
with 300-times playback, illustrating the polyps’ motions,
is shown in Video 1. The polyps are moving vibrantly,
with motions including contraction, extension, and wav-
ing. Since we observe the motion right above the coral nub-
bin, only the orthogonal projection of three-dimensional
polyps’ motion is recorded. Each polyp is simplified for
analysis as a line segment connecting the tentacle crown
to the foot of the polyp, so that the azimuthal angle
can be calculated with respect to the horizontal direc-
tion. The tentacle crown and foot of the polyp are tracked
using the correlation-based algorithm [49]. The azimuthal
angle, θ , shown in the inset of Fig. 1(b) is found to
be appropriate in describing the original motion. There-
fore, the azimuthal angle representing the in-plane waving
motion of the polyp is used for analysis and discussion
here. Note that the other two components, polar angle
and radius distance, which represent out-of-plane waving
motion and contraction-extension motion, respectively, are
lacking detailed information to be determined.

Figure 1(c) exhibits the trajectories of the tentacle
crowns of the polyps in different colors, corresponding to
the labels in Fig. 1(b). Each of them covers a certain area
within the random pattern. Since we study only the in-
plane waving motions of polyps, we extract information
on the azimuthal angle and show it in Fig. 1(d). These
motion signals are all oscillating over time with several
spikes at some time periods. Additionally, these signals
do not exhibit certain trends, indicating the polyps are

VIDEO 1. Time-lapse video of the coral nubbin under normal
light and 25 °C.

randomly moving around their central points. Therefore, as
expected, the probability density functions (PDFs) of these
motion signals after being centered on zero exhibit sym-
metric shapes, as shown in Fig. 1(e). The PDFs indicate
that most motions are around the central points.

III. NUMERICAL ANALYSIS

A. Motion correlation of polyps

Since there are several polyps on one coral nubbin,
it is interesting and natural to study the coordination of
polyps’ motions, if the whole coral nubbin is considered as
a colony of interconnected polyps. The motion correlation
between polyp m and polyp n can be calculated as

rmn =
∑

(θm
i − θm)(θn

i − θn)
√

∑
(θm

i − θm)
2 ∑

(θn
i − θn)

2
, (1)

where i and the upper bar denote the index number and
the average of the temporal data. As displayed in Fig. 2(a),
the positive correlation coefficient indicates the correlated
relationship between two polyps, while the negative one
suggests the anticorrelated relationship. The correlated
or anticorrelated relationship indicates the synchrony of
two polyps in terms of movement direction. Addition-
ally, the correlation coefficient changes as a function of
light conditions. Compared with the polyps’ motions under
normal light, which is the control group, the absolute val-
ues of the correlation coefficient increase with increasing
wavelength. This implies that the in-plane waving-motion
trends of polyps on one coral nubbin (i.e., in very close
proximity) become more and more pronounced (whether
correlated or anticorrelated) when the light shifts from
blue light to red light. When the polyps are under nor-
mal light, they generally show a stronger trend (corre-
lation or anticorrelation) compared to single-wavelength
conditions. Specifically, the case under blue light is signif-
icantly different from the other cases in correlated motion
(p = 0.0043).

We also study the effect of temperature on the correla-
tion between polyps on the same coral nubbin, as shown
in Fig. 2(b). The experimental groups (15 and 30 °C)
have slight changes in comparison with the control group
(25 °C), where the absolute values of the correlation coef-
ficient become smaller with increasing temperature. But
for both correlation and anticorrelation, no significant dif-
ference is found according to the p value. This indicates
stronger trends, more and more correlated or anticorre-
lated, of in-plane waving motions of polyps at lower
temperature.

Apart from correlation, phase synchronization is another
important feature to describe the synchrony between two
motion signals. The phase denotes the angle correspond-
ing to the momentary deflection of an oscillation. Phase
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(a) (b)

(c) (d)

FIG. 2. Analysis of correlation and phase synchronization. (a)
Correlation coefficients between polyps on the same coral nubbin
under different light conditions (wavelength). Correlations and
anticorrelations are shown in orange and green, respectively. (b)
Correlation coefficients between polyps on the same coral nubbin
under different temperatures. Correlations and anticorrelations
are shown in orange and green, respectively. (c) Phase-locking
value characterizing phase synchronization between polyps on
the same coral nubbin under different light conditions. (d) Phase-
locking value characterizing phase synchronization between
polyps on the same coral nubbin under different temperatures.
Cross and triangle symbols in (a)–(d) represent the outliers and
mean, respectively.

synchronization, as a nonlinear measure, refers to the cor-
relation of phase values between two in-plane waving
motions of polyp m and polyp n, which can be quantified
by the phase-locking value (PLV), which is calculated as

Vmn =
∣
∣
∣
∣
∣
∣

1
N

N∑

j =1

ei[ϕm(tj )−ϕn(tj )]

∣
∣
∣
∣
∣
∣
, (2)

where ϕm and ϕn are the phases of θm and θn, which are
obtained by Hilbert transform. Figure 2(c) exhibits the
PLV as a function of light condition. We notice that, under
blue light, the PLV is smaller than the others, suggest-
ing that the phases of in-plane waving motion of polyps
are less synchronized than others, similar to the corre-
lation shown in Fig. 2(a). This obvious trend is also
verified by the difference in p value between blue light
and other light conditions (p = 0.0001, 0.0029, and 0.0358
for normal, green, and red light, respectively). Temper-
ature effects on phase synchronization are displayed in
Fig. 2(d). As the temperature increases, the PLV decreases,
similar to the correlation shown in Fig. 2(b), indicating

that at low temperature the polyps’ motions have higher
phase synchronization. But the temperature effect is not
pronounced.

In conclusion, the motions of polyps belonging to the
same coral nubbin do not happen in isolation. Instead,
they are coordinated in some way. This shows that the
connection between polyps provided by the connective tis-
sue (coenosarc) extends to interpolyp motion, which can
be analyzed by motion correlation and phase synchroniza-
tion. As a result, the in-plane waving motions of polyps
on the same coral nubbin are rhythmically activated and
inhibited, which can be adjusted by light conditions and
temperatures.

B. Fractional Brownian motion and its power spectral
densities

According to the observation of the polyp trajectories
[Figs. 1(c) and 1(e)], the in-plane waving motions of
polyps are a Gaussian stochastic process, the covariance
function of which is defined as

〈
θt1θt2

〉 = D(t2H
1 + t2H

2 − |t1 − t2|2H ), (3)

where D is the diffusion coefficient, t1 and t2 are two points
in time, and H ∈ (0, 1) is the Hurst index. When H �= 0.5,
the process is fractional Brownian motion and when H =
0.5 the process is standard Brownian motion. This met-
ric provides the possibility to characterize the motion of
polyps from the perspective of Brownian motion. First of
all, we calculate the power spectral density (PSD) of the
single trajectory by

S = 1
T

∣
∣
∣
∣

∫ T

0
θteiftdt

∣
∣
∣
∣

2

, (4)

where T is the observation time. In total, we obtain multi-
ple (≥15) trajectories for the experiments under each light
and temperature condition.

As shown in Fig. 3(a), the PSDs of individual trajecto-
ries under different light conditions exhibit straight trends
on the logarithmic scale, suggesting the power-law rela-
tionship between frequency and PSD. Additionally, the
slopes of the PSDs are within certain ranges that can be
used to deduce the Hurst index, according to the power-law
relationship between frequency and PSD: S ∼ f −(2H+1).
This type of motion is generally called 1/f -type motion.
Because the calculated slope for the logarithm-scale graph
is smaller than −1, this 1/f -type motion is specifically
Brownian-type motion. To determine the type of Brownian
motion, the Hurst index needs to be calculated. However,
since PSD is an ensemble-averaged property, our avail-
able experimental data sets are small for such ensemble
averages, so the calculated Hurst index may not be accu-
rate. In addition, simply fitting a straight line will give us
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FIG. 3. Power spectrum analysis of experimental data sets under different light conditions. (a) PSD of representative in-plane waving
motions represented by the azimuthal angle, θ , under different light conditions. Dashed gray lines show the 1/f 1.08 and 1/f 1.42 trends
for normal light, 1/f 1.19 and 1/f 1.28 trends for blue light, 1/f 1.41 and 1/f 2 trends for green light, and 1/f 1.77 and 1/f 2 trends for red
light. (b) PSDs evaluated at zero frequency shown in dots for normal light, blue light, green light, and red light from left to right. Solid
lines show the fitted results. Both x and y axes are on the logarithmic scale. (c) Hurst indices for cases under normal light, blue light,
green light, and red light. Subdiffusion and superdiffusion areas are shaded in green and orange, respectively.

a deceptive result because in standard Brownian motion
and fractional Brownian motion when H > 0.5, they both
have PSDs that scale as f −2. Moreover, the variations in
PSDs are so subtle that different fitting methods may lead
to different results.

Therefore, the method for calculating the Hurst index
from the zero-frequency PSD is applied [30]. The PSD at
zero frequency can be expressed as

S(f = 0) = 1
T

∣
∣
∣
∣

∫ T

0
θtdt

∣
∣
∣
∣

2

, (5)

which is simply the squared area under the motion signal,
θt, divided by T. It is proven that the individual trajec-
tory of the zero-frequency PSD is the gamma distribution
with scale 2μ and shape parameter 1/2, where μ is the
ensemble-averaged zero-frequency PSD. μ has a power-
law relationship with observation time universally (for
both subdiffusive and superdiffusive cases) expressed by

μ(f = 0) = DT2H+1

H + 1
. (6)

Therefore, we can easily leverage this relationship to
calculate a reliable Hurst index to avoid the drawbacks

of directly using PSD mentioned above. As shown in
Fig. 3(b), from left to right, the zero-frequency PSDs of
θ under normal light, blue light, green light, and red light
are increasing as a function of observation time. We notice
that on the logarithmic scale they have linear trends (dots)
and then are fitted by straight lines (solid lines); this agrees
with the dots and coincides with the theory above.

Furthermore, the Hurst index for each case can be
extracted, as shown in Fig. 3(c). From this graph, we
notice that, in most cases, the Hurst index is less than 0.5
(area shaded in green), indicating the that in-plane waving
motions of polyps are subdiffusive in fractional Brown-
ian motion. To entail subdiffusive motion, the increments
are negatively correlated, such that it is most likely that
after an increasing step a decreasing one will follow. It
is obvious in Fig. 3(c) that the in-plane waving motions
of polyps under blue light have the smallest Hurst index.
With increasing wavelength from blue light to red light, the
Hurst index is increasing close to 0.5, which implies that a
decreasing step will be less likely to follow an increasing
step. Given the power-law relationship between frequency
and PSD, the trends of S ∼ f −(2H+1) based on the cal-
culated Hurst index from the zero-frequency PSD are
illustrated in Fig. 3(a). The gray dashed lines in Fig. 3(a)
show the f −1.08 and f −1.42 trends for normal light, f −1.19
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and f −1.28 trends for blue light, f −1.41 and f −2 trends for
green light, and f −1.77 and f −2 trends for red light. It turns
out that the estimated PSD and the PSDs of individual
trajectories of polyps show good agreement.

Similarly, the PSDs under different temperatures are
shown in Fig. 4(a). For the logarithm-scale graphs, PSDs
have linear trends, which agree with the power-law
relationship between frequency and PSD. As shown in
Fig. 4(b), from left to right, the zero-frequency PSDs as
a function of time for 15, 25, and 30 °C have linear trends
(dots) with fitted straight lines (solid lines). Therefore, we
can extract the Hurst index from the slopes of the straight
lines. Figure 4(c) shows the Hurst index for 15, 25, and
30 °C, where the control group (25 °C) is in the subdif-
fusion region. We notice that at 15 and 30 °C the Hurst
index is extremely variable, spanning from the subdiffu-
sion region to the superdiffusion region; this suggests an
uncertain diffusive mode in in-plane waving motion of

polyps outside the optimum thermal range. Likewise, the
dashed gray lines in Fig. 4(a) show the f −1.20 and f −2

trends for 15 °C, f −1.08 and f −1.42 trends for 25 °C, and
f −1.25 and f −2 trends for 30 °C, to indicate agreement
between the estimated PSD and the PSDs of the individual
trajectory of polyps.

It should be noted that, under normal conditions (nor-
mal light and 25 °C), the Hurst index is around 0.2, which
can be set as the baseline. The Hurst index will deviate
away from this baseline under other conditions, especially
under green and red light or higher and lower temperatures.
Under some conditions, the diffusion type is extremely
variable, switching from subdiffusion to superdiffusion.
The accuracy of the calculation for the Hurst index can
be improved by increasing the number of replicates and
extending the observation time. We note in passing that
the findings presented here are only relevant for Pocil-
lopora acuta under the given experimental conditions;
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FIG. 4. Power spectrum analysis of experimental data sets under different temperatures. (a) PSD of representative in-plane waving
motions represented by the azimuthal angle, θ , under different temperatures. Dashed gray lines show the 1/f 1.20 and 1/f 2 trends for
15 °C, 1/f 1.08 and 1/f 1.42 trends for 25 °C, and 1/f 1.25 and 1/f 2 trends for 30 °C. (b) PSDs evaluated at zero frequency are shown as
dots for 15, 25, and 30 °C from left to right. Solid lines show the fitted results. Both x and y axes are on the logarithmic scale. (c) Hurst
indices for cases at 15, 25, and 30 °C. Subdiffusion and superdiffusion areas are shaded in green and orange, respectively.
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the extension to other reef-building corals under various
conditions can be explored in the future.

IV. THEORETICAL MODELING VIA LANGEVIN
DYNAMICS

According to the discussion above, the in-plane wav-
ing motions of polyps are fractional Brownian motion
that is affected by light conditions and temperatures. This
stochastic Brownian process can be modeled using the
generalized Langevin equation without a conservative
force term, which can be expressed by

θ̈ = −
∫ t

0
K(t − τ)θ̇(τ )dτ + R(t), (7)

where K is the memory-kernel function, and R(t) is
the random-noise term with zero mean, satisfying the
second fluctuation-dissipation theorem [50]:

〈
R(t)R(t′)

〉 =
kBTK(t − t′), where kB denotes the Boltzmann constant.
Hence, the main focus is to model the memory-kernel
function and the random-noise term. Here, we use the
data-driven method to discover the parameterization of the
generalized Langevin equation [51,52]. The generalized
Langevin equation becomes G(t) = − ∫ t

0 K(t − τ)H(τ )dτ

after θ̇ (0)T is right-multiplied to the generalized Langevin
equation. Note that the correlation matrices are G(t) =〈
θ̈ θ̇ (0)T〉, H(t) = 〈

θ̇ θ̇ (0)T〉, and
〈
R(t)θ̇(0)T〉 = 0 [53]. How-

ever, this equation may lead to an unreliable solution due to
the integral equation of the first kind [51]. We then obtain
Ĝ(ζ ) = −K̂(ζ )Ĥ(ζ ) by conducting the Laplace transform,
where the hat means the Laplace transform of the cor-
responding functions. The memory-kernel function at the
Markovian limit, K̂(∞), also known as the friction ten-
sor, is estimated to compare each experimental setup. As
shown in Fig. 5(a), K̂(∞), calculated by

K̂(∞) = −Ĝ(∞)Ĥ(∞) = −
(∫ ∞

0
G(t)dt

)

(∫ ∞

0
H(t)dt

)−1

, (8)

is summarized for different light conditions. From
Fig. 5(a), generally, compared with the case under nor-
mal light, other cases under blue light and green light
have larger memory-kernel function on average. In experi-
mental groups, the memory-kernel functions of most cases
are smaller under the red light than those under the other
light conditions. Physically, K̂(∞) is a dissipation term
and should be inversely proportional to motion correlation
(Fig. 2) and the Hurst index (Fig. 3). The memory-kernel
function can also be estimated from the rational func-
tion in different orders. Details on the calculation of the
memory-kernel function are shown in Appendix B.

Once we determine the memory-kernel function,
the next step is to estimate the random-noise term.
The non-Markovian nature of fractional Brownian
motion makes computations and simulations difficult.
Therefore, we define the auxiliary variable, d(t) =
− ∫ t

0 K̂(t − τ)θ̇(τ )dτ + R(t). For simplicity, the demon-
stration of the motion simulation is based on the first-order
approximation, where the auxiliary variable can be simpli-
fied as d(t) = − ∫ t

0 A1eB1(t−τ)θ̇ (τ )dτ + R(t), which can be
further expressed in terms of coefficients in a first-order
approximation of A1, B1, and white noise W:

θ̈ = d,
ḋ = B1d − A1θ̇ + W.

(9)

The probability density function of W is characterized
by a peak in small values and rapidly decays to large
values (Appendix C). Since direct fitting of distribu-
tions on the histogram and a visual comparison with the
assumed distribution are shown to be unreliable [54],
we use the maximum-likelihood method to determine the
optimal parameter for several distribution candidates, (a)
ρλ(W) = ce−λ|W|, (b) ρμ(W) = c|W|−μ, and (c) ρσ (W) =(

1/
√

2πσ 2
)

e−(W2/2σ 2), which are the exponential distri-
bution, power-law distribution, and normal distribution,
respectively. After determining the optimal parameter by
the maximum-likelihood method, the Akaike information
criterion and the Bayesian information criterion are used
to determine the most appropriate function to model the
white-noise term [55]. It turns out that the exponential dis-
tribution is the preferred model for the white-noise term
(see Appendix C). Figure 5(b) exhibits the parameter λ

for the exponential distribution under different light con-
ditions. Compared with normal light, the parameters are
larger under green light, which results in clear differences
in the exponential distribution using the average parame-
ter λ under different light conditions [Fig. 5(c)]. Likewise,
the model of white noise of in-plane waving motion of
polyps at different temperatures is shown in Appendix
D and clearly demonstrates the distinction for different
temperatures.

The next step is to simulate the in-plane waving motion
of polyps under different light conditions and tempera-
tures based on the generalized Langevin dynamics. Here,
Fig. 5(d) shows the simulated results under normal light
and 25 °C spanning around 5.5 h, which are clearly
stochastic. The Hurst indices are shown below the curves
with typical subdiffusion nature, where the Hurst index is
less than 0.5. To check the statistical similarity between
our simulated results and experimental results, the PDFs
of corresponding in-plane waving motions are exhibited on
the right panel of Fig. 5(d). PDFs with characteristic bell-
shaped curves can be observed, which are consistent with
the PDF trends shown in Fig. 1(e).
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(a) (c)

(b) (d)

FIG. 5. Model of the in-plane waving motion of coral polyps under different light conditions. (a) Value of the memory-kernel
function at the Markovian limit, K̂(∞), of polyps under normal, blue, green, and red light. (b) Parameter λ for the exponential
distribution to model the white-noise term under normal, blue, green, and red light. (c) Fitted PDF of the white-noise terms under
different light conditions by using the average parameter λ. (d) Simulated in-plane waving motions of five polyps under normal light
and 25 °C based on the generalized Langevin equation. Hurst indices are shown below the simulated results. Corresponding PDFs of
simulated results are exhibited on the right panel. Cross and triangle symbols in (a),(b) represent the outliers and mean, respectively.

V. CONCLUSION AND DISCUSSION

Here, we test the hypothesis that the motions of corals
are affected by abiotic factors, such as light and temper-
ature, in the context of environmental change. To test
this hypothesis, we design a fluidic platform to observe
the motions of coral at the scale of single polyps exper-
imentally. This allows us to explore the in-plane waving
motion through correlation and synchronization analyses,
resulting in the correlated and phase-synchronized motion
of polyps on the same coral nubbin, which is affected
by light and temperature. In addition, the in-plane wav-
ing motions of polyps are found to be fractional Brow-
nian motion with a Hurst index generally smaller than
0.5 from the power spectral density analysis. Outside of
optimal growth conditions (normal light and 25 °C), the
Hurst index becomes highly variable (spanning between
diffusive, subdiffusion, and superdiffusion modes) with a
baseline index of about 0.2. Finally, the model of in-plane
waving motion of polyps is established for different light

conditions and temperatures using the Langevin dynamics,
which statistically agrees well with experimental results.
The memory-kernel function and noise term are calculated
by data-driven methods, in which the light conditions and
temperatures also play important roles.

Increasing temperature and decreasing wavelength can
both be, respectively, associated with global warming and
sea-level rise, since it is well known that longer wave-
lengths (red light) have only shallow penetration in the
ocean compared to shorter wavelengths (blue light). With
global sea-level rise, corals face a shift in light composi-
tion to more blue light, which will probably weaken or
even reverse the current in-plane waving-motion trends
of polyps and potentially entire colonies in the future.
Based on the present results, future research directions
could include the following. The impact from other envi-
ronmental variables could be explored based on our fluidic
platform and methods. Additionally, the specific biological
functions of polyp motion remain unclear. Movement of
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polyps may facilitate water flow and photosynthesis sim-
ilarly to tentacle motion. Another possibility is that this
Brownian-type motion may benefit the foraging strategy.
Apart from coral polyps, coral-tentacle motion could also
be theoretically modeled by our methods. Furthermore,
machine-learning techniques, which are suitable for big-
data analysis and modeling, may be developed to study
coral behaviors. It is also possible to apply our method
in the field, requiring a shorter observation time and
higher frequency of taking images to ensure the collection
of high-quality images. Citizen-science and shared-data-
repository approaches can be potentially leveraged.

Our research, with scaled experimental observations,
numerical analysis, and theoretical modeling, paves the
way to study the motion of polyps, clonal, and colonial
organisms and boost our understanding of the impacts
of abiotic factors on the behavior of coral polyps and
coral colonies as a whole. The modeling of spatiotemporal
dynamics of coral polyps may have promising applica-
tions in constructing more realistic scenes in virtual real-
ity and the prediction of coral behavior in response to
environmental change.

The code for data analysis is available in the Open
Science Framework [56].
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APPENDIX A: EXPERIMENTAL METHODS

1. Design and fabrication of the octagonal fluidic
platform

The octagonal fluidic platform is designed using the
computer-assisted drawing software SOLIDWORKS. The
design is 3D printed using a Polyjet 3D printer (Objet
Eden 260VS) with VeroClear resin (clear and transparent
resin, to allow for light penetration). This fluidic platform
is specifically designed for the in vivo study of small coral
fragments (i.e., nubbins, ≤5 mm) as opposed to typical
large fragments used (5–10 cm). During printing, the main
chamber is open on both faces (top and bottom), which
enables its attachment (glue) onto glass slides of various
thicknesses for top and/or bottom imaging.

2. Experimental setup and procedure

Coral nubbins (≤5 mm) are cut from larger fragments of
Pocillopora acuta, glued onto glass coverslips, and placed
back into tanks to recover for two months [48]. For the

experiments, the nubbins are placed in the octagonal flu-
idic platform (one at a time) under a dissecting microscope
(magnification is varied according to the size of the nub-
bin) mounted with a Nikon camera and viewing tablet.
Photos are taken every 10 s from day 1 until the end of
the experiment and assembled as a time series for analysis.
The octagonal fluidic platform is connected to a peri-
staltic pump that transports the seawater (salinity, specific
gravity = 1.025) from the holding vessel to the chamber
(holding vessel under constant stirring at 300 rpm and heat-
ing). A low flow rate (∼5 µl/s) is maintained to avoid
impacting on polyp motion while still regularly renewing
the artificial seawater inside the chamber. The computa-
tional fluid-dynamics simulation with different flow rates
are exhibited in Fig. 6, where lower impact is observed at
a flow rate of 5 µl/s.

(a)

(b)

(c)

FIG. 6. Computational fluid-dynamics simulation with differ-
ent flow rates of our fluidic platform. Velocity distribution of the
fluid is shown in the tubes and chamber. Three slices are shown
in the chamber, one of which shows the velocity distribution near
the coral nubbin. Results of using flow rates of 5, 25, and 50 µl/s
are shown in (a)–(c), respectively.
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The AI Prime™ 16HD reef light system is used as
the light source with constant power but adjustable wave-
lengths on a 10/14 h daylight cycle. To make sure the
corals acclimate to the fluidic environment, we move the
nubbins from the aquarium to the chamber on day 1 under
normal light and temperature. On day 2, light and tem-
perature are adjusted to the experimental conditions and
maintained for 24 h. On day 3, the conditions are returned
to normal, and the nubbin is placed back into the aquarium
at the end of the day. The experimental settings include
normal, blue, green, and red light at temperatures of 25,
15, 25, and 30 °C. Blue, green, and red light are monochro-
matic but normal light is mixed with 7% UV, 7% violet, 7%
royal blue, 7% blue, 7% green, 19% deep red, 7% moon-
light, and 33% cool white, according to the light settings
on the AI Prime™ 16HD reef light system. Note that each
experimental setting is replicated three times.

APPENDIX B: DATA-DRIVEN
PARAMETERIZATION OF THE LANGEVIN

EQUATION

One of the main focuses of the generalized Langevin
equation is to estimate the memory-kernel function. We
use the data-driven method to estimate the memory-
kernel function. As mentioned in the main text, after
we obtain G(t) = − ∫ t

0 K(t − τ)H(τ )dτ , we conduct the
Laplace transform to obtain Ĝ(ζ ) = −K̂(ζ )Ĥ(ζ ). Note
that we work with the variable ζ instead of the usual
choice of s(s = 1/ζ ), so that we obtain L(G(t)) = Ĝ(ζ ) =∫ ∞

0 G(t)e−t/ζ dt, L(H(t)) = Ĥ(ζ ) = ∫ ∞
0 H(t)e−t/ζ dt, and

L(K(t)) = K̂(ζ ) = ∫ ∞
0 K(t)e−t/ζ dt. By integrating by

parts repeatedly, we can obtain the relationship between
the variable before and after the Laplace transform:

Ĝ(i)(0) = i!G(i−1)(0),
Ĥ (i)(0) = i!H (i−1)(0),
K̂ (i)(0) = i!K (i−1)(0).

(B1)

Additionally, when taking ζ → ∞, we can obtain
the Markovian limit of these parameters: lim

ζ→∞
Ĝ(ζ ) =

∫ ∞
0 G(t)dt, lim

ζ→∞
Ĥ(ζ ) = ∫ ∞

0 H(t)dt, and lim
ζ→∞

K̂(ζ ) =
∫ ∞

0 K(t)dt. Therefore, the memory-kernel function at the
Markovian limit, K̂(∞), can be calculated by

K̂(∞) = −Ĝ(∞)Ĥ(∞) = −
(∫ ∞

0
G(t)dt

)

×
(∫ ∞

0
H(t)dt

)−1

. (B2)

To calculate K̂(ζ ) for any ζ , we use a rational function
approximation for K̂(ζ ) in the form of

K̂(ζ ) =
(

I −
M∑

m=1

Bmζ m

)−1 (
M∑

m=1

Amζ m

)

, (B3)

where the terms of expression are matrices Am and Bm ∈
R

N×N . The highest-order coefficients can be found by
taking the limit: lim

ζ→∞
K̂(ζ ) = −B−1

M AM .

K̂(ζ ) can also be expanded by the Taylor expansion at
ζ = 0:

K̂(ζ ) =
∞∑

n=1

K̂ (n)(0)

n!
ζ n. (B4)

The rational function approximation for K̂(ζ ) can be
matched with the form of the Taylor expansion, which
results in

K̂ (n)(0)

n!
= An +

∑

l+m=n

Bl
K̂ (m)(0)

m!
. (B5)

Combined with the conversion between variables before
and after the Laplace transform, we can deduce the
coefficients in the rational function approximation. For

FIG. 7. Laplace transform of the memory kernel for model-
ing the in-plane motion of coral polyps. First-order, second-
order, third-order, and fourth-order estimations of the Laplace
transform of the memory kernel are shown in different colors.
Third-order and fourth-order estimations overlap. These curves
converge to a certain value with the increase of ζ .

024078-10



SPATIOTEMPORAL DYNAMICS OF CORAL. . . PHYS. REV. APPLIED 18, 024078 (2022)

example, as for the first-order approximation, A1 =
−G(1)(0)[H (1)(0)]−1 and B1 = −A1[K̂(∞)]−1. Likewise,
we can obtain the coefficients of the higher-order rational
function approximation. Then the inverse Laplace trans-
form can be used to obtain the memory-kernel function in
the time domain.

We take polyp 3 labeled in Fig. 1(c) as an example.
As shown in Fig. 7, the first-order, second-order, third-
order, and fourth-order rational function approximations
of the memory-kernel function are presented in different
colors. We notice that rational function approximations
of the memory-kernel function are becoming closer and
closer with increasing approximation order, suggesting
that the rational function is sufficient to describe the real
memory-kernel function.

APPENDIX C: MODELING OF THE STOCHASTIC
TERM IN LANGEVIN DYNAMICS BY THE

MAXIMUM-LIKELIHOOD METHOD

Since the form of the generalized Langevin equation
poses a challenge for further investigation, and R(t)
represents the colored-noise term in the generalized
Langevin equation, we need to represent the general-
ized Langevin equation with extended dynamics driven
by the white-noise term. For simplicity and demonstra-
tion, the first-order approximation of the memory-kernel
function is used. Therefore, after the inverse Laplace
transform and substitution, we can define the auxil-
iary variable, d(t) = − ∫ t

0 A1eB1(t−τ)θ̇ (τ )dτ + R(t). Under
the Leibniz rule, d(t) can be differentiated as ḋ(t) =
−A1θ̇ (t) − B1

∫ t
0 A1eB1(t−τ)θ̇ (τ )dτ + Ṙ(t). Since R(t) sat-

isfies the second fluctuation-dissipation theorem, R(t) can
be expressed as the initial condition, d(0), and the white
noise, W(t): R(t) = ∫ t

0 eB1(t−τ)W(τ )dτ + eB1td(0). Next,
after substitution, ḋ(t) can be rewritten as ḋ = B1d −
A1θ̇ + W. Therefore, the in-plane waving motion of the
coral polyp under the first-order approximation is governed
by Eq. (9). In this way, the in-plane waving motion can be
easily simulated by solving this equation set.

As an example, the probability density function of the
white-noise term of coral polyp 3 labeled in Fig. 1(b) is
shown in Fig. 8. It is difficult to determine the distribution
function because this probability density function is sim-
ilar to some assumed distribution by visual comparison.

FIG. 8. Probability density function of the white-noise term.
Probability density function of the white-noise term, W, is shaded
in gray. Red, blue, and green dashed lines show the fitted expo-
nential function, power-law function, and Gaussian function,
respectively.

Therefore, the maximum-likelihood method is adopted to
determine the optimal parameter, for several distribution
candidates, (a) ρλ(W) = ce−λ|W|, (b) ρμ(W) = c|W|−μ, and

(c) ρσ (W) =
(

1/
√

2πσ 2
)

e−(W2/2σ 2), which are the expo-
nential distribution, power-law distribution, and normal
distribution, respectively. Given a set of white-noise terms,
W = {w1, w2, . . . , wn}, and a probability density function,
ρλ(W), where λ is a vector of k parameters, the log likeli-
hood of the probability density function can be expressed
by

ln L(λ|R) = ln
n∏

j =1

ρλ(rj ) =
n∑

j =1

ln ρλ(rj ). (C1)

For each candidate, we find λ to maximize the log like-
lihood and obtain the optimal parameters. Herein, the
Nelder-Mead simplex search algorithm is used to find the
extrema. Three candidates with optimal parameters are
exhibited in Fig. 8. We notice that an obviously normal
distribution does not fit our probability density function,
but the other three distributions are difficult to distinguish.

TABLE I. White-noise model selection for different light conditions. Preferred model for each polyp in each replicated experiment
is displayed based on the Akaike information criterion and the Bayesian information criterion.

Normal light Blue light Green light Red light

Replicate 1 5/5 exponential 4/4 exponential 6/6 exponential 4/4 exponential
Replicate 2 5/5 exponential 5/6 exponential1/6 power law 5/5 exponential 4/4 exponential
Replicate 3 5/5 exponential 5/5 exponential 6/6 exponential 7/7 exponential
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(a)

(b)

(c)

FIG. 9. Model of in-plane waving motion of coral polyps under different temperatures. (a) Value of the memory-kernel function
at the Markovian limit, K̂(∞), of coral polyps at 15, 25, and 30 °C. (b) Parameter λ for the exponential distribution to model the
white-noise term at 15, 25, and 30 °C. (c) Fitted PDF of the white-noise terms at different temperatures by using the average parameter
λ. Cross and triangle symbols in (a),(b) represent the outliers and mean, respectively.

To find the preference between the different model distri-
butions, the likelihoods, L, of which are maximized, the
Akaike information criterion and the Bayesian informa-
tion criterion, defined as CAi = −2 ln L + 2k and CBi =
−2 ln L + ln(n)k, respectively, are used. The most appro-
priate model can minimize the information criterion. The
results show that the Akaike and Bayesian information cri-
teria make no difference for selection of the model (i.e.,
the Bayesian information criterion agrees with the Akaike
information criterion on 100% of all data sets). Table I
shows the white-noise model for each polyp under dif-
ferent light conditions. These results show that most of
the polyps prefer the exponential distribution to model
the white-noise term in the generalized Langevin equation
under different light conditions.

APPENDIX D: THE MODEL OF IN-PLANE
WAVING MOTION OF CORAL POLYPS AT

DIFFERENT TEMPERATURES

We also study the model of in-plane waving motion
of coral polyps under different temperatures. Likewise,
we obtain the memory-kernel function by the data-driven
parameterization and the noise term by the maximum-
likelihood method. From Fig. 9(a), generally, compared
with the case at normal temperature, other cases at 15 and
30 °C have smaller memory-kernel functions, on average.
Figure 9(b) exhibits the parameter λ for the exponen-
tial distribution under different light conditions. Compared
with normal light, λ is larger at 15 and 30 °C, which
results in clear differences in the exponential distribution

TABLE II. White-noise model selection for different temperatures. Preferred model for each polyp in each replicated experiment is
displayed based on the Akaike information criterion and the Bayesian information criterion.

15 °C 25 °C 30 °C

Replicate 1 6/6 exponential 5/5 exponential 5/5 exponential
Replicate 2 5/5 exponential 5/5 exponential 4/5 exponential1/5 power law
Replicate 3 4/4 exponential 5/5 exponential 5/5 exponential
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using the average parameter λ at 25 °C [Fig. 9(c)]. Table II
shows the white-noise model for each polyp under differ-
ent temperature conditions. These results show that most
of the polyps prefer the exponential distribution to model
the white-noise term in the generalized Langevin equation
under different temperature conditions.
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