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Direct observation and quantitative
characterization of chemotactic
behaviors in Caribbean coral larvae
exposed to organic and inorganic
settlement cues

Koumudhi Deshpande®3, Daniel Gysbers*3, Joaquin Yus®®, Daan van Bendegom*,
Emily Nixon®, Rayna McClintock®, Zachary A. Quinlan®'?, Kristen L. Marhaver’*,
Linda Wegley Kelly>, Rosa M. Espinosa-Marzal*®, Amy J. Wagoner Johnson%%/10:12:< &
Gabriel Juarez™*

Upon their arrival in the water column, coral larvae use physical and chemical cues to navigate toward a
suitable habitat and begin their settlement process. To engineer substrates that influence settlement,
it is important to have quantitative data about the types and concentrations of chemicals that elicit
desired behavioral responses before and after contact with the substrate. Here, we quantified the
behavioral and morphological responses of coral larvae (Colpophyllia natans and Orbicella faveolata) to
crustose coralline algae exudates (CCA) and ions found in coral skeletons using chemotactic assays in
microfluidic channels. Multiple larvae in each channel were tracked over 30 min to quantify their overall
attraction or repulsion to the presence of various dissolved chemical cues. Larvae showed repulsion

to MgCl,, attraction to both CaCl, and CCA exudates, and both attraction and repulsion to SrCl.

, depending on the concentration. The behavioral and morphological changes exhibited by individual
larvae were investigated as well. Using particle tracking methods to quantify larval behavior, we found
that the typically straight swimming larvae of C. natans increased turning behavior in regions with

high concentrations of CCA exudates and CaCl,, a behavior associated with local searching, while
they decreased turning behavior near high concentrations of MgCl.. We also found that larvae shrink
in length when exposed to 50x the seawater concentration of calcium, a potential stress or escape
response, while these larvae elongated when exposed to CCA exudates, a morphological response
associated with benthic contact and crawling. These results highlight the value of direct observation

in understanding the interplay between coral larvae and their chemical environment. Incorporating
cues such as calcium or CCA exudates into artificial substrates can elicit specific behavioral and physical
changes in coral larvae, thereby enhancing settlement and contributing to reef restoration efforts.

Marine organisms employ many navigational skills as they travel across ocean environments in search of optimal
conditions for survival and reproduction. The ocean presents a wide range of biological'~>, chemical®~, and
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physical'®13 influences. Among marine organisms, coral larvae represent a particularly important subject of

study due to their role in sustaining coral reef ecosystems. Coral reefs play a vital role in supporting biodiversity.
However, they are currently facing unprecedented threats, including climate change, coral bleaching, and habitat
degradation!*"'6, Recognizing the pivotal role that coral larvae play in the recovery and resilience of these
ecosystems, there is growing interest in developing targeted strategies for coral reef restoration through larval
recruitment!’'. One emerging restoration approach involves designing artificial substrates that use surface
topological features, create flow structures, or employ chemical attraction to aid in coral larval settlement!®-2!.
By understanding the intricacies of how larvae locate and settle onto substrates, researchers can design effective
synthetic substrates that enhance coral recruitment and promote reef recovery.

Some past studies have highlighted the significance of chemical cues in shaping the recruitment success and
metamorphosis rates of coral larvae?>?3, However, the marine environment is inherently dynamic, with chemical
gradients that fluctuate over time, adding complexity to the navigational and behavioral strategies of coral larvae.
Additionally, environmental factors such as UV radiation?*, pressure changes?®, and salinity stress*® have been
shown to influence larval behavior and survival. While data from coral larvae remain limited, studies on other
marine organisms have quantified a variety of swimming and morphological changes that occur in response
to chemical gradients, such as changes in swimming speed and direction?”?%, increased turning behaviors?**,
and alterations in morphology’!*2. Understanding these responses is essential for deciphering how marine
organisms interact with and adapt to their chemical environments.

In coral ecology, crustose coralline algae (CCA) are well-known natural inducers of coral settlement!-6:33:34,
Chemical compounds derived from CCA, including TBP (Tetrabromopyrrole)®, sulfated glycosaminoglycan®,
glycoglycerolipids, and polysaccharides*, have been demonstrated to actively facilitate coral larval settlement
and metamorphosis. There is also an intricate connection between intracellular divalent calcium transients,
calcium signal-related gene expression, and larval metamorphosis and settlement, leading to the prospect
of inducing coral larval settlement through the introduction of Ca?*?*. Calcium and magnesium also play
a pivotal role in the adhesion of bacteria, algae®®, and coral larvae?. For instance, Mg?*/Ca*" promotes the
adhesion of marine bacteria and algae such as Bacillus sp. and Chlorella sp., presumably by regulating the
aggregation and formation of extracellular polymeric substances (EPS)*. In addition, magnesium and strontium
are elemental constituents found within the coral skeleton, and Mg/Ca and Sr/Ca ratios are used as indicators
of water chemistry over time**-*2. Given the integral role of calcium, magnesium, and strontium in marine
organism settlement and attachment, coral skeletal structure, and overall water chemistry, investigating their
effects on larval behavior and settlement could uncover novel insights into the intricate interplay between water
chemistry and coral recruitment.

One way to study and quantify chemotactic responses is by using microfluidic devices. Microfluidic chambers
have been used to study the chemosensory behavior of a variety of small organisms, including bacteria®3,
flatworms*, and marine larvae like corals**. These devices enable the creation of a simplified system with precise,
reproducible chemical gradients and allow for direct, real-time observation of larval behavior at a microscale
level. The use of microfluidics facilitates a systematic exploration of how different chemical stimuli influence
the behavior of coral larvae, providing valuable insights into the mechanisms underlying their chemotactic
responses.

This study uses microfluidics to examine the chemotactic responses of Caribbean coral larvae (Colpophyllia
natans and Orbicella faveolata) to organic and inorganic cues at the larval scale. Previous studies on Orbicella
faveolata have shown that larval settlement can be induced by specific CCA species, such as Hydrolithon
boergesenii and Titanoderma prototypum, which provide biochemical attachment and metamorphosis cues>*¢47.
However, these CCA species are often scarce on degraded reefs, potentially limiting recruitment success. While
studies on O. faveolata have highlighted the importance of CCA-derived cues, larval responses to inorganic
ions remain comparatively underexplored. Larval settlement of the coral species Colpophyllia natans is even less
studied, with limited research on settlement preferences and chemotactic responses!®*%. The current study seeks
to fill these gaps in knowledge by performing detailed chemotactic assays in microfluidic channels to observe
how larvae respond to gradients of CCA exudates, and calcium, strontium, and magnesium ions. The focus was
on measuring the type of responses—whether attractive or repulsive, and quantifying changes in larval speed,
morphology, and the extent of their turning behaviors under different chemical stimuli. These observations
demonstrate the potential utility of inorganic materials like calcium in the design of artificial substrates aimed at
attracting coral larvae and promoting their settlement on coral reefs.

Methods

Gamete collection and larval rearing

Gametes were collected from the hermaphroditic Caribbean broadcast-spawning corals Colpophyllia natans
(Boulder Brain Coral) and Orbicella faveolata (Mountainous Star Coral) at Playa Zakitd, Curagao (also known
as Water Factory; 12° 6’ 34" N, 68° 57’ 18” W) in September 2022. Egg-sperm bundles were collected from
C. natans and O. faveolata colonies at a depth of 5-10 m. Larvae were reared following previously published
methods?2%49-51 Gamete bundles were mixed in 1 L polycarbonate fat separators and left for 1 h to allow for
fertilization. Fertilized embryos were then rinsed with 0.5 um filtered sea water to remove excess sperm until
the water was clear. Developing embryos were transferred to 1 L clear polystyrene clamshell food containers
with approximately 800 mL FSW to develop into larvae. Larvae were separated from unfertilized eggs and lipid
detritus by siphoning or by rinsing larvae over a 150 um nylon mesh filter. Water changes and container changes
were performed approximately every 2 days. All larval rearing steps and experiments were performed with
0.5 pm filtered seawater (FSW; spun polypropylene sediment filters, sequential pore sizes of 50 pum, 20 um,
5 pm, and 0.5 pm, H2O Distributors, Marietta, GA). Colpophyllia natans larvae had a length of 471 £51 pm and

Scientific Reports |

(2025) 15:10173 | https://doi.org/10.1038/s41598-025-93194-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

width of 244+21 um (mean +SE, N=30). Orbicella faveolata larvae had a length of 386 +42 um and width of
270+19 pm (mean + SE, N=30).

Fabrication of microfluidic channels

The chemotaxis experiments were performed in microfluidic channels made from Polydimethylsiloxane (PDMS,
SYLGARD 184, Dow Corning, Midland, MI, USA) with a base to curing agent ratio of 10:1. This mixture was
poured onto a rectangular tray to a height of 4 mm and cured overnight at 50 °C. Then, using a 2D pill-shaped
leather punch (of length 30 mm and width 6 mm), channels of length 45 mm and width 6 mm were punched
out with two overlapping cuts. The channels were then cleaned with Isopropyl Alcohol (IPA) and dried using
compressed air. A glass slide was treated with Acetone, IPA, and Deionized (DI) water. Both surfaces were
then plasma-treated by passing a high-potential electrode over them, generating a corona discharge that created
reactive chemical groups. These reactive groups facilitated covalent bonding, allowing the channel to bond
securely to the glass slide. The channels were left open on the top.

Experimental procedure

For the chemotaxis experiments, 1 mL of Filtered Sea Water (FSW) and 20-30 coral larvae were pipetted into the
microfluidic channels. The larvae were allowed to swim for 5-10 min in the channels before the introduction of
chemical cues to ensure uniform larval distribution. Then, 10 pL of one of the chemical solutions was introduced
to one end of the channel. The location of the chemical injection was in one end for half the channels and on
the opposite end for the other half, to control for external variables. For each set of experiments, one of the
channels was injected with FSW as the control. The orientation of the channels was also changed with respect to
the room and light sources for each experiment, to ensure that external conditions did not bias the experiment.
Experiments were started 2 days after spawning for each species and were performed every other day until
8 days after spawning (C. natans) or 4 days after spawning (O. faveolata). Only half of the experiments were
performed on the 8th day after spawning for C. natans due to a lack of available swimming larvae. Experiments
were repeated each test day for each solution (n=3).

The chemicals used in this study were CaClz, MgClz, SrClz, and CCA exudates. The concentrations of
Ca?*, Mg?*, and Sr** were 800, 4000, and 20,000 ppm for Ca?*, 2600 and 13,000 ppm for Mg?*, and 16, 80,
and 400 ppm for Sr?*. These concentrations correspond to 2x, 10x, and 50x the concentration found in sea
water for Ca?* and Sr?* and 2x and 10x the sea water concentration for Mg?*. CCA exudates from Hydrolithon
boergesenii were produced using previously published methods®2. Briefly, CCA fragments were collected from
the reef in front of CARMABI Research Station. Fragments with a total surface area of ~200 cm? were placed
in 1 L glass beaker containing 500 mL of FSW, and incubated in a flow-through aquarium system to maintain
stable temperature for 12 daylight hours, as the CCA released organic exudates (i.e., exometabolites) into the
surrounding seawater. The sample was then filtered (pre-rinsed, 0.22 um polyethersulfone filter cartridge;
Sterivex, Millepore) and acidified to pH 2. CCA exudates were then isolated from the samples using cleaned
and activated PPL solid phase extraction (SPE) resin cartridges (Bond Elut Priority PolLutant; Agilent), which
retain specific, primarily polar fractions of organic compounds. Cartridges were dried with nitrogen gas. Later,
to extract the CCA exudates from the PPL columns, HPLC-grade methanol was employed as an eluent and the
methanol fractions were then evaporated under nitrogen gas in acid-washed, glass scintillation vials, leaving
CCA exudate solids. Prior to beginning chemotaxis experiments, the CCA exudate solids were re-suspended in
0.5 pm filtered seawater.

Imaging and data analysis
For each experiment, six microfluidic channels containing the coral larvae and cue solutions were placed on the
imaging platform (Fig. 1a,b). A camera (model MQ042MG-CM, Ximea) with a macro lens (NIKKOR 24-85 mm
£/2.8-4D IF Zoom Lens, Nikon) was attached to the optical breadboard (12” x 12" x 1/2” aluminum breadboard,
Thorlabs) directly above the channels to capture larval movement (Fig. S1). Two light sources (L132T 0.78"
LED lights, Viltrox) were placed on opposite sides of the platform to provide light for imaging and set to 100%
brightness for the duration of the experiments. All six channels fit within the camera field of view. The videos
were captured at a frame rate of 2 fps and a spatial resolution of 40 pm/pixel throughout the experiment (Video
S1). The larvae were directly imaged for 30 min as they explored the channels filled with chemical cues.

Chemical diffusion in the channels was visualized using a food dye (Fig. 1¢). An initial volume of 10 uL of dye
was injected at an end of the channel, and the diffusion process was recorded over a period of 30 min. This dye
was used only for the visualization of chemical gradients that could occur in the channels and was not present in
the channels during larval experiments. For all chemicals used, the chemical was initially concentrated around
the injection point and there was no chemical detectable in the rest of the channel. The chemical diffused
through the channel over time, decreasing in concentration at the injection site and increasing concentration in
the rest of the channel (Fig. S2). There was an observable gradient from the highest concentration at the injection
point to the lowest concentration at the opposite end of the channel at all times. In addition, the diffusion times
of the tested chemical cues were qualitatively estimated from their molecular weights. The inorganic chemicals
consisted of smaller molecules than the food dye used and would diffuse more rapidly. In contrast, the CCA
exudates, although their exact composition remains unidentified, consist of relatively heavy molecules and
would diffuse more slowly than the inorganic chemicals.

Image analysis was used to compute the centroids, position in the channel, and velocity of each larva, using
a particle tracking algorithm in MATLAB®. The speed distribution for C. natans was strongly bimodal, with
peaks at 0+0.2 and 2.7+0.2 mm/s (Fig. 1d). Orbicella faveolata only exhibited a small peak at 2.5+0.2 mm/s
in addition to the peak at 0+ 0.2 mm/s. The peak at zero in both distributions was due to larvae slowing down
or stopping when they encountered the chamber walls. Global statistics such as the distribution of larvae in
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Fig. 1. Device setup and imaging for coral larva chemotaxis experiments. (a) Schematic showing the
chemotaxis microfluidic channels and camera orientation. (b) Visualization of chemical cue gradients in the
microfluidic channels. The dye is injected in the left end of the channel and the relative concentration of the
dye at each point in the channel is represented by the gray value at that point. Clock icons indicate 1, 15, and
30 min incubations. (¢) Maximum intensity projections showing the distribution of the Copophyllia natans and
Orbicella faveolata larvae in control channels. Figures show larval positions for 240 frames (2 min) overlayed
into a single image after the FSW control cue was introduced to the left ends of the channels. (d) Probability
distribution functions of swimming speed for the C. natans and O. faveolata larvae in control channels.

the channel, their average swimming speeds, and position frequency distributions in the presence of different
chemicals were also calculated.

To compute larval distribution, position data were aggregated into two-min intervals and a Migration
Index (MI) value was calculated for every five min of the experiment. Aggregation was applied to minimize the
impact of repeated measurements. Although the chemical gradient changes over time, the diffusion distance
was comparable to the larval body length, making the gradient effectively stationary within the aggregated bins.
Based on Fick’s second law, 1D chemical diffusion distances can be estimated as, x = v/2Dt, where D is the
diffusion coefficient and t is the time. Assuming a diffusivity range of 10~'° — 107 m? /s, which corresponds
to typical ion diffusivities in aqueous environments®*->®, the chemical gradient was estimated to travel distances
of 150-490 pum over a 2-min interval. The larval body length in this study ranges from 250 to 400 pm.

The MI was defined as follows:

N of larvae in the chemical injection half of the channel

total no. of larvae in the channel

An MI value of 0.5 indicates that the larvae are evenly distributed between the two halves of the channel. Values
higher than 0.5 indicate that the larvae accumulated near the region of high chemical concentration and values
lower than 0.5 indicate larvae accumulated away from the chemical.

Scientific Reports |

(2025) 15:10173 | https://doi.org/10.1038/s41598-025-93194-2 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

To determine the average speed of the larvae as a function of their position in the channel, the channel was
divided into nine bins of length 5 mm and the average value in each bin was calculated. The position and velocity
data were aggregated into 2-min intervals for every five min of the experiment to investigate the temporal
variation in the average speeds.

To determine the time larvae spent in different positions within the channel, the channel was divided into
20 bins of length 2.25 mm along the x-axis and three 2 mm bins along the y-axis. The number of larvae in
each bin was counted, using data aggregated over 2-min intervals for every 5-min throughout the experiment.
These counts were normalized by the total number of larvae in the channel and then summed. This process
was repeated for all chemical treatments and the control channel. The final heatmap for each chemical was
obtained by subtracting the control channel heatmap from the chemical-specific heatmaps. Considering an
average number of 25 larvae in each channel, here a value of 10 indicates that there is at least one more larva in
that specific bin compared to the control. A value of zero indicates no difference between the chemical treatment
and the control in that bin.

Individual statistics such as the tortuosity of the swimming trajectories and the length and width of larvae
in the presence of different chemicals were also computed. For a known trajectory, the tortuosity was defined
as follows:

Length of the trajectory

Tortuosity =
Y Distance between the ends

A tortuosity value of 1 indicates a straight-line trajectory, whereas an infinite tortuosity signifies a circular
trajectory. Tortuosity serves as an indicator of the extent to which larvae are turning as they swim.

To determine the length and width of the larvae, snapshots of the channel were analyzed at five-min intervals
throughout the experiment. Each larva was fitted into an ellipse, and the major and minor axes were measured.
Measured dimensions were scaled using the index of refraction of seawater to account for magnification in the
water. Mean values for 30 larvae per condition across multiple channels are presented here.

Statistical analysis

To evaluate differences in larval distribution between treatments and the control, we used migration index (MI)
as the metric. The MI values were computed for the entire duration of 30 min (3600 frames) and aggregated into
240-frame bins (corresponding to 2-min intervals). To reduce potential spurious differences unrelated to the
chemical gradient, the first and last 120 frames (1 min) were excluded from the analysis.

Following aggregation, one-way ANOVA was performed at each time bin to compare the mean MI of each
treatment against the control independently. Each treatment consisted of three wells (n=3), and comparisons
were conducted independently for each 2-min bin. Treatments that resulted in an MI significantly different from
the control for at least two min were considered significant and indicated with an asterisk on the violin plots.
These violin plots display data from all three wells and all time bins for each treatment, providing an overview of
MI distribution. The full workflow is summarized in Fig. S3.

Additionally, for each treatment, the lowest p value observed across all time bins (indicating the most
significant difference from the control) was recorded along with the mean and standard deviation of MI values
(Tables S1-54).

Results

Effect of chemical cues on the larval migration index (M)

Coral larvae exhibited attractive (MI>0.5), repulsive (MI<0.5), or neutral (MI~0.5) behavioral responses
depending on the chemical treatment introduced into the microfluidic channel. These larval responses were
time dependent as the chemical cue solutions diffused within the microchannels. The values of larval migration
index at different times across the duration of the experiment showed the time dependence of responses (Fig. 2).
The introduction of inorganic cues resulted in a larval distribution that was different from that observed with
the organic cue CCA (Fig. 2¢,d).

For C. natans in the control conditions (FSW), the larval distribution remained uniform over time, i.e., near
the mean MI of 0.5 (Fig. 2a, Videos S2 and S3). Whereas, after 1 min of introducing 50x Ca?*, the mean MI
reached a value of 0.7 +0.07, indicating that 70% of the larvae aggregated in the region near chemical injection.
MI increased to a peak of 0.83 +0.03 after 5 min, indicating that 84% of larvae aggregated in the region of higher
chemical concentration (Fig. 3a, Videos S6 and S7). After 30 min, MI had reverted to 0.62 +0.07, signifying an
approach to uniform distribution of larvae. For 10x Mg?", the larvae started out uniformly distributed. Then
MI decreased, reaching a minimum of 0.38+0.07 after 10 min, indicating that 38% of the larvae were in the
region of higher chemical concentration (Fig. 2a, Videos $4 and S5). Within 25 min, MI reverted to 0.47 +0.06,
indicating a return to uniform distribution.

For O. faveolata in the control channel (FSW), the larval distribution was uniform for all of the time
points observed (Fig. 2b). For 50x Ca**, the larvae started out uniformly distributed and then MI increased,
reaching a peak of 0.63+0.06 at 5 min, indicating that 65% of larvae had aggregated in the region of higher Ca?*
concentration (Fig. 2b). After 20 min, MI reverted to 0.58 +0.05, signifying an approach to uniform distribution.
For 10x Mg?*, the larvae started out uniformly distributed and then MI decreased, reaching a minimum of
0.43+0.05 after 10 min, indicating that only 43% of the larvae were present in the region of higher chemical
concentration (Fig. 2b). Within 20 min, MI reverted to 0.53 £0.05, indicating a return to uniform distribution.

In CCA treatments, both C. natans and O. faveolata larvae started accumulating near the point of injection
within 1 min. Mean MI values of 0.69 £0.05 and 0.58 +0.08 indicated that 69 and 58% of the larvae, respectively,
accumulated near the point of injection (Video S8). After 15 min, MI had increased, reaching peaks of 0.79 +0.05
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Fig. 2. Coral larvae change chemotactic responses through time. Larval migration index (MI) is shown as a
function of time for inorganic and organic chemical cues. The colored regions show one SE from the mean. (a)
MI for inorganic cues 50x Ca?* and 10x Mg?* for C. natans larvae. (b) MI for inorganic cues 50x Ca?* and 10x
Mg?* for O. faveolata larvae. (c) MI for the organic cue crustose coralline algae exudates (CCA) and inorganic
cue 50x Ca** for C. natans larvae. (d) MI for the organic cue CCA and inorganic cue 50x Ca* for O. faveolata
larvae.

and 0.90 +0.04, indicating 79 and 90% aggregation near the region of the injection, respectively (Fig. 2¢,d, Video
S9). Larval distribution then stabilized at these higher levels until the end of the 30-min observation period,
contrasting with the Ca?* treatments, in which MI decreased after reaching a peak.

Statistical analysis of MI-based larval behavioral responses

Coral larvae exhibited attractive (MI>0.5), repulsive (MI<0.5), or neutral (MI~0.5) behavioral responses
depending on the chemical treatment and concentration introduced into the microfluidic channel. The strength
of these responses varied with larval age. Violin plots depict the distribution of MI values across the entire
experimental duration and replicates, summarizing the effects of each treatment relative to the control over all
testing days (Fig. 3).

On day two after spawning, C. natans larvae were uniformly distributed across both halves of the control
channel (MI=0.47 +0.072; Fig. 3a). Larvae exposed to 2 x Sr?*, 2 x Ca?*, and CCA showed significant responses
compared to control (p<0.05). Larvae were attracted to both 2xSr?* and 2xCa** (MI=0.604+0.072 and
0.502+0.078, respectively). The strongest attraction observed on this day was elicited by CCA (MI=0.762 +0.090).

On day four after spawning, C. natans larvae were again uniformly distributed across both halves of
the control channel (MI=0.519+0.09; Fig. 3b). Larvae exposed to 50x Sr?*, 10x Ca?*, 50x Ca’*, and CCA
showed significant responses compared to control (p<0.05). Larvae were attracted to both 10x and 50x Ca?*
(MI=0.604+0.093 and 0.605 + 0.059, respectively). Larvae were repulsed by 50x Sr** (MI=0.454+0.087). The
strongest attraction observed on this day was also elicited by CCA (MI=0.724£0.129).
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Fig. 3. Chemical cue, cue concentration, and larval age affect chemotactic behavior of coral larvae.
Distributions of larval migration index (MI) for all the chemicals tested as a function of larval age over 30 min
of observation (Mean =+ SD values are reported in the text). The larvae show attractive (MI> 0.5), repulsive
(MI<0.5), or neutral (MI~0.5) chemotactic responses. (a—c) MI distributions of C. natans larvae 2, 4, and

6 days after spawning, respectively. (d,e) MI distributions of O. faveolata larvae 2 and 4 days after spawning.
Ion concentrations are reported relative to their naturally-occurring concentrations in local seawater. (f)
Variation of MI as a function of age for control, 50x Ca?*, 10x Mg2+, and 50x Sr2* for C. natans larvae. Each
treatment includes three replicates (n=3). Asterisks indicate statistically significant differences between
treatment and control on the respective day for at least two min during the experiment (p <0.05).

On day six after spawning, C. natans larvae were again uniformly distributed across both halves of the control
channel (MI=0.489+0.073; Fig. 3c). Larvae exposed to 50x Sr**, 10x Mg?*, and 50x Ca?* showed significant
responses compared to control (p<0.05). Larvae were repulsed by both 50x Sr?* and 10x Mg?* (0.447 +0.076
and 0.435+0.115, respectively). Interestingly, the strongest attraction observed on this day was elicited by 50x
Ca?* (MI=0.724+0.129), in contrast to previous days where CCA induced the strongest attraction.

The larval responses to various ion concentrations exhibited age-dependent variations as well as by
concentration, reflected by changes in their MI with age (Fig. 3f). For C. natans, MI values for the control
channels consistently remained around 0.5, indicating a nearly uniform distribution of larvae. Repulsion to 10x
Mg?* was consistent with age, with the lowest MI (0.435+0.115) observed on day 6 (p <0.05 only on day 6). In
comparison, 50x Sr?* showed increasing repulsion with age, with a minimum MI of 0.447 +0.076 recorded on
day 6 (p<0.05 on days 4 and 6). In contrast, 50x Ca?* exhibited a progressively stronger attraction, peaking at
an MI of 0.724+0.129 on day 6 (p<0.05 on days 4 and 6). CCA consistently elicited positive responses, with
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the highest MI (0.762 =+ 0.090) observed on day 2 (p <0.05 for days 2 and 4), declining to 0.52+0.125 by day 8
(p>0.05 for days 6 and 8). The CCA, 10x and 50x calcium treatments consistently elicited attraction (Tables S1,
S2, $3 and S4). Magnesium treatments (10x Mg?* and 2 x Mg?*) resulted in repulsion, with 2 x Mg?* responses
not statistically significant. Strontium responses were concentration-dependent, with lower concentrations
eliciting attraction and the highest concentration (50x Sr?*) resulting in repulsion.

These responses differed between species. On day two after spawning, O. faveolata larvae were uniformly
distributed across both halves of the control channel (0.538 + 0.069; Fig. 3e). Larvae exposed to 10x Sr%*, 10x
Mg?**, 2 x Ca?*, and CCA showed significant responses compared to control (p<0.05). Larvae were attracted to
both 10x Sr?* and 2x Ca?" (MI=0.545+0.095 and 0.542 & 0.064, respectively). Larvae were repulsed by 10x
Mg?* (MI=0.502+0.090). The strongest attraction observed on this day was elicited by CCA (MI=0.731 £0.152).

On day four after spawning, O. faveolata larvae were uniformly distributed across both halves of the control
channel (0.508 =+ 0.123; Fig. 3f). Larvae exposed to 10x Sr2*, 10x Ca?*, and CCA showed significant responses
compared to control (p<0.05). Larvae were attracted to both 10x Sr?* and 10x Ca?* (MI=0.549+0.090 and
0.548 £ 0.076, respectively). The strongest attraction observed on this day was elicited by CCA (MI=0.818 +
0.124).

With the exception of the CCA treatments, C. natans larvae consistently exhibited greater mean MI shifts
relative to the control across all chemical types and concentrations compared to O. faveolata larvae. Consequently,
the subsequent findings reported here focus on C. natans. The chemicals 50x Ca, 10x Mg, and CCA elicited the
largest and most statistically significant larval responses as determined by MI, thus they are the focus of the
following analyses.

Effect of chemical cues on larval swimming speeds

In addition to attracting C. natans larvae, the chemical cues used here also altered their swimming speeds. To
examine changes in behaviors, swimming speed and location were quantified from the trajectories of individual
larvae in the experiments above, using the 10x Mg2+, 50x Ca%*, CCA, and control treatments at 5, 15, and
30 min (Fig. 4). 10x Mg?* and 50x Ca®* were used here as representative chemical concentrations as they elicited
the strongest repulsive and attractive responses among the inorganic cues tested. CCA treatments were also
examined in detail because larval accumulation patterns were distinct from those in the 50x Ca2* treatments.

In the 10x Mg*" treatments, larvae in the center of the channels swam faster than in the controls while
larvae at the ends of the channels swam slower. After five min of exposure to Mg?", mean larval speeds reached
a maximum of 1.36 mm/s in the half of the channel where the Mg?* was injected (Fig. 4a, left). Larval speeds
near the opposite end of the channels matched the control speeds, with a maximum 3.3% difference. Larvae
were evenly distributed in the channels, with slower larvae at each end and near the walls, and faster larvae in
the center (Fig. 4b, left). The position frequency distribution revealed that the high speeds in the channel centers
and slower speeds at the ends caused larvae to spend more time at the ends of the channels in the Mg?* treatment
than they did in the control (Fig. 4c, left). At the peak response after 15 min, mean larval speeds were higher on
the side of chemical injection with a maximum speed of 2.16 mm/s (Fig. 4a, center). There was a depletion of
larvae at the injection end of the channel and more larvae were observed swimming slowly at the other end, away
from the Mg?* injection site (Fig. 4b, center). These slow larvae spent much more time at the non-injection wall
than the control larvae, and fewer fast larvae on the injection side meant less time was spent at that end than in
the control treatments (Fig. 4c, center). Even after 30 min, larval speeds in the center of the channels remained
higher than in the controls (Fig. 4a, right). There were still slow swimming larvae at each end of the channels,
and higher speeds in the center with low speeds at the ends meant that larvae still spent more time at the end
walls than in the control case (Fig. 4b,c, right). Throughout the 30 min, the mean speeds at the walls at each end
of the channels were lower than in the center and similar to in the control, but the distribution of these slow
swimming larvae differed.

When exposed to 50x Ca?*, larvae decreased their swimming speed in the high concentration regions, then
increased speeds again as the Ca®" diffused and the concentration near the injection point decreased. After
five min at the peak response for 50x Ca?*, larval speeds on the injection side of the channels were slower than
in the controls with a mean of 0.16 mm/s at a distance of 20 mm from the channel ends (Fig. 4d, left). Most
larvae within the first 15 mm of the channel swam slower than 0.5 mm/s, while those further from the point
of chemical injection swam at speeds similar to those in the controls (Fig. 4e, left). This slowdown of larvae
near the injection site caused larvae to spend much more time in the high chemical regions (Fig. 4f, left). After
15 min, larvae were still swimming more slowly than in the controls on the side of the channel where the Ca?*
was injected, but the mean speed increased to 0.31 mm/s 20 mm in the channels (Fig. 4d, center). As the Ca**
continued to diffuse and its concentration decreased at the injection site, larvae were less affected and there were
faster swimming larvae on the injection sides of the channels (Fig. 4e, center). The slow swimming larvae still
cause larvae to spend more time on the chemical injection side overall, but the size of the high frequency region
was smaller than at five min (Fig. 4f, center). After 30 min, larval speeds across most of the channel were slightly
lower than the control speeds (Fig. 4d, right). As the concentration decreased over time at the injection site, Ca?*
had less of an effect and there were slow swimming larvae more evenly distributed at each end of the channels
and faster swimming larvae in the center (Fig. 4e, right). Larvae still spent more time at the injection ends of the
channels, but there was also a higher frequency of larvae at the other end of the channels (Fig. 4f, right). Larvae
slowed down when exposed to 50x Ca?*. However, as Ca** diffused through the channels over time and the
concentration decreased at the injection site, larvae returned to their control speeds and distribution.

In CCA treatments, larvae slowed down when exposed and maintained reduced speeds over time. Five min
after the CCA cue was injected, larvae on the injection sides of the channels swam slower than corresponding
control larvae, while those on the opposite sides, away from the chemical, matched control speeds. (Fig. 4g,
left). Most of the larvae swam slowly near the CCA injection site, with only a few observed swimming normally
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Fig. 4. Chemical cues affect coral larval swimming speed. Time-varying and position-dependent swimming
speeds of C. natans larvae exposed to 10x Mg?* (a-c), 50x Ca** (d-f), and crustose coralline algae exudates
(CCA) (g-i). From left to right, panels show data for 5, 15, and 30 min after chemical injection. The chemical
cues were injected on the left side of the channels. (a) Average speed as a function of position for the channel
with 10x Mg?*. (b) Location of larvae and their swimming speeds for the channel with 10x Mg?*. (c)
Normalized position frequency distribution of larvae in 10x Mg?*. (d) Average speed as a function of position
for the channel with 50x Ca?*. (e) Location of larvae and their swimming speeds for the channel with 50x
Ca?". (f) Normalized position frequency distribution of larvae for the channel with 50x Ca**. (g) Average
speed as a function of position for the channel with CCA. (h) Location of larvae and their swimming speeds
for the channel with CCA. (i) Normalized position frequency distribution of larvae for the channel with CCA.

elsewhere in the channels (Fig. 4h, left). The slow speed of larvae near the CCA on the injection sides meant
that larvae spent most of their time at those ends of the channels (Fig. 4i, left). After 15 min, the average speed
of larvae in the channel was slower and the slow-speed region extended further into the channel, with larvae
having an average speed of only 0.27 mm/s at a distance of 25 mm into the channel (Fig. 4g, center). Almost
all of the larvae were affected by the CCA treatment and, unlike the response to 50x Ca?*, they did not cluster
only near the injection side wall, but also spread out, moving slowly up to the halfway point of the channel
(Fig. 4h, center). Because the slow larvae spread out into the channels, this also increased the size of the region
in which larvae spent most of their time, encompassing the whole injection side of the channels (Fig. 4i, center).
At 30 min, larvae across the entire channel swam slowly, with a maximum average speed of 0.45 mm/s (Fig. 4g,
right). Most larvae continued to be affected by the CCA, predominantly remaining in the halves of the channels
where the chemical was injected (Fig. 4h, right). Overall, exposure to CCA caused a persistent slowdown in
larval movement throughout the 30-min observation period.
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Effect of chemical cues on the straightness of larval trajectories

In this study, coral larvae also responded to chemical cues with a change in their swimming trajectories.
Colpophyllia natans larvae changed the straightness of their swimming trajectories when exposed to 50x Ca*
and to CCA (maximum responses on day six and four, respectively). However, compared to their swimming
trajectories in the control channel, very little change was observed when larvae were exposed to 10x Mg?*. These
changes were quantified by characterizing the tortuosity of individual larval trajectories, with higher values
indicating more turning and lower values indicating straight swimming. Analysis of tortuosity values computed
for 30 individual trajectories for 10x Mg?*, 50x Ca?*, and CCA, along with the control, highlight the differences
in the swimming behavior of larvae (Fig. 5a).

For the control (four days after spawning), the mean tortuosity was 1.45+0.15. The larvae were generally
straight swimmers that occasionally reflected off the channel walls (Fig. 5b). For 10x Mg?*, the mean tortuosity
was 1.20£0.03. As in the control channel, the larvae generally swam in straight lines and occasionally slowed
down and reflected off the walls (Fig. 5¢). However, the slightly lower value of tortuosity compared to that of
control indicates that the larvae turned less often in 10x Mg?* than they did in the control. For 50x Ca*', the
mean tortuosity was 3.59 +0.86. In the regions away from the chemical injection ends, the larvae mostly swam in
straight lines at the normal swimming speed. However, when they slowed down near the chemical injection ends
of the channel, they had more curved trajectories (Fig. 5d). The higher value of tortuosity compared to that of the
control indicates that the larvae turned more in 50x Ca?*. This turning behavior was localized in the chemical
injection half of the channel (Figs. S4-S7). For CCA, the mean tortuosity was 6.27 +0.63. The larvae swam in
curved trajectories at a low speed (Fig. 5e). Unlike with 50x Ca?*, these slower and curved trajectories were
observed throughout the channel, rather than being confined to the chemical injection half. Larvae maintained
this slow speed and increased turning behavior even after exiting the chemical-enriched region in the channel.

Effect of chemical cues on larval shape

Another type of larval response to chemical cues was a change in shape (length and width; Fig. 6a). Colpophyllia
natans larvae changed shape when exposed to 50x Ca?*, with a maximum response 6 days after spawning, and
in response to CCA, with a maximum response four days after spawning. Lengths and widths are reported as
mean + SE. Larvae in control channels were elliptical, with an initial mean length of 0.46+0.01 mm and mean
width of 0.25+0.01 mm for four-day old larvae and mean length of 0.47 +0.01 mm and width of 0.25+0.01 mm
for six-day old larvae (Fig. 6b). Larval shape in the control remained constant over the 30-min trials, ranging from
0.46+0.01 t0 0.41 £0.01 mm in length and 0.25+0.01 to 0.22+0.01 mm in width for day four and 0.47 +0.01 to
0.45+0.01 mm in length and 0.26 £0.01 to 0.25+0.01 mm in width for day six (Fig. 6e,f).

When exposed to 50x Ca?*, larvae quickly shrank in length and then returned back close to their initial
shape over time. For the maximum 50x Ca?* response six days after spawning, larvae had a similar shape to
the control larvae one min after the 50x Ca** was introduced, with a mean length of 0.44 +0.02 mm and width
of 0.24+0.01 mm. Five min after 50x Ca?* was added, larvae exposed to the chemical shrank in length and
became more circular (Fig. 6¢). This shrinking decreased the mean length to 0.32+0.01 mm, however the mean
width of the larvae only slightly increased to 0.26+0.01 mm and was the same width as the control larvae
(Fig. 6e). Over the next 10 min as the 50x Ca?* diffused in the channel and the local concentration decreased,
larvae enlarged to be closer to their initial length, increasing the mean length to 0.38 £0.01 mm 15 min after
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Fig. 5. Chemical cues affect tortuosity of coral larval swimming behavior. Individual swimming trajectories
of C. natans coral larvae exposed to different chemical cues. (a) Tortuosities for 30 individual trajectories in
channels containing 10x Mg?*, 50x Ca?*, and crustose coralline algae exudates (CCA), compared with the
control. Example trajectories in (b) the control channel, (c) with 10x Mg?*, (d) with 50x Ca?*, (e) and with
CCA.
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Fig. 6. Chemical cues change coral larval morphology. Chemoattractant-induced size and shape changes in C.
natans larvae. (a) Schematic defining larval length (circles) and width (squares). Composite images showing
nine representative coral larvae photographed in different chemotaxis treatments: (b) the control channel (day
4), (c) 5 min after 50x Ca?* is injected (day 6), and (d) 15 min after crustose coralline algae exudates (CCA) are
introduced (day 4). (e,f) Variation in the length and width of larvae as a function of time in (e) the control and
50x Ca** channels on day 6 and (f) the control and CCA channels on day 4.

the chemical was added. After 30 min, the mean length remained at 0.39+0.01 mm and the mean width was
0.25+0.01 mm. Interestingly, the mean width of the larvae exposed to 50x Ca*" remained the same as the
control larvae throughout the 30-min trials, even with up to a 27.5% difference in mean larval length.

Larvae showed a different shape response when exposed to CCA compared to Ca?*, increasing in length
instead of shortening. One min after CCA is introduced, larvae had a mean length of 0.40 +£0.01 mm and a mean
width of 0.23+0.01 mm. The larvae exposed to CCA lengthened over time, reaching a maximum length of
0.62+0.01 mm 15 min after the chemical was introduced (Fig. 6d,f). The larvae also became thinner, with a mean
width of 0.20£0.01 mm compared to the control width of 0.23+0.01 mm at the same time in the experiment.
Unlike the 50x Ca®* response with larvae changing back towards their initial shape, larvae exposed to CCA
remained long and thin throughout the rest of the 30-min trial, with a final mean length of 0.60+0.01 mm and
width 0f 0.19+0.01 mm.

Discussion

Effect of chemical cues on attraction

In this study, we investigated the response of swimming planula larvae from the coral species C. natans and O.
faveolata to the chemical cues Ca?*, Mg?*, Sr**, and organic exudates from crustose coralline algae (CCA). For
C. natans, CCA consistently elicited strong attraction, with the response diminishing with larval age. Calcium
treatments showed a concentration-dependent effect, with higher concentrations inducing stronger attraction,
especially in older larvae. 50x Ca?* elicited responses comparable to or stronger than CCA. Strontium elicited
responses that were concentration-dependent, with lower concentrations generally attracting larvae, while
higher concentrations led to consistent repulsion. Magnesium treatments typically resulted in repulsion, with
stronger effects observed at higher concentrations. For O. faveolata, CCA consistently produced the strongest
degree of attraction across all days of observation. Calcium treatments cause larval attraction, while strontium
responses shifted from mild repulsion to moderate attraction with age at lower concentrations and remained
neutral at higher concentrations. Magnesium treatments showed minimal effects on O. faveolata and were
largely neutral. Overall, both C. natans and O. faveolata displayed behavioral responses to these chemical cues,
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but each species responded differently depend on treatment and concentration, highlighting species-specific
differences in chemotactic responses.

The role of CCA as a promoter of settlement and metamorphosis in coral larvae has been extensively
studied"®3334 In contrast, the role of inorganicionslike Ca2*, Sr**,and Mg?* have not been studied as considerably,
despite their importance in settlement and calcification. One previous study conducted using the brooding coral
Pocillopora damicornis found that CaCls is a highly effective inducer of larval settlement in this species?. The
authors showed that increasing the concentration of CaCls led to an increase in the number of settled larvae
until the concentration reached 40 mM, after which settlement began to decline. This trend is interesting when
compared to the observations made in the current study, in which increasing CaCla concentrations generally
caused more larvae to accumulate near the chemical injection point of the microfluidic channels. Perhaps CaCl,
causes larvae to accumulate near the substrate which in turn leads to increased settlement. The previous study
used a solution at a constant concentration, while the current study employed a time-varying gradient with
higher overall starting concentration that diffused through the channels and decreased in concentration over
time. Because the larval distribution in the current study reverted to a uniform distribution towards the end of
the observation periods, and larvae recovered their initial shape, we conclude that the effect of Ca?* is noticeable
only when the concentration exceeds a certain threshold. Several studies have indicated that intracellular
calcium homeostasis and Ca®" ion binding proteins play a role in regulating the settlement and metamorphosis
of invertebrate larvae®’-%°, However, the exact mechanism behind this attraction behavior to calcium in coral
larvae is not known and needs to be further investigated.

A recent study also explored the effects of dissolved inorganic cues in natural hydraulic lime (NHL) substrates
on coral larval settlement!®. The addition of MgCO4 and SrCO3 to NHL substrates was found to increase
settlement rates in the species C. natans and D. labyrinthiformis. These substrates, which release ions such as
Mg?*, Sr**, and Ca*, demonstrate the potential of ion-releasing materials as tools to enhance coral recruitment.
The study also determined that magnesium and strontium ions at 1.5x the concentration of seawater were not
harmful to C. natans larvae. In the current study, the responses induced by both Mg?* and Sr?* at the investigated
concentrations were variable. This variability underscores the need for additional research to determine the
conditions under which Mg and Sr concentrations might be either beneficial or harmful to coral larvae.

Although the concentrations tested in the current study were higher than naturally occurring levels, this
approach was intentional to identify threshold responses in larval behavior. In marine environments, chemical
signals are rapidly diluted by dynamic, oscillatory flows, resulting in high concentrations being localized
near substrate surfaces?”¢62, For artificial substrates that release ions to be effective in real-world restoration
scenarios, elevated starting concentrations may be necessary. While initial concentrations may be high, the
diffused chemicals are quickly advected, creating localized gradients that larvae can potentially detect even
without direct contact with the substrate. These findings underscore the potential of engineered substrates to
create targeted microenvironments that support coral recruitment by accumulating larvae near the surface.

Modifications to swimming speeds and trajectories

In the C. natans larvae that we focused on, there were changes in swimming speeds and the straightness of
trajectories in response to different chemical cues. In the presence of Mg?*, larvae exhibited increased swimming
speeds closer to the chemical injection point compared to in control conditions, and their speeds were similar
to those in control conditions in regions farther from the injection site. The overall turning behavior of the
larvae was slightly reduced in the presence of Mg?", suggesting that larvae tend to swim straighter when under
its influence. These behaviors contributed to the lower concentration of larvae observed near the Mg?* injection
point.

Conversely, exposure to Ca?* resulted in decreased swimming speeds near the injection point compared to
in the control, with speeds normalizing further away from the point of injection. Notably, an increase in turning
behavior was observed near the injection point after exposure to Ca?*. Exposure to CCA exudates also slowed
larval swimming speeds near the point of chemical injection while matching the control speeds away from the
point of injection. The turning behavior was more pronounced compared to the control and, unlike with CaZ*,
this increased turning was observed throughout the entire channel, not just near the injection point. These
behaviors contribute to the observed larval accumulation near the injection points of Ca?* and CCA.

Although both Ca?* and CCA led to slower swimming speeds and increased turning behavior in the larvae,
the persistence of these behaviors away from the injection point in the CCA treatments alone suggests that
CCA had a more prolonged impact on larval behavior compared to Ca*. CCA is a very complex organic cue
with many different components, compared to just Ca*, which could all contribute together to the observed
larval behavior or affect the larvae at different times. The difference could also be due to different sensing and
response mechanisms for organic and inorganic chemicals. The observed changes in swimming speeds and
turning behaviors among the larvae could reflect an adaptive strategy to either thoroughly explore or swiftly
evade their environment when they encounter a stimulus.

The effect of various inorganic ions on the swimming behavior of ciliary and flagellar organisms has been a
topic of interest in other studies®>-%>. Previous studies examined the impact of magnesium and calcium ions on
the gills of Mytilus edulis, documenting that MgCl. significantly enhances ciliary movement, whereas CaCl,
tends to inhibit it®*®, Another study explored the influence of calcium, magnesium, and strontium ions on
Arenicola, an annelid worm with ciliated larva®. In that study, magnesium induced active ciliary motion,
whereas both calcium and strontium halted ciliary movement. A recent study by members of our group explored
the effects of dissolved inorganic cues in NHL substrates on coral larval settlement rate in the coral species C.
natans, O. faveolata, and D. labyrinthiformis'. This study reported an increased proportion of motile larvae for
C. natans in the presence of MgCO3. The findings in the current study are consistent with the effects observed
with magnesium and calcium in various other ciliated organisms.
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The effects of chemical cues on larval swimming speeds and behavior are critical to understanding the transport
and settlement of coral larvae. Coral larvae are weak swimmers and thus experience flow speeds in natural reef
environments that are significantly higher than their own swimming speeds®. Away from the substrate, they
are primarily transported by bulk flows and must navigate through a variety of chemical and physical signals,
including time-varying chemical gradients and flow patterns created by the reef structures®"¢”%%. However,
near the reef surface, where flow speeds are low, larval swimming behavior becomes more important""”m. The
relative swimming speed of larvae compared to the background flow determines their ability to cross transport
barriers and contact the substrate?!’!. Faster swimming larvae may cross transport boundaries more effectively,
improving their chances of reaching settlement zones.

Many coral larvae are lecithotrophic, relying heavily on lipid energy reserves during their pelagic phase,
making swimming energetically costly’. Ecologically, larval swimming is directly tied to their ability to search
for a final place of settlement!®*. Owing to the limited studies on swimming changes in response to chemical
cues in coral larvae, chemotactic strategies observed in other marine organisms offer useful comparisons for
understanding coral larval behavior. Marine copepods, for instance, employ a combination of straight swimming
and turning to locate food patches, adjusting their swimming patterns based on chemical and hydrodynamic
cues’>7*. Similarly, bacteria use run-and-tumble behavior to balance exploration and exploitation of chemical
gradients, optimizing their position relative to attractants’>’°. These strategies, although observed in different
taxa and scales, offer insights into the chemotactic behaviors of coral larvae. For coral larvae, slower swimming
speeds and increased turning near attractive cues like CCA and calcium may represent an area-restricted search
strategy, allowing thorough exploration of potential settlement zones once they reach the substrate. Conversely,
faster and more directed swimming in response to repellents, such as high magnesium concentrations, could
indicate a stress or escape response to avoid adverse environments, while potentially facilitating transport to
more favorable conditions?. In ecotoxicology studies, reduced swimming speeds is often associated with stress
responses’’’°. However, the observed combination of slower swimming and turning behavior in response
to cues like CCA and calcium in this study suggests that reduced speeds may in certain situations represent
a deliberate process of exploration; this is consistent with observations of coral larvae elongating and slowly
crawling across CCA surfaces immediately prior to settlement>®.

Modifications to larval shape

Morphological changes such as shape and size changes in response to chemical cues were also notable in C.
natans larvae. Upon exposure to 50x Ca?*, the typically elliptical larvae were observed to assume a more circular
shape. In contrast, exposure to crustose coralline algae (CCA) resulted in an increase in the length of the larvae
and an overall transformation to a more rod-like shape. It is understood that near the reef substrate, larvae
must navigate complex flow structures before settling®’!. The aspect ratio and shape of micro-swimmers play a
critical role in their interaction with the surrounding flow®-84,

Studies have shown that elongated swimmers (with a high aspect ratio) have an advantage in aligning more
effectively with the flow, facilitating faster and more efficient transport compared to spherical swimmers, which
struggle to align and are less effectively transported®!8334. For coral larvae, elongation may enhance their ability
to align with bulk flow, facilitating more efficient transport to substrates. Conversely, smaller, more spherical
larvae may benefit from their shape by accessing sheltered regions near the substrate. As observed in this study,
larval size can change by up to two times in response to different cues, with a length ratio for CCA to calcium
as high as 2. These size changes influence larval interactions with their environment; smaller larvae experience
lower local flow speeds within the boundary layer, which could potentially enhance their retention near the
substrate. The morphological changes observed in this study may represent adaptations for different stages of
larval settlement, with elongation facilitating transport in bulk flow and smaller, spherical shapes supporting
settlement in more protected regions.

In addition to the hydrodynamic effects of these observed changes, the observed alterations in larval shape
may also represent the initial stages of metamorphosis, including the transition from water column navigation
to surface crawling, probing, and attachment. Coral larvae have been observed to elongate with increasing
age, and when exposed to CCA or CCA extracts, a morphology that increases contact area while allowing
surface exploration®%>, In the transition from crawling to attachment, larvae are observed flattening into
discs, enhancing their ability to attach to suitable substrates and micro textures, marking the first steps toward
permanent attachment and settlement!”**%. Importantly, when observed morphological changes in coral
larvae are extreme, this may reflect underlying physiological processes regulated by specific binding proteins
that under normal conditions contribute to successful settlement, but which may be overwhelmed in atypical or
stressful chemical environments; this complex system of interactions can certainly be investigated further®”’.

Chemotaxis analysis plays a critical role in understanding how coral larvae respond to specific chemical cues,
specifically when they react, the strength of their response, and the mechanisms underlying their behavior. Using
our findings, artificial substrates can be designed to release ions that trigger specific swimming or morphological
changes in larvae, while incorporating topological features that larvae prefer?*#’-%°, Additionally, such substrates
can be engineered to generate flow structures that aid in transporting larvae toward the substrate, enhancing
settlement®!. Another study has shown that these substrates could further support post-settlement survival and
calcification by releasing essential ions, offering a comprehensive approach to promoting coral recruitment and
reef restoration!®. Ultimately, this approach enhances the effectiveness of artificial reef structures in accelerating
coral restoration and supporting reef ecosystems.

Conclusion
In this study, we observed diverse chemotactic responses of coral larvae to the chemical cues Ca?t, Mgz+, Sr¥+,
and CCA exudates, along with changes in swimming speed, swimming tortuosity, and larval morphology,
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demonstrating the complexity of larval sensory and behavioral responses to environmental conditions.
By identifying the conditions that promote larval transport, settlement, and survival, such as optimal ion
concentrations and favorable flow conditions, coral reef restoration efforts can be better tailored to enhance
the recruitment and survival of coral larvae. Additionally, the insights gained from these studies can inform the
design of artificial substrates that mimic natural cues and conditions, which would further support coral reef
restoration initiatives.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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