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Leachate effects of pelagic
Sargassum spp. on larval swimming
behavior of the coral Acropora
palmata

Francisco Antonio-Martinez!, Yann Henaut?, Alejandro Vega-Zepeda?, Ana I. Cerdn-Flores?,
Rodolfo Raigoza-Figueras?, Neidy P. Cetz-Navarro’3* & Julio Espinoza-Avalos'*

An emerging disturbance for Caribbean reefs is the massive arrival of pelagic Sargassum, which
deteriorates water quality due to the production of leachates. The highest arrivals of Sargassum took
place when broadcasting corals spawned. We experimentally determined the effect of Sargassum
leachates on swimming behavior of Acropora palmata larvae through five treatments (control, stain
(simulating 100% leachate color), and 25%, 50% and 100% Sargassum leachate concentrations) during
30min (10 min of videos and 20 min of post-observations). In the videos, larvae with leachates reduced
swimming speed, were positively geotactic, the percentage of individuals that swam in a spiral pattern
increased, and most behavioral displacements occurred at lower frequencies than larvae without
leachates. Moreover, symptomatic spiral behavior was higher in the presence of leachates, suggesting
that this behavior may be an effect of pollution. During post-observations, most larvae with leachates
were motionless. This is the first time that Sargassum leachates have been documented modifying
larval swimming behavior, which may reduce larval dispersion and genetic diversity. We suggest that a
future evaluation of the effects of leachates at lower concentrations and over longer periods of exposure
is needed. The resilience of corals may be compromised if Sargassum arrivals become frequent events.

Globally, coral reefs are being degraded by several stressors (e.g., climate change, bleaching, overfishing and
emergent diseases' ™), especially those in the Caribbean®. An emerging stressor for Caribbean reefs is the massive
arrival of two pelagic macroalgal species: Sargassum fluitans and S. natans. Pelagic Sargassum drifts on the surface
of the sea, providing an important habitat for a great diversity of organisms”?. The presence of a high biomass of
pelagic Sargassum spp. began in 2011 in the central Atlantic Ocean and the Caribbean Sea’. However, Sargassum
influx in the Mexican Caribbean has only occurred since 2014, with the highest peaks reported in September
2015 (~2360 m’ algae km™!) and May 2018 (8793 m? algae km~!)'°. Unfortunately, the massive arrival of pelagic
Sargassum is predicted to become a recurring disturbance’.

Decomposition of the accumulated biomass of pelagic Sargassum in the coastline produces leachates that
reduce dissolved oxygen (DO) and pH, and increase turbidity and temperature, deteriorating water quality'®!!.
These leachates create conditions similar to eutrophication and may contain heavy metals such as mercury (Hg)
and methylmercury (MeHg)'?, methane!?, lactic acid!%, and high concentrations of ammonium and phosphorus!.
In the Mexican Caribbean, many coral species inhabit lagoon reefs (i.e., near to the coastline) where leachates
of pelagic Sargassum have been observed and dispersed from the coastline toward the reef crest. In this context,
some coral species became stressed and presented partial or total mortality due to the presence and decomposi-
tion of Sargassum'! (Fig. 1).

Brooding and broadcasting stony coral species display different reproductive strategies to colonize reefs.
Brooding corals produce few zooxanthellae larvae that settle within hours close to their parents. In contrast,
broadcasting corals release a lot of gametes (some species may produce billions) with external fertilization. After
embryogenesis, larvae lacking zooxanthellae may swim for days or weeks". Cilia allow coral larvae to disperse
several km away from their parents; for instance, larvae of Acropora spp. may travel up to 720 km'®. Long-range
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Figure 1. Schematic profile at Punta Venado, Quintana Roo, Mexico. Here, thick caps of pelagic Sargassum that
accumulate at the coastline, produce leachates when decomposing. Leachate concentration decreases as distance
from the coast increases. In addition, Acropora palmata was found as far away as 60 m from the coastline.

1 = seagrass meadows mixed with seaweeds. Stony corals are represented by reef-building and opportunistic
corals. Reef-building corals: 2= A. palmata; 3 = Pseudodiploria; 5= Orbicella annularis; and 6 = O. faveolata.
Opportunistic corals: 4 = Agaricia and Porites. Based on'®'"%® and pers. obs. in the field.

dispersal of coral larvae may function as a way to reduce inbreeding'’, to colonize new environments with lower
competition'®, to recolonize other reefs' or to escape from unfavorable environments'’. In addition to larval
swimming behavior (e.g., vertical and horizontal displacements), external factors (e.g., current direction and
turbidity) may influence larval dispersion'>!%. Larval swimming behavior has been used to assess the response
of early coral stages to different environmental conditions or stressors such as 0il'?, oil dispersants?, allelop-
athic algae compounds?"??, nutrient enrichment, temperature increase?, and the presence of macroalgae** and
cyanobacteria®. In these studies, larval changed in terms of swimming patterns (linear, sinuous, circular, immer-
sion, spiral, swinging, up, down, with stops, in reverse and random), swimming speed (mm/s), evaluations or
tests (‘tests’) of the substrate, displacement along the bottom and settlement capacity. Trajectometry analysis
in animals (evaluating how individual animals move through space and time in two dimensions) has also been
used to answer questions related to foraging, navigation, dispersion ecology, migration, and mimicry of animal
behavior?.

Acropora palmata is a primary element for coral reef formation in shallow areas of the Caribbean Sea?. This
hermaphrodite species synchronously release bundles with both gametes in an annual spawn that may occur
from July to September®®. This coral species is classified as “Critically Endangered” by the International Union
for the Conservation of Nature (IUCN)** and “Subject to Special Protection” by NOM-059-SEMARNAT-2010 in
Mexico®. Emergent diseases® %, bleaching?, and hurricanes®** have decimated its populations with low rates
of recovery*. Moreover, population increases are predominantly a result of asexual®® rather than sexual repro-
duction because early life stages (e.g., coral larvae) are vulnerable?>?*37*, Due to the massive inputs of pelagic
Sargassum in the Mexican Caribbean reefs in recent years!®!!, Sargassum leachates may be another source of
stress that may reduce the income of A. palmata sexual recruits.

Here, we exposed competent larvae of A. palmata to five treatments (control, stain (caramel artificial food
color simulating 100% leachate color), and 25%, 50%, and 100% Sargassum leachate concentrations) to deter-
mine if leachates of S. fluitans and S. natans modify larval swimming behavior under laboratory conditions. A
ten-minute video was used to obtain global (larval displacements and inactivity around the tank) and specific
(larval movements at the surface and at the bottom of the tank) trajectometry indexes (e.g., distance, time, and
speed of larvae per treatment) and the frequency of 25 types of behavioral displacements. Posteriorly, larval
activity was observed for an additional 20 min (hereafter called “post-observations”). Larvae with leachates swam
slower, displaced over shorter distances, and were positively geotactic. In the videos, the majority of behavioral
displacements in larvae exposed to leachates displayed low frequencies, while during post-observations most
larvae (80-100%) were motionless. Our results revealed that larval dispersal capacity may be reduced and even
stopped (i.e., motionless) in the presence of Sargassum leachates. Additionally, a high percentage of A. palmata
larvae exposed to Sargassum leachates swam in a spiral pattern, which could be a symptomatic behavior of coral
larvae exposed to pollution. This is the first study that demonstrates the negative effects of Sargassum leachates
on the swimming behavior of coral larvae. Given that massive arrivals of Sargassum appear to be a new frequent
disturbance in the Caribbean Sea, further study of how coral early life stages (including larvae) respond to lower
concentrations of leachates are necessary to reveal what occurs in natural settings. Under this possible scenario,
we showed that Sargassum arrivals in the Caribbean might be a major threat for sexual coral reproduction.

Results

Global and specific trajectometry indexes. In total, 16 trajectometry indexes were evaluated in A. pal-
mata larvae: 10 global and 6 specific. Irrespective of concentration, Sargassum leachates had negative effects
on 8 global and 4 specific trajectometry indexes. Sargassum leachates affected larval performance: larvae in
contact with leachates moved slower (hypoactive) and swam shorter distances, decreasing dispersion capacity.
Additionally, larvae in contact with leachates became positively geotactic, while larvae in control and stain treat-
ments became negatively geotactic.
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Figure 2. Global indexes evaluated through five treatments (control, stain, and 25%, 50% and 100% leachates)
in Acropora palmata larvae: (A) Mean displacement-length, (B) mean displacement-time, and (C) mean
displacement-speed per larva. Letters above the bars indicate significant differences according to post hoc
analyses. Error bars represent standard error. See text for more details.

Global trajectometry indexes. The displacement-length of larvae in contact with leachates (25%:
75.3+11.0mm, 50%: 65.3 £+ 7.1 mm, and 100%: 74.9 + 8.3 mm) was 2.5 times lower than larvae in both the
control (190.4 & 16.8 mm) and stain (188.6 £20.9 mm) treatments (KW: H, 544y =59.04, P < 0.001; Fig. 2A).
In contrast, the displacement-time of larvae exposed to leachates (25%: 369.0 & 23.6 s, 50%: 355.7 £ 22.8's, and
100%: 355.1 £ 21.0s) was greater than larvae without leachates (control: 235.14 16.4 s, and stain: 246.5 £ 20.3s;
ANOVA: F(4 44 =9.80, P < 0.001; Fig. 2B). Larvae exposed to leachates were three or more times slower with
regard to their displacement-speed (25%: 0.21 £ 0.02 mm/s, 50%: 0.19 & 0.02 mm/s, and 100%: 0.21 £ 0.02 mm/s)
compared with larvae in the absence of leachates (control: 0.80 £ 0.05 mm/s, and stain: 0.75 + 0.06 mm/s;
H4,44 = 144.24, P < 0.001; Fig. 2C).

The number of displacements (25% =5.6 +0.5, 50% = 5.1 £ 0.5, and 100% =4.9 £ 0.5 vs. control =9.0 £+ 0.6,
and stain = 8.5 £0.7; Hy 544y = 37.70, P < 0.001; Fig. 3A) and the number of times of inactivity (25% =1.7 £0.1,
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Figure 3. Global behavior indexes of coral larvae evaluated in five treatments (control, stain, and 25%, 50% and
100% leachates): (A) Mean number of displacements, (B) mean number of times of inactivity, and (C) mean
time of an inactivity interval per larva. Letters above the bars indicate significant differences according to post
hoc analyses. Error bars represent standard error.

50% =1.7£0.1, and 100% = 1.6 £ 0.1 vs. control = 3.3 £ 0.2, and stain = 3.1 3 0.2; H, 544y = 68.88, P < 0.001;
Fig. 3B) of larvae exposed to leachates were almost half that of with larvae in the absence of leachates. The
time of an inactivity interval per larva exposed to leachates (25%: 236.8 +23.8's, 50%: 246.2 +23.2s, and
100%: 255.1 £ 20.5s) was at least 100 s slower than larva without leachates (control: 364.9 + 16.4 s, and stain:
353.5+20.3 53 Hyy 04y = 32.34, P < 0.001; Fig. 3C).

Spiral movement is characterized as a rotation movement on a larva’s own axis either clockwise or counter-
clockwise; however, this movement was observed with little or without displacement in the tank. Spiral move-
ment responded differentially in two of the four trajectometry indexes evaluated among treatments (Fig. 4). The
percentage of larvae with spiral displacement in 25% (82 = 6%) was double or more than in the control (12 +4%),
stain (30 £ 8%), and 100% exposure (30 £ 11%) treatments, but 50% leachates (58 & 7%) was similar to the stain
and 25% leachates (Hy 97y = 25.76, P < 0.001; Fig. 4A) treatments. The spiral displacement-time per larva in
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Figure 4. The four trajectometry indexes used to evaluate spiral movement in Acropora palmata larvae exposed
to five treatments (control, stain, and 25%, 50% and 100% leachates). (A) Percentage of larvae with spiral
displacement. (B) Mean spiral displacement-length per larva. (C) Mean spiral displacement-time per larva. (D)
Mean spiral displacement-speed per larva. Letters above the bars indicate significant differences according to
post hoc analyses; ns = not significant. Error bars represent standard error.

leachate treatments (25%: 336.4 +22.7s, 50%: 291.9 +27.8 s, and 100%: 296.0 £ 30.9 s) was three times greater
than in the stain treatment (86.7 4= 14.9s), while the control (152.0 & 80.4 s) was similar to the stain and lea-
chate treatments (H, 1,y = 32.06, P < 0.001; Fig. 4C). In contrast, the spiral displacement-length (8.4-34.343.1-
7.3mm; Hy 47y = 12.29, P> 0.05; Fig. 4B) and the spiral displacement-speed (0.10-0.20 £ 0.02-0.05 mm/s;
Hy 107y = 5.46, P> 0.05; Fig. 4D) per larvae did not different among treatments.

Specific trajectometry indexes. Displacement-length of larvae at the surface in leachate exposure treatments
(25%: 36.5+13.1 mm, 50%: 18.6 = 5.1 mm, and 100%: 19.4 +-4.9 mm) was at least three times shorter than lar-
vae without leachates (control: 111.1 £ 15.0 mm, and stain: 127.7 4= 19.5 mm; H, 49, = 36.77, P < 0.001; Fig. 5A).
Displacement-time per larva did not differ among treatments (110.0-206.2 & 13.7-48.1s; H( 49y = 5.07, P> 0.05;
Fig. 5B). Displacement-speed per larva exposed to leachates (25%: 0.34 4= 0.08 mm/s, 50%: 0.10 £ 0.02 mm/s, and
100%: 0.17 £ 0.04 mm/s) was at least three times slower than larvae without leachates (control: 1.12 +0.10 mm/s,
and stain: 1.29 4 0.11 mm/s; F, g5, = 57.51, P < 0.001; Fig. 5C).

Displacement-length per larva at the bottom of the tank did not differ among treatments (24.5-35.8 £5.0—
7.3mm; Hyy ;)= 3.73, P> 0.05; Fig. 5D). Displacement-time per larva exposed to leachates (25%: 276.5+27.9s,
50%: 260.8 & 25.1 s, and 100%: 208.4 + 24.3 s) was three times higher than larva in both the control (78.9 £10.3 s)
and stain (86.0 4 15.4s; Hy 165)= 57.69, P < 0.001; Fig. 5E) treatments. Conversely, displacement-speed per larva
exposed to leachates (25%: 0.16 4= 0.03 mm/s, 50%: 0.14 +0.02 mm/s, and 100%: 0.14 = 0.03 mm/s) was at least
two times slower than larvae in both the control (0.54 4-0.09 mm/s) and stain (0.40 £ 0.06 mm/s; F, 145 =8.17,
P <0.001; Fig. 5F) treatments.

Frequency of behavioral displacements. Overall, A. palmata larvae displayed 25 different types of
behavioral displacements, but not all of them occurred in all treatments. The frequency with which each type of
behavioral displacement occurred per treatment was assigned to one of three ranks: low (0.00-0.33), medium
(0.34-0.66) and high (0.67-00) (Fig. 6 and Suppl. Table 1). Larvae either swam continuously or in spiral move-
ments, but there were also moments of inactivity (called ‘motionless’). Larvae started and ended displacements
in a spiral motion, any motion other than a spiral, or remained motionless (Fig. 6 and Suppl. Table 1). 18 types
of larval behavioral displacements were observed in the control treatment (G=0.9, df =2, P> 0.05) at different
levels of frequency (5 high, 8 medium, and 5 low); 22 types (5 high, 5 medium, and 12 low) in the stain treatment
(G=4.1,df=2, P>0.05); 22 types (2 high, 4 medium, and 16 low) in the 25% leachates treatment (G = 14.9,
df=2, P<0.001); 24 types (2 high, 2 medium, and 20 low) in the 50% leachates treatment (G=25.5, df =2,
P <0.001); and 23 types (5 medium, and 18 low) in the 100% leachates treatment (G=7.7, df=1, P < 0.001).
These results indicate that most of the different types of behavioral displacements observed in larvae exposed
to leachates occurred less frequently (belonged to the low rank), while five types of behavioral displacements in
the control and the stain treatments occurred quite frequently (belonged to the high rank). Spiral movement was
related to 11 of the 25 types of behavioral displacements; most of them belonged to the low frequency rank. Four
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Figure 5. Specific trajectometry indexes per larva of Acropora palmata swimming at the surface (A-C) and

at the bottom (D-F) of the tank exposed to five treatments (control, stain, and 25%, 50% and 100% leachates)
(A,D) Mean displacement-length per larva. (B,E) Mean displacement-time per larva. (C,F) Mean displacement-
speed per larva. Letters above the bars indicate significant differences according to post hoc analyses; ns =not

significant. Error bars represent standard error.

different spiral behavioral displacements occurred in the control treatment, eight in the stain treatment, nine in
the 25% leachates treatment, nine in the 50% leachates treatment, and 10in the 100% leachates treatment (Fig. 6

and Suppl. Table 1).

Post-observations.

During post-observations, all larvae in both the control and the stain treatments were

active swimmers, mainly exploring the surface at a high velocity. In contrast, larvae exposed to leachates moved
slowly and eventually became motionless, depending on the leachate concentration. Most larvae in contact with
leachates became motionless at the end of 20 min: 80% of larvae in the 25% treatment, and 100% of larvae in 50%

and 100% leachates.

Control.

Throughout the 20 min of observation, all of the larvae were active (swimming quickly) compared

to the larvae in the presence of leachates. Larvae mainly swam on the surface and bottom, but they also had the

capacity to swim upward, downward, and side to side.

Stain.

The activity of the larvae in contact with the food colorant was similar to larvae in the control. During

the 20 min of observation, all larvae moved rapidly, primarily at the surface and at the bottom; however, they also

moved up, down, and side to side.

25% leachates.

During the first 5min, almost 80% of the larvae were active (moving up and down or from side

to side), but they were slower in comparison to the control and stain treatments. Within 5 to 10 min, larval activity
decreased (i.e., hypoactive) or stopped (i.e., motionless), and larvae floated (on the surface or in the middle of the
water column) or sunk to the bottom. Within 15min, 80% of the larvae were motionless, mostly on the bottom,
but also at the surface or in the middle of water column. In the last 5min (i.e., 20 min), larvae were again on the
bottom, in the middle of the water column or at the surface. 80% of the larvae were motionless and 20% of the

larvae displayed extremely low mobility.

50% leachates.

During the first 10 min, mobility was low in 60% of the larvae. They were located either close

to the bottom or in the middle of water column. During the last 10 min, all larvae were motionless, lying on the

bottom or suspended in the middle of the water column, but not at the surface.
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Figure 6. Schematic representation in the tank of the frequency of behavioral displacements of Acropora
palmata larvae exposed to five treatments (control, stain, and 25%, 50% and 100% leachates). The frequency
of each type of displacement per treatment was assigned to one of three ranks: high (0.67-00), medium (0.34-
0.66), and low (0.00-0.33). S = seawater surface; B=bottom of the tank. See Material and Methods for more
details about the description of the beginning and the end of each displacement.
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100% leachates. During the first minute, all larvae reduced their activity and at the end of 5min, 70% of larvae
were motionless and 30% hypoactive. These larvae moved up and down or erratically. After 5min, all larvae lost
mobility (i.e., completely stopped), and were located at the surface or on the bottom.

Discussion

This is the first study that shows how pelagic Sargassum leachates affect coral larval behavior, specifically, the
swimming performance of A. palmata larvae. Most of the trajectometry indexes (both global and specific) showed
differences among larvae exposed to leachates (25%, 50% and 100%) vs. without leachates (control and stain).
Global trajectometry indexes highlighted general aspects of larval behavior, which included moments of activity
and inactivity in any direction. In contrast, specific trajectometry indexes revealed detailed information about
continuous displacements of larvae at the surface and on the bottom. Coral larvae are poor swimmers and other
factors (e.g., current direction and wind) often play more of a role in larval dispersion'®. Nonetheless, if only
larval movements are considered, vertical and horizontal displacements may reveal which one plays a more
important role. In this context, leachates limited the swimming abilities of A. palmata larvae since larvae swam
shorter distances at the surface, spent more time on the bottom, and moved at slower speeds. The reduction of
displacement-speed per larva (swimming speed decreased up to four times) exemplified how exposure to lea-
chates negatively affects larvae. Stressful environments may influence the performance of coral offspring®, since
larvae respond to environmental changes'. In this study, hypoactive larvae in leachates became positively geotac-
tic (i.e., spent more time at the bottom instead of at the surface). This also occurs in coral larvae living in stressful
conditions'’. Larvae of A. palmata can be competent up to 3 weeks (Szmant unpubl. data, see*’), but the slower
speed observed in videos and the loss of larval activity in the presence of leachates during post-observations
suggest that larval dispersal capacity is highly reduced. Coral larval dispersion normally occurs in the water col-
umn (including the surface)'® during the first few days!’, but as time goes on, larval speed*! and energy reserves
decrease because larvae lack zooxanthellae*?. Conversely in our study, in the first few days, competent larvae
showed slower speed and positively geotactic behavior (due to dispersion associated with the surface'® observed
in videos, and loss of larval activity in the presence of leachates during post-observations suggest that larval
dispersal capacity of A. palmata is highly reduced. The massive arrival and decomposition of pelagic Sargassum
may create unfavorable conditions!” that make it impossible for A. palmata larvae to escape. Stressful environ-
mental conditions and benthic biota may harm early life stages of many organisms. The presence of oil, oil dis-
persants, nutrient enrichment, increase of ocean acidification, ultraviolet rays and temperature, and the presence
of allopathic algae compounds, macroalgae and cyanobacteria might reduce settlement and survivorship of coral
larvae!?22-25374344 Sareassum leachates are a new disturbance that affects the behavior of A. palmata larvae.
Therefore, the replacement of A. palmata colonies from sexual reproduction might be further reduced.

Little is known about spiral movements like those observed in coral larvae exposed to Sargassum leachates.
These particular movements have been reported in larvae of marine invertebrates such as sponges*>*6, mussels*’
and corals?™*®#°_ Spiral movement is usually described as a clockwise rotation in one place or with a slow or
erratic displacement®. Under increased pressure, coral larvae may swim upwards in spiral, as a compensatory
response*s. Spiral motion has also been identified as a negative response to different concentrations of oil disper-
sants. Oil produced disoriented larval spiral movements after several hours®. In our study, larvae that moved in
a spiral motion were present in all treatments. The percentage of larvae with spiral displacements was the metric
that best exemplified the negative effects of Sargassum leachates. The percentage of larvae displaying this symp-
tomatic behavior was high under 25% and 50% concentrations (82% and 58%, respectively). However, the low
percentage of spiral swimming larvae in the control and the stain treatments could be considered to be normal
(12% and 30%, respectively) because, even under non-stressful conditions like temperature (28 °C), a small per-
centage of A. palmata embryos/larvae (11-22%) have abnormalities®*. The low percentage of spiral swimming
larvae exposed to 100% leachates (30%) was unexpected. Chemical compounds released by pelagic Sargassum
(not measured in this study) in the 100% leachates treatment could also modify larval behavior. For instance,
waterborne macroalgae has the ability to modify larval behavior, both decreasing and delaying the recruitment
of the coral Acropora millepora®'. Additionally, larvae exposed to 100% leachates were the only ones that did not
display a high frequency of any of the 23 behavioral displacements observed. Larval speed when swimming in
a spiral is constant regardless of treatment (0.10-0.20 mm/s). This speed is similar to the speed of larvae swim-
ming in leachates (0.19-0.21 mm/s), which suggests that swimming in a spiral motion is a negative behavior that
reduces larval dispersion. It seems to have a greater influence on larvae that continued to rotate on their own axes,
without the onward motion produced in seawater (i.e., with stationary movements). Marine invertebrates may
also display spiral movements as a result of light exposure. Less active sponge larvae swam in a spiral or did not
respond at all when faced with a stimulus such as light and active larvae responded negatively to light*. In our
study, turbidity of leachates did not play an important role because larvae in the stain (similar color of 100% lea-
chate) treatment showed opposite responses in most of the metrics evaluated. This highlights that some physical
and chemical parameters of leachates may negatively affect A. palmata larvae. Thus, Sargassum leachates affect
swimming performance and possibly alter sensory perception similar to when fish are exposed to metals®.

During post-observations, larval activity under the influence of leachates decreased as leachate concentration
increased. After 10 min of video recordings, 20 min of post-observations of leachate exposure was enough to
cause all coral larvae to become motionless in 50% (after10 min) and 100% leachates (after 5 min), while 80%
of the larvae were motionless in 25% leachates (after 15 min). Nevertheless, if larvae were exposed over a longer
time period to 25% leachates, they would probably have become motionless as well. We cannot be certain that
motionless larvae at the bottom settled or died; but slower speeds, lower dispersion, and low frequency in most
of the behavioral displacements might indicate that leachates eventually may kill A. palmata larvae. Coral larvae
exposed to dispersants may survive more than 96h, but those larvae (with abnormalities, and atypical swimming
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and searching behavior of substratum) sooner or later died?. Therefore, larvae exposed to leachates may reduce
dispersion, decreasing their capacity to find better conditions to settle and recruit.

In this study, values of DO (1.51 mgL™!) and pH (7.5) in the 25% leachate concentration were similar to those
reported in two Mexican Caribbean reefs'®!! at similar distances to where A. palmata gametes were collected
(from 60 m away from the coast; Fig. 1 and Suppl. Fig. 1). On August 2015, a southern coral reef registered val-
ues of ~1.00mgL~! of DO 50 to 100 m away from the coastline, while a pH of 7.4 was recorded in the highest
impact zone (with Sargassum in decomposition) up to ~50-70 m'!. On May 2018, values of 1.90 mg L-1 of DO
were recorded at a northern coral reef (closer to our study site), 130 m away from the coastline!®. Because larvae
responded negatively when in contact with leachates regardless of their concentration, A. palmata larvae exposed
to leachates in natural conditions may also react negatively. However, it is possible that 25% leachates (i.e., the
lowest concentration in our study) exceeded the threshold that larvae can withstand. Thus, we suggest that future
assays should evaluate lower leachate concentrations and over longer periods of exposure to obtain results that
are closer to those that occur in the field, and to determine at what Sargassum leachate concentration corals are
affected. The most Sargassum arrived between May to July on 2018 in the Caribbean Sea’, but high fauna mor-
tality associated with its arrival was observed from May to September'!. Because our study was carried out on
August 2018, we believe that Sargassum leachates and the decomposition of fauna may exert negative effects on
the spawning of A. palmata due to the decrease in seawater quality.

Leachates derived from pelagic Sargassum decomposition is an additional source of stress for A. palmata
larvae. However, leachates could affect other early life stages such as: fecundity, embryogenesis, settlement, and
recruitment. Under laboratory conditions, our results reveal the potential effects of Sargassum leachates. It is pos-
sible that similar effects occur in the field because the highest arrival of Sargassum®'® with high fauna mortality°
(a factor that is not evaluated in this study) partially coincided with the reproductive season of several broadcast-
ing coral species in the Caribbean (July-October)? like A. palmata (July-September)*”%. Sargassum leachates may
also reduce the input of sexual recruits of A. palmata and other coral species that live in shallow environments.
Another concern for the early life stages of corals is the possibility that drifting Sargassum could trap gametes and
embryos because of their buoyancy?, and larvae due to their negative geotactic behavior!”!® in the first hours®,
which may increase mortality. If massive arrival of Sargassum on the coast of the Mexican Caribbean results
in the death of adult stony corals (both brooders and broadcasting species)!!, drifting Sargassum and leachates
may have more negative effects on corals due to higher mortality rates in the early life stages'>**. Since some key
reef-building (long-living large colonies that offer a high structural complexity like A. palmata in this study) and
opportunistic stony coral species (short-lived medium or small colonies that do not contribute with the same
structural complexity in coral reefs, like Porites astreoides)*> have been affected by Sargassum arrivals'!, genetic
diversity and the extension of coral cover might not increase. Another concern is the implementation of barriers
that are used to trap Sargassum in reef lagoons (placed in the northern Mexican Caribbean'!). These barriers
may increase leachate concentration if Sargassum collection does not occur before decomposition begins (within
hours or days). Our results identify potential effects that Sargassum leachates could have on A. palmata larvae in
the field and open opportunities to research problems caused by the massive arrivals of pelagic Sargassum spp.
in the Caribbean region. The resilience of corals (both reef-building and opportunistic species) may be tested if
Sargassum arrivals, which have already occurred since 2011 in the Caribbean®, continue.

Materials and Methods

Study area. Gamete bundles of Acropora palmata were collected at Punta Venado (20°31/57"N, 87°10'26"W),
the northern part of Quintana Roo, in the Mexican Caribbean (Suppl. Fig. 2). Punta Venado is part of the
Mesoamerican Barrier Reef*’, which is considered to be the second largest coral barrier after the GBR in Australia.
A. palmata, an abundant reef-building coral species in the northern part of the Mexican Caribbean??, may experi-
ence contact with Sargassum leachates (Suppl. Fig. 3). A. palmata colonies are found 60 m away from the coastline
at Punta Venado (Fig. 1).

Elaboration of coral larvae tanks and substrates. Small handmade tanks (5 x 5 x 1.2 cm) for coral lar-
vae were constructed with slides of 7.5 x 5 cm, which were cut and glued (with Norland Optical Adhesive 81) in
the optical laboratory at Centro de Investigacién Cientifica y de Educacion Superior de Ensenada, Baja California
(CICESE). To prepare substrates, polystyrene rectangles (5 x 1.2 cm) were cut and sanded, while tiles of limestone
were mashed and filtered in a strainer to obtain small grains. Later, limestone grains were glued on polystyrene
with non-toxic silicone (Sista F109). Substrates were submerged in a tank with the presence of coralline crustose
algae three weeks prior to coral spawning to favor recruitment (called “conditioned substrates”).

Sample collection. Coral egg-sperm bundles from ten A. palmata colonies were collected at 22:06h on
August 3, 2018 (six days after the full moon). Due to the buoyancy of gametes, egg-sperm bundles were collected
with inverted conical nets (made with 100 pm filter mesh), adapted from a transparent flask to contain gametes.
Flasks were capped and transported (upside down) to the boat without shaking in order to avoid breaking pack-
ages. Once all the containers were gathered, the gamete bundles and seawater were gently released and mixed
in a transparent container with 10L of filtered seawater to begin fertilization. Gametes were transported to the
Xcaret Aquarium to stop fertilization (~2h) and were washed several times with seawater (filtered with numerous
meshes (from 100 to 5um) and UV filters) to eliminate excess sperm, avoiding polyspermia.

Coral embryos and larvae culture.  After fertilization, 3 ml of embryos were transferred to three incu-
bators (1 ml per incubator). Each incubator consisted of a 20 L plastic bucket divided in half, separated with a
micro nylon filter mesh (75 pm) that allowed for water to interchange, but not the exit of embryos. The incubators
were semi-submerged in a fiberglass tank (1 x 1 x 1 m) almost full of seawater with closed flow. An in-line pump
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Figure 7. Experimental design to evaluate larval swimming behavior through five treatments (control, stain,
and 25%, 50% and 100% leachate concentrations). Scale: 200 um. See text for more details. Larvae were taken by
H. Bahena-Basave (left larva) and by N. P. Cetz-Navarro (middle and right larvae).

enabled seawater recirculation through sprayer nozzles inside incubators to create smooth irrigation and avoid
embryo agglomeration.

Leachate preparation. To prepare leachates, seawater was filtered through micro (from 100 to 5um) and
UV filters and placed in another fiberglass tank (the same size as the tank used for embryos and larvae culture). In
the tank, filtered seawater occupied almost one quarter of its capacity and remained stagnant to use in the prepa-
ration of leachates and in the experimental treatments. Non-decomposed S. fluitans and S. natans were collected
and washed several times with filtered seawater to remove sediments and organisms. Subsequently, 1.5kg of these
brown algae (wet weight) and 10 L of stagnant seawater from the tank were deposited in a smaller fiberglass tank
(0.4 x 0.4 x 1 m) to obtain leachates. The three fiberglass tanks (one with embryos and larvae culture, one with
stagnant filtered seawater, and one with a mixture of algae and seawater to obtain leachates) were left outdoors,
side by side, in a space without walls, but with a translucent roof of polycarbonate (~140 m?). After the Sargassum
had soaked in the seawater for 3.5 days, leachates were obtained in order to prepare different concentrations
(25%, 50% and 100%). Later, leachates were filtered with a nylon mesh and any particles larger than 75 jum were
removed to better visualize coral larvae in the experiment.

Experimental design. The effect of Sargassum leachates on the larval swimming behavior of A. palmata
was evaluated through the use of five treatments on August 08 2018 during daylight hours (11:30-14:00h) since
larvae are more active during this period (pers. obs.). Treatment 1 (hereafter called “control”) consisted in larvae
exposed to filtered seawater. Treatment 2 (hereafter called “stain”) consisted in larvae exposed to filtered seawa-
ter with caramel artificial food coloring to simulate the color of the highest concentration of leachate (100%) to
evaluate if color affects coral larvae. In the last three treatments (T3-T5), larvae were exposed to different leachate
concentrations to evaluate their impact on A. palmata: T3 (hereafter called “25% leachates”) was comprised of lar-
vae exposed to a 25% concentration of leachates, T4 (hereafter called “50% leachates”) contained larvae exposed
to a 50% concentration of leachates, and T5 (hereafter called “100% leachates”) included larvae exposed to al00%
concentration of leachates. Five competent coral larvae, of similar size and shape (i.e., bowling pine or elongated)
were deposited on the fifth day after fertilization per tank or replicate. Each small tank contained a conditioned
substratum of limestone at the bottom and 25 ml of filtered seawater, with or without leachates, depending on the
treatment (Fig. 7). In total, 250 larvae were used (5 larvae x 5 treatment x 10 replicates). Previously, seawater of
each treatment was placed in a plastic bottle; in total, five bottles (one per treatment) were semi-submerged in a
tank (3 x 2 x 2m) with continuous seawater flow in order to ensure that the seawater within the bottles remained
at a constant temperature among treatments. Before recording each video, practical salinity unit (PSU), pH, dis-
solved oxygen (DO) and temperature (TT) were recorded using a PRO DSS probe 4-port DIGITAL. Mean data
of physical parameters were obtained in the seawater used in each treatment as follows: 1) control (PSU = 38.59,
pH=28.14, DO =6.09 mg/L, and TT =29.40°C); 2) stain (PSU=38.52, pH=28.26, DO =6.17 mg/L, and
TT=29.40°C); and 25% (PSU = 38.64, pH=7.53, DO=1.521mg/L, and TT =29.43 °C), 50% (PSU = 40.20,
pH=7.40, DO=0.195mg/L, and TT =29.45°C) and 100% (PSU =41.92, pH=7.24, DO =0.098 mg/L, and
TT =29.45°C) leachates. Subsequently, a 10 min video was recorded per replicate using CANON PowerShot
cameras (G10, G11 and G12 models).

Global and specific trajectometry indexes. Videos were recorded in.AVI format and projected on a
13-inch computer monitor. An acetate paper was placed on the monitor to trace (with permanent marker) all
displacements and inactivity of each larva (hereafter called “trajectometry indexes”) (Table 1). Trajectometry
indexes were assigned to two categories: global (10) and specific (6). Global trajectometry indexes evaluated the
swimming behavior and inactivity of each larva as it moved in any direction in the tank. Specific trajectometry
indexes evaluated larval swimming behavior at the surface (3) and at the bottom (3) of the tank. Larval speed was
evaluated in both global and specific trajectometry indexes and was obtained from the displacement-length and
-time of each larva recorded.
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Trajectometry indexes Unit
Global

1) Mean displacement-length per larva mm
2) Mean displacement-time per larva s

3) Mean displacement-speed per larva® mm/s
4) Mean number of displacements per larva® count
5) Mean number of times of inactivity per larva® count
6) Mean time of an inactivity interval per larva s

7) Percentage of larvae with spiral displacement %

8) Mean spiral displacement-length per larva mm
9) Mean spiral displacement-time per larva s

10) Mean spiral displacement-speed per larva mm/s
Specific

Surface

11) Mean displacement-length per larva mm
12) Mean displacement-time per larva s

13) Mean displacement-speed per larva® mm/s
Bottom

14) Mean displacement-length per larva mm
15) Mean displacement-time per larva s

16) Mean displacement-speed per larva® mm/s

Table 1. Trajectometry indexes and their units evaluated in displacements and inactivity of Acropora palmata
larvae exposed to five treatments (control, stain, and 25%, 50% and 100% leachates). *In this trajectometry
index, only continuous activity per larva was considered. In other words, the time of inactivity (i.e., at rest

or motionless) of each larva was excluded. "The trajectometry per larva during each video was divided in
displacements. Each displacement included a beginning and an end. When a larva modified its behavior, the
last movement was defined as the end of the displacement, and the next new movement was defined as the
beginning of a new displacement and so on. “Number of times in which a larva was inactive or motionless
during its trajectory.

Frequency of behavioral displacements. The trajectory of each larva was traced to obtain all displace-
ments, but moments of inactivity were also recorded per treatment. Each displacement had a beginning and an
end as explained below. The first movement of each larva was defined as the beginning of a displacement; this
displacement ended when the larva modified its behavior. The end of the previous displacement became the
beginning of the next and ended when the larva, again, modified its behavior. This process was repeated until
the last behavioral change was recorded in the space of 10 min. Each displacement (in any direction) was listed
and classified into one of several types of displacements, according to what the initial and final movements were:
location in the tank, larval swimming direction (surface, bottom, upward and downward), and larval activity
(continuous swimming or spiraled) or inactivity (i.e., motionless). The number of times of each type of displace-
ment per treatment was also recorded. Thus, the frequency of each type of behavioral displacement per treatment
was calculated as: the number of times of each type of larval displacement occurred per treatment divided by the
total number of larvae used per treatment. Each frequency value obtained was assigned to one of three ranks (low,
medium, and high frequency). All the different types of behavioral displacements and their frequencies were
placed in a table and represented in a diagram.

Post-observations. After recording videos, four post-observations were recorded over a period of 20 min
(i.e., at minute 5, 10, 15 and 20) to register the overall activity of larvae in each tank per treatment.

Statistical analyses. Shapiro-Wilk and Levene tests were used to check normality and homogeneity of var-
iances of trajectometry indexes data. For normal and homogeneous data, one-way analyses of variance (ANOVA;
factor: treatment) were performed followed by Tukey post hoc tests. For data that lacked normality and homoge-
neity of variances, Kruskal-Wallis (KW) tests were performed followed by a posteriori test in IBM SPSS Statistics
for Windows version 25 (IBM, Armonk, N.Y.). Additionally, G tests were used to compare the three ranks of all
frequencies of behavioral displacements within each treatment.

Received: 19 November 2019; Accepted: 11 February 2020;
Published online: 03 March 2020

References
1. Hughes, T. P. Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef. Sci. 265, 1547-1551 (1994).
2. Muller, E. M., Rogers, C. S., Spitzack, A. S. & van Woesik, R. Bleaching increases likelihood of disease on Acropora palmata
(Lamarck) in Hawksnest Bay, St John, US Virgin Islands. Coral Reefs 27, 191-195 (2008).
3. Precht, W.E, Gintert, B. E., Robbart, M. L., Fura, R. & van Woesik, R. Unprecedented disease-related coral mortality in southeastern
Florida. Sci. Rep. 6, 31374 (2016).

SCIENTIFIC REPORTS |

(2020) 10:3910 | https://doi.org/10.1038/s41598-020-60864-z


https://doi.org/10.1038/s41598-020-60864-z

www.nature.com/scientificreports/

18.

19.
20.
21.
22.
23.

24.

30.

31.
32.

33.
34,
35.
36.
37.

38.
. Hartmann, A. C., Marhaver, K. L., Chamberland, V. E, Sandin, S. A. & Vermeij, M. J. A. Large birth size does not reduce negative

40.
41.

42.
43.

44,

45.
46.

47.
48.

49.
. Randall, C. J. & Szmant, A. M. Elevated temperature affects development, survivorship, and settlementof the elkhorn coral, Acropora

. Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals. Nature 543, 373-377 (2017).
. Premarathnaa, A. D., Sarvananda, L., Jayasooriya, A. P. & Amarakoon, S. A review on pathogenic diseases on corals associated risk

factors and possible devastations in future in the globe. J. Marine Sci. Res. Dev. 9, 269 (2019).

. Pandolfi, ]. M. et al. Global trajectories of the long-term decline of coral reef ecosystems. Sci. 301, 955-958 (2003).
. Wells, N., Goddard, S. & Hayes, M. J. A self-calibrating palmer drought severity index. J. Climate 17, 2335-2351 (2004).
. Witherington, B., Hirama, S. & Hardy, R. Young sea turtles of the pelagic Sargassum-dominated drift community: habitat use,

population density, and threats. Mar. Ecol. Prog. Ser. 463, 1-22 (2012).

. Wang, M. et al. The great Atlantic Sargassum belt. Sci. 365, 83-87 (2019).
. Rodriguez-Martinez, R. E. et al. Faunal mortality associated with massive beaching and decomposition of pelagic Sargassum. Mar.

Pollut. Bull. 146, 201-205 (2019).

. van Tussenbroek, B. I et al. Severe impacts of brown tides caused by Sargassum spp. on near-shore Caribbean seagrass communities.

Mar. Pollut. Bull. 122,272-281 (2017).

. Vieira, B. R. C,, Pintor, A. M. A, Boaventura, R. A. R,, Botelho, C. M. S. & Santos, S. C. R. Arsenic removal from water using iron-

coated seaweeds. J. Environ. Manage. 192, 224-233 (2017).

. Herrmann, C. et al. Ensiling of seaweed for a seaweed biofuel industry. Bioresour. Technol. 196, 301-313 (2015).

. Milledge, J. J. & Harvey, P. J. Ensilage and anaerobic digestion of Sargassum muticum. J. Appl. Phycol. 28, 3021-3030 (2016).

. Szmant, A. M. & Gassman, N. J. Caribbean reef corals. The evolution of reproductive strategies. Oceanus 34, 11-18 (1991).

. Harrison, P. & Wallace, C. Reproduction, dispersal and recruitment of scleractinian corals. Ecosystems of the World 25: Coral reefs

(ed. Dubinsky, Z.) 133-207 (Elsevier, 1990).

. Vermeij, M. J. A., Fogarty, N. D. & Miller, M. W. Pelagic conditions affect larval behavior, survival, and settlement patterns in the

Caribbean coral Montastraea faveolata. Mar. Ecol. Prog. Ser. 310, 119-128 (2006).

Sammarco, P. W. Larval dispersal and recruitment processes in Great Barrier Reef corals: Analysis and synthesis. In The bio-physics
of marine larval dispersal. Coastal and Estuarine Studies 45 (eds. Sammarco, P. W. & Heron, M. L.) 35-72 (American Geophysical
Union, 1994).

Hartmann, A. C. et al. Crude oil contamination interrupts settlement of coral larvae after direct exposure ends. Mar. Ecol. Prog. Ser.
536, 163-173 (2015).

Epstein, N., Bak, R. P. M. & Rinkevich, B. Toxicity of third generation dispersants and dispersed Egyptian crude oil on red sea coral
larvae. Mar. Pollut. Bull. 40, 497-503 (2000).

Dixson, D. L., Abrego, D. & Hay, M. E. Chemically mediated behavior of recruiting corals and fishes: A tipping point that may limit
reef recovery. Sci. 345, 892-897 (2014).

Denis, V. et al. Can benthic algae mediate larval behavior and settlement of the coral Acropora muricata? Coral Reefs 33, 431-440
(2014).

Humanes, A., Noonan, S. H. C., Willis, B. L., Fabricius, K. E. & Negri, A. P. Cumulative effects of nutrient enrichment and elevated
temperature compromise the early life history stages of the coral Acropora tenuis. PLoS ONE 11, e0161616 (2016).

Vermeij, M. J. A., Smith, J. E., Smith, C. M., Vega Thurber, R. & Sandin, S. A. Survival and settlement success of coral planulae:
Independent and synergistic effects of macroalgae and microbes. Oecologia 159, 325-336 (2009).

. Kuffner, I. B. et al. Inhibition of coral recruitment by macroalgae and cyanobacteria. Mar. Ecol. Prog. Ser. 323, 107-117 (2006).

. Codling, E. A., Plank, M. J. & Benhamou, S. Random walk models in biology. J. R. Soc. Interface 5, 813-834 (2008).

. Szmant, A. M. Reproductive ecology of Caribbean reef corals. Coral Reefs 5, 43-54 (1986).

. van Woesik, R., Lacharmoise, F. & Koksal, S. Annual cycles of solar insolation predict spawning times of Caribbean corals. Ecol. Lett.

9, 390-398 (2006).

. Aronson, R., Bruckner, A., Moore, ., Precht, B. & Weil E. Acropora palmata. The IUCN Red List of Threatened Species 2008:

¢.T133006A3536699 (2008).

Semarnat. Norma Oficial Mexicana NOM-059-SEMARNAT-2010, Proteccién ambiental-Especies nativas de México de flora y
fauna silvestres-Categorias de riesgo y especificaciones para su inclusion, exclusion o cambio-Lista de especies en riesgo. 78 (2010).
Aronson, R. B. & Precht, W. E. White band diseases and the changing face of Caribbean coral reefs. Hydrobiologia 460, 25-38 (2001).
Baums, L. B, Miller, M. W. & Hellberg, M. E. Regionally isolated populations of an imperiled Caribbean coral, Acropora palmata.
Mol. Ecol. 14, 1377-1390 (2005).

Williams, D. E., Miller, M. & Kramer, K. L. Recruitment failure in Florida Keys Acropora palmata, a threatened Caribbean coral.
Coral Reefs 27, 697-686 (2008).

Alcolado, P. M. et al. Efectos de un inusual periodo de alta frecuencia de huracanes sobre el bentos de arrecifes coralinos. Rev. Mar.
Cost. 1,73-93 (2009).

Rodriguez-Martinez, R. E., Banaszak, A. T., McField, M. D., Beltran-Torres, A. U. & Alvarez-Filip, L. Assessment of Acropora
palmata in the Mesoamerican Reef System. PLoS ONE 9, €96140 (2014).

Lirman, D. Fragmentation in the branching coral Acropora palmata (Lamarck): growth, survivorship, and reproduction of colonies
and fragments. J. Exp. Mar. Biol. Ecol. 251, 41-57 (2000).

Albright, R., Mason, B., Miller, M. & Langdon, C. Ocean acidification compromises recruitment success of the threatened Caribbean
coral Acropora palmata. Proc. Natl. Acad. Sci. USA 107, 20400-20404 (2010).

Mora, C., Graham, N. A. J. & Nystrom, M. Ecological limitations to the resilience of coral reefs. Coral Reefs 35, 1271-1280 (2016).

latent effects of harsh environments across life stages in two coral species. Ecology 94, 1966-1976 (2013).

Porto-Hannes, A. I. et al. Population structure of the corals Orbicella faveolata and Acropora palmata in the Mesoamerican Barrier
Reef System with comparisons over Caribbean basin-wide spatial scale. Mar. Biol. 162, 81-98 (2015).

Szmant, A. M. & Meadows, M. G. Developmental changes in coral larval buoyancy and vertical swimming behavior: implications
for dispersal and connectivity. Proc. 10th Int. Coral Reef Symp. 1, 431-437 (2006).

Raimondi, P. T. & Morse, A. N. C. The consequences of complex larval behavior in a coral. Ecology 81, 3193-3211 (2000).
Goodbody-Gringley, G. et al. Toxicity of deepwater horizon source oil and the chemical dispersant, Corexit® 9500, to coral larvae.
PLoS ONE 8, e45574 (2013).

Gleason, D. F, Edmunds, P. J. & Gates, R. D. Ultraviolet radiation effects on the behavior and recruitment of larvae from the reef
coral Porites astreoides. Mar. Biol. 148, 503-12 (2005).

Leys, S. P. & Degnan, B. M. Cytological basis of photoresponsive behavior in a sponge larva. Biol. Bull. 201, 323-338 (2001).

Elliott, G. R. D, Macdonald, T. A. & Leys, S. P. Sponge larval phototaxis: a comparative study. Boll. Mus. Ist. Biol. Univ. Genova 68,
291-300 (2004).

Mokady, O., Bonar, D. B., Arazi, G. & Loya, Y. Spawning and development of three coral associated Lithophaga species in the Red
Sea. Mar. Biol. 115, 245-252 (1993).

Stake, J. L. & Sammarco, P. W. Effects of pressure on swimming behavior in planula larvae of the coral Porites astreoides (Cnidaria,
Scleractinia). J. Exp. Mar. Biol. Ecol. 288, 181-201 (2003).

Larsson, A. I. et al. Embryogenesis and larval biology of the cold-water coral Lophelia pertusa. PLoS ONE 9, 102222 (2014).

palmata (Lamarck 1816). Biol. Bull. 217, 269-282 (2009).

SCIENTIFIC REPORTS |

(2020) 10:3910 | https://doi.org/10.1038/s41598-020-60864-z


https://doi.org/10.1038/s41598-020-60864-z

www.nature.com/scientificreports/

51. Birrell, C. L., McCook, L. J., Willis, B. L. & Harrington, L. Chemical effects of macroalgae on larval settlement of the broadcast
spawning coral Acropora millepora. Mar. Ecol. Prog. Ser. 362, 129-137 (2008).

52. Atchison, G. J., Henry, M. G. & Sandheinrich, M. B. Effects of metals on fish behavior: A review. Envir. Biol. Fish. 18, 11-25 (1987).

53. Chan, K. Y. K, Griinbaum, D. & O’Donnell, M. J. Effects of ocean-acidification-induced morphological changes on larval swimming
and feeding. J. Exp. Biol. 214, 3857-67 (2011).

54. Gosselin, L. A. & Qian, P. Y. Juvenile mortality in benthic marine invertebrates. Mar. Ecol. Prog. Ser. 146, 265-282 (1997).

55. Alvarez-Filip, L., Carricart-Ganivet, J. P., Horta-Puga, G. & Iglesias-Prieto, R. Shifts in coral-assemblage composition do not ensure
persistence of reef functionality. Sci. Rep. 3, 3486 (2013).

56. Alvarez-Filip, L., Dulvy, N. K., Gill, J. A., Coté, I. M. & Watkinson, A. R. Flattening of Caribbean coral reefs: region-wide declines in
architectural complexity. Proc. R. Soc. Biol. Sci. Ser. B. 276, 3019-3025 (2009).

57. CONABIO. Dos décadas de historia 1992-2012. (eds. Sarukhan-Kermez, J. & Seco-Mata, R. M.) 47-48 (Redacta, S. A. de C. V., 2012).

58. Arias-Gonzalez, J. E., Nufiez-Lara, E., Rodriguez-Zaragoza, F. A. & Legendre, P. Reef scape proxies for the conservation of Caribbean
coral reef biodiversity. Cienc. Mar. 37, 87-96 (2011).

Acknowledgements

We thank the staff of the XCARET Aquarium for providing work facilities; H. Bahena-Basave at ECOSUR
for photographs and video recordings; V.M. Rodriguez-Cervantes for aerial photographs; F.J. Davalos-
Gutiérrez for elaboration of small tanks in the optical laboratory at CICESE; and J. Flavell and B.]J. Jacobson
for editorial assistance. We would also like to thank A. Banaszak, from the laboratory of Integral Research for
Reefs Conservation (Coralium), Universidad Auténoma de México (UNAM), and her institutional project
“Reproduction of corals of massive spawning” (#608; collecting permit: SGPA/DGVS/005042/18). This study
is part of the project “Turf algal effects on early life stages of the reef-building coral Orbicella annularis in the
Mexican Caribbean” (CONACYT Ciencia Basica 2015 # 257855). F.A.-M. was supported by CONACYT with
MSc scholarship (CVU 778736). N.P.C.-N. thanks to CONACYT for two years (September 2016-August 2018)
of postdoctoral fellowship (CB 2015/257855-24850). This study was funding by CONACYT (project # 257855),
XCARET Aquarium and personal funds (N.P.C.-N., A.V.-Z.). In memoriam to Julio Espinoza-Avalos.

Author contributions

J.E.-A., N.P.C.-N. and Y.H. conceived the study. N.P.C.-N., A.V.-Z,, EA.-M., A.I.C.-F. and R.R.-F. accomplished
the fieldwork and laboratory work. EA.-M., N.P.C.-N. and Y.H. analysed the data. N.P.C.-N., EA.-M., Y.H,,
A.V.-Z., ALC.-F, and R.R.-F wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/541598-020-60864-z.

Correspondence and requests for materials should be addressed to N.P.C.-N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:3910 | https://doi.org/10.1038/s41598-020-60864-z


https://doi.org/10.1038/s41598-020-60864-z
https://doi.org/10.1038/s41598-020-60864-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Leachate effects of pelagic Sargassum spp. on larval swimming behavior of the coral Acropora palmata

	Results

	Global and specific trajectometry indexes. 
	Global trajectometry indexes. 
	Specific trajectometry indexes. 

	Frequency of behavioral displacements. 
	Post-observations. 
	Control. 
	Stain. 
	25% leachates. 
	50% leachates. 
	100% leachates. 


	Discussion

	Materials and Methods

	Study area. 
	Elaboration of coral larvae tanks and substrates. 
	Sample collection. 
	Coral embryos and larvae culture. 
	Leachate preparation. 
	Experimental design. 
	Global and specific trajectometry indexes. 
	Frequency of behavioral displacements. 
	Post-observations. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Schematic profile at Punta Venado, Quintana Roo, Mexico.
	Figure 2 Global indexes evaluated through five treatments (control, stain, and 25%, 50% and 100% leachates) in Acropora palmata larvae: (A) Mean displacement-length, (B) mean displacement-time, and (C) mean displacement-speed per larva.
	Figure 3 Global behavior indexes of coral larvae evaluated in five treatments (control, stain, and 25%, 50% and 100% leachates): (A) Mean number of displacements, (B) mean number of times of inactivity, and (C) mean time of an inactivity interval per larv
	Figure 4 The four trajectometry indexes used to evaluate spiral movement in Acropora palmata larvae exposed to five treatments (control, stain, and 25%, 50% and 100% leachates).
	Figure 5 Specific trajectometry indexes per larva of Acropora palmata swimming at the surface (A–C) and at the bottom (D–F) of the tank exposed to five treatments (control, stain, and 25%, 50% and 100% leachates) (A,D) Mean displacement-length per larva.
	Figure 6 Schematic representation in the tank of the frequency of behavioral displacements of Acropora palmata larvae exposed to five treatments (control, stain, and 25%, 50% and 100% leachates).
	Figure 7 Experimental design to evaluate larval swimming behavior through five treatments (control, stain, and 25%, 50% and 100% leachate concentrations).
	Table 1 Trajectometry indexes and their units evaluated in displacements and inactivity of Acropora palmata larvae exposed to five treatments (control, stain, and 25%, 50% and 100% leachates).




