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Grazing effects of sea urchin
Diadema savignyi on algal
abundance and coral recruitment
processes

Viet Do Hung Dang®%3*%, Chia-Ling Fong?, Jia-Ho Shiu® & Yoko Nozawa?3*

Herbivores control algae and promote coral dominance along coral reefs. However, the majority of
previous studies have focused on herbivorous fish. Here we investigated grazing effects of the sea
urchin Diadema savignyi on algal abundance and coral recruitment processes. We conducted an in situ
cage experiment with three density conditions of D. savignyi (0, 8, 16 indiv. m~2) for three months
during the main coral recruitment season in Taiwan. Results demonstrated a strong algal control by D.
savignyi. At the end of the experiment, average algal cover was 95% for 0 indiv. m™2, compared to 47%
for 8 indiv. m~2 and 16% for 16 indiv. m~2. Average algal biomass at 8 indiv. m~2 declined by one third
compared to 0 indiv. m~2 and almost zero at 16 indiv. m~2. On the other hand, a negative grazing effect
of D. savignyi was observed on coral recruitment processes. Notably, at 16 indiv. m™%, the density of
coral recruits declined and mortality of small coral fragments (proxy of coral juveniles) increased. Our
results confirm findings of previous studies and indicate the need to balance both positive (strong
algal control) and negative (physical damage) influences of Diadema grazing to facilitate the coral
recruitment process.

As the global decline in coral reefs becomes more evident!~, the significance of our knowledge concerning
factors contributing to coral resilience increases®. Traditionally, the interaction between three key functional
groups; herbivores, algae and corals, is considered as a key component of coral recovery, in addition to other
threats to coral reefs such as pollution, disease, and coral bleaching'~>. Herbivores control algae, algae compete
with corals for space and corals help form an appropriate structure for herbivores to live on®’. However, along
many contemporary coral reefs, anthropogenic activities have distorted the healthy balance of these interactions
(i.e., overfishing of herbivores and eutrophication favoring the proliferation of algae), which in turn hinder coral
recovery after mortality events’. Therefore, ecological models on such interactions indicate that algal control
is key to the recovery of coral populations via recovering herbivore assemblages and controlling land-based
nutrient inputs”®. Algal regulation via herbivory has been intensively studied in the Caribbean, along the Great
Barrier Reef and in Kenya; mostly focusing on herbivorous fishes>*-'%. As a result, our current knowledge on
algal control by herbivores is biased in terms of regions and taxa. Only a limited number of such studies originate
from outside these regions, despite variation in coral reef ecosystems'. In particular, far less attention has been
paid to non-fish herbivores, e.g., sea urchins and gastropods (except Diadema antillarum in the Caribbean).

To examine the effect of herbivores on algae, the majority of previous studies are in the form of exclu-
sion cage experiments, where comparisons between ambient herbivory vs. non-herbivory conditions were
observed”!*!1216-18 ‘While such experiments can provide useful presence/absence data, there are two main disad-
vantages in comparison to inclusion cage experiments. Firstly, the influence of non-target herbivore taxa cannot
be well-controlled or documented. Secondly, this approach cannot examine a level of herbivory higher than the
ambient level. This is necessary to understand optimal levels of herbivory to control algae, which is often higher
than the ambient level on many overfished coral reefs today’.
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Figure 1. (a) Study location of the inclusion cage experiment at Nanwan bay, Kenting, Southern Taiwan. The
area enclosed by the dashed line indicates Kenting National Park. The map was created using the package, maps
ver. 3.3.0 with the software, R ver. 3.6.1 (https://www.rdocumentation.org/packages/maps/versions/3.3.0). (b,c)
Image of the inclusion cage experiment: (b) two of the five experimental cage groups, each consisting of three
cages for three D. savignyi density conditions on the top of plastic container base; (c) close-up of two cages with
8 indiv. m? (right) and 16 indiv. m~? conditions (left) of D. savignyi. Each cage had 12 experimental terracotta
plates (10 cm x 10 cm) fixed on the mesh bottom.

Diadema is a cosmopolitan genus of sea urchin, widely distributed globally from temperate to tropi-
cal waters'. As Diadema species often form a dense population, they are considered ecologically important
herbivores®. The best example is D. antillarum, that was dominant across the Caribbean pre-1980s, playing a
central role in algal control®'. The sudden decline of D. antillarum was the result of an outbreak of disease in
1983-1984, leading to algal blooms due to low functional redundancy of grazers; a consequence of overfishing
herbivorous fishes. This hampered coral recovery and a phase shift from a coral-dominant to algal-dominant state
occurred along many Caribbean reefs?"*?. Interestingly, other Diadema species are still predominantly considered
as noxious bioeroders that damage coral reefs by their destructive grazing activities'®?*-%.

In our previous studies, we found that Diadema sea urchins were the dominant herbivore in southern Taiwan
and that Diadema density positively correlated with juvenile coral density and coral recovery®. These findings
motivated us to examine the effect of Diadema grazing on algal control and the coral recruitment process, as a
primary driver of the observed correlations. Accordingly, in this study, we conducted an inclusion cage experi-
ment, using the locally dominant Diadema species, D. savignyi, in southern Taiwan. Algal abundance, coral
recruit density and growth and the survival of small coral fragments (proxy of coral juveniles) were examined
under three density conditions of D. savignyi (0, 8, 16 indiv. m™2).

Materials and methods

Cage experiments were conducted from March to June 2019 in Kenting, southern Taiwan (Fig. 1a). The study site
was located in Kenting National Park where 235 species of hard coral (scleractinians) have been documented?’.
The study area was at 12 m depth, consisting of hard substrata and a sandy bottom on which experimental cages
were affixed (Fig. 1b). The experimental period covered the major coral recruitment season (March to June)
estimated at the study location?®. Seawater temperature was recorded using Hobo data-loggers (HOBO Pendant
Temperature/Light 64 K Data Logger; Onset Computer Corporation, Bourne, MA, USA).

In the cage experiment, we used three density conditions of sea urchins (0, 8, 16 indiv. m™2) and examined
algal abundance, coral recruitment and growth and the survival of small coral fragments that were used as a
proxy for coral juveniles. Experimental cages (L x W x H: 60 x 40 x 25 cm) were created using PVC pipes and
plastic mesh (mesh hole size of 5 cm) (Fig. 1c). Three experimental cages corresponding to the three density
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conditions were grouped and fixed on a foundation made from plastic containers (L x W x H: 120 x 80 x 50 cm)
that were attached on the sandy bottom using 1-m iron pegs (Fig. 1b). Five groups of experimental cages were
established as replicates at a distance of ca. 2-5 m from each other.

Twelve terracotta plates (10 cm x 10 cm) were fixed on the bottom of each experimental cage using under-
water epoxy; three plates for algae, six plates for coral recruits and three plates for coral fragments (Fig. 1c).
For algae and coral fragments, plates with plane surfaces were used. For coral recruits, plates with plane and
grooved surfaces (14 grooves per surface; groove size: 4 mm wide x 100 mm long x 2 mm deep) were paired
and used to examine the effect of surface structure on coral recruits under sea urchin grazing'>*. All plates and
plate pairs were randomly deployed on the cage bottom. Three coral species were selected for coral fragments:
fast-growing and branching coral Acropora solitaryensis, fast-growing and encrusting coral Montipora undata,
and slow-growing massive coral Porites sp.*’. For each species, three small fragments (ca. 2-3 cm in diameter)
were collected from five different donor colonies at the study site and introduced into the three density condi-
tion cages in each of the five groups (i.e., n=5 fragments from different colonies per density condition). Coral
fragments were fixed on separate plates using super glue.

Prior to the experiment, cages were setup and maintained at the study site for two months (January and
February 2019) without sea urchins, to biologically condition terracotta plates for coral recruits and gain some
algae on plate surfaces for initial food for sea urchins. When the experiment commenced in March, sea urchins
were introduced into cages which were then sealed with plastic mesh. Locally dominant sea urchins D. savignyi
were collected at the study site (the test diameter of 5.2-6.3 cm) and used in the experiment. Three experimental
cages in each cage group were randomly allocated for the three density conditions. Zero, one and two D. savignyi
individuals were then introduced into each experimental cage. As the bottom of experimental cages were plastic
mesh and had many gaps (Fig. 1c), we considered the total surface area of 12 plates (0.12 m?) as a hard substrate
where D. savignyi could mainly graze in each cage. Therefore, for zero, one, and two D. savignyi conditions, we
calculated the D. savignyi density as approximately 0, 8, and 16 indiv. m™, respectively. Sea urchin density was
monitored and experimental cages were cleaned each month during the experimental period. When any sea
urchin escaped or died, it was replaced with a new one (Supplementary Table S1).

In each experimental cage, algal cover (macroalgae and turf algae) on three algal plates and the survival and
growth of coral fragments were monitored monthly by photographic images. Total algal cover (%) on the three
algal plates was estimated by the CPCe method, with 50 random points overlaid per plate using the CPCe v 4.0
software’!. Growth of each fragment was estimated by measuring the planar increment (or decrement) of coral
tissue area from photographic images using ImageJ v1.31 software®2. The relative growth rate of each fragment
was calculated by dividing the increased (or decreased) tissue area over the 3-month experimental period by
the initial tissue area.

At the end of the 3-month experiment, we collected three algal plates and three plate pairs (plane and grooved)
for coral recruits from each experimental cage to examine algal biomass (dry weight) and coral recruit density in
the laboratory. After gently rinsing with tap water to remove sand and sediment, algae on each plate were dried
in an oven at 60 °C for over 48 h, scraped off and weighed on an electric scale. The sum of algal dry weight from
the three algal plates was used for the analysis. Plates for coral recruits were soaked in a 10% bleach solution for
48 h to remove soft-tissue benthos from the plate surface, dried under sunlight, and examined for coral recruits
under a stereomicroscope. Coral recruits were identified to the family level according to Babcock et al.*>.

To deal with non-normality of data and the randomized block design in the experiment, we used generalized
linear models (GLMs) to examine the effect of D. savignyi density on algal cover, algal biomass, coral recruit
density and growth of coral fragments. Cage groups and plates on which algal cover was monitored (monthly)
were initially considered as random factors, but treated as fixed factors in the GLMs because of the low replica-
tion number (n=>5)*. In GLM:s for algal cover, binomial distribution with the logit link function was used for the
original CPCe data, where the number of random points overlapped with algae was counted on the photographic
image. Sea urchin density and time (month) after the start of experiment were incorporated as fixed factors. In
GLMs for algal biomass, gamma distribution with the inverse link function were used. In GLMs for coral recruits,
poisson distribution and the log link function were used. Coral recruits on plane surface plates were analyzed
with a zero-inflated poisson model to deal with an excess zero counts in the data. For the GLM for growth of
coral fragments, a gamma distribution with the inverse link function were used for a created variable of absolute
growth per unit area (value range — 1 to o), plus one to cancel out negative values for a gamma distribution. For
these GLMs, sea urchin density and cage groups were incorporated as fixed factors. For coral recruits on grooved
surface plates, coral taxa were additionally incorporated as a fixed factor in the GLM, to examine the interaction
effect with sea urchin density. Overdispersion in the binomial and poisson GLMs was fixed using the quasi-
likelihood approach®. The GLMs were analyzed by likelihood ratio tests to examine any statistical significance
(p<0.05) of fixed factors. When a significance was detected, a post-hoc test (Turkey’s HSD) based on the fitted
GLM was conducted for pairwise comparisons. All statistical analyses were done in R ver. 3.6.1 software®, with
the glm function of Ime4 ver. 1.1-21 package for constructing GLMs, the glm.binomial.disp function of dispmod
ver. 1.2 package for fixing overdispersion, the zeroinfl function of pscl ver. 1.5.5 package for constructing the
zero-inflated poisson model, the Anova function of car ver. 3.0-7 package for the test of deviance, and the glht
function of multcomp ver. 1.4-13 package for the post-hoc test.

Results

During the 3-month experiment, the weather was calm and seawater temperature was 26.9+ 1.2 °C (mean + SD).
There were two sea urchins that died, two escaped and one moved into another cage due to a mesh breakage
(Supplementary Table S1). These cases happened once in two cages and twice in two cages. In each case, the sea
urchin density was restored to the original density within 1 month.
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Figure 2. The effect of three density conditions of Diadema savignyi on algal cover during the 3-month
inclusion cage experiment. Average + SE are shown. Stars indicate statistical significance at p <0.01 (**) and
p<0.001 (***); (a) between the three density conditions from the 1st to 3rd month, (b) between 8 and 16 indiv.
m™ at the 1st month and between the three density conditions at the 2nd and 3rd month, and (c) between the
three density conditions at the 1st month. Datapoints were slightly shifted horizontally to avoid overlapping.

Total algal cover changed among the three density conditions of D. savignyi (Tukey’s HSD, p <0.001; Fig. 2a).
In the 0 indiv. m™? condition, algal cover slightly increased from initially 73 to 95% on average over the 3-month
experimental period. For the 8 indiv. m™ condition, average algal cover declined gradually from an initial 73
to 40% by the 2nd month and remained at 47% by the 3rd month. In the 16 indiv. m™ condition, average algal
cover dropped from 82 to 20% by the 1st month and remained at a low cover from thereon; 5% in the 2nd month
and 16% in the 3rd month. When the total algal cover was separated into two algal types, turf algae and macroal-
gae, turf algae dominated plate surfaces (Fig. 2b), while the seasonal peak of macroalgae, mainly Colpomenia sp.
was observed once in the 1st month (April) in the 0 indiv. m~? condition (57% on average) and the 8 indiv. m™>
condition (17%) (Tukey’s HSD, p <0.001, respectively; Fig. 2c, Supplementary Fig. S1).

Algal biomass at the end of the 3-month experiment was significantly lower at higher density conditions of
D. savignyi (Fig. 3). The average algal biomass in the 8 indiv. m~? condition (0.5 g 100 cm™2) was one third of that
in the 0 indiv. m~2 condition (1.5) and was close to zero in the 16 indiv. m™2 condition (0.02).

A total of 101 coral recruits were recorded on plates with grooved surfaces, whereas only 9 coral recruits were
found on plates with plane surfaces at the end of the 3-month experiment. On grooved surfaces, coral recruit
density at 0 indiv. m= (average: 2.9 indiv. 100 cm™) and 8 indiv. m™* (3.1 indiv. 100 cm™) were similar and sig-
nificantly higher than that in 16 indiv. m™ (0.8 indiv. 100 cm™%; Turkey’s HSD, p<0.01) (Fig. 4a). The dominant
family of coral recruits was Poritidae (53.6%), followed by Pocilloporidae (27.3%). No interaction effect was
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Figure 3. The effect of three density conditions of Diadema savignyi on algal biomass at the end of the 3-month
experiment. Average + SE are shown. Stars denote statistical significance at p <0.05 (*) and p<0.001 (***).
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Figure 4. The effect of the three density conditions of Diadema savignyi on coral recruitment density (a) on
grooved surface plates and (b) plane surface plates at the end of 3-month experiment. Average + SE are shown.
Stars denote statistical significance at p<0.05 (*) and p <0.01 (**). No coral recruits occurred on plane plates in
the 16 indiv. m™ condition.

detected between the sea urchin density conditions and the coral recruit taxa (likelihood ratio test, p=0.92). Most
coral recruits were observed within the grooves of plates, irrespective of density of D. savignyi. On plane surfaces,
coral recruit densities were much lower and appeared to be more strongly affected by the D. savignyi density
condition compared with that of grooved surfaces (Fig. 4b). The highest average density of coral recruits was
recorded at 0 indiv. m™2 (0.47 indiv. 100 cm™2), followed by 8 indiv. m™2 (0.13 indiv. 100 cm ™), although this dif-
ference was not statistically significant (Turkey’s HSD, p>0.05). In 16 indiv. m™%, no coral recruits were observed.

During the 3-month experiment, all fragments survived in the 0 indiv. m~ condition, except for one fragment
of A. solitaryensis. In the 8 indiv. m™? condition, fragments of M. undata were affected most and all fragments died
by the 3rd month. In the 16 indiv. m~? condition, all fragments of M. undata died by the 1st month and three of
five fragments of A. solitaryensis died by the end of 3-month experiment, whereas four of five Porites fragments
still survived at the 3rd month. Mortality of coral fragments are summarized in Table 1.
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Sea urchin density ‘ 1stM ‘ 2nd M ‘ 3rd M

Acropora solitaryensis

0 0 0 1

8 0 0 0

16 1 3 3

Montipora undata

0 0 0 0

8 0 2 5

16 5 - -

Massive Porites sp.

0 0 0 0
8 0 0 1
16 0 1 1

Table 1. Coral fragment mortality. The table presents the cumulative number of dead coral fragments

(n=5 replicates) in each Diadema savignyi density condition (indiv. m?) by the 1st, 2nd and 3rd month
observations. Horizontal bars in M. undata indicate the termination of observation due to 100% mortality by
the 1st month.

Growth of coral fragments at the end of the 3-month experiment were compared between the density con-
ditions of D. savignyi for each species (Supplementary Fig. S2). Due to the high mortality, growth rates of M.
undata and A. solitaryensis fragments in 16 indiv. m~? were not included in the analysis. For A. solitaryensis, no
significant difference was found between 0 and 8 indiv. m2 (Turkey’s HSD, p=0.72). For massive Porites sp., a
significantly higher growth rate was detected in 8 indiv. m™ compared to 16 indiv. m~* (Turkey’s HSD, p <0.05).

Discussion

This study investigated the grazing effects of the sea urchin D. savignyi on algal abundance and coral recruitment
processes using an inclusion cage experiment. Results demonstrated strong algal control by D. savignyi. On the
other hand, coral recruitment processes were clearly negatively influenced at the highest density condition (16
indiv. m™2), with lower recruitment rates and higher mortality of small coral fragments (proxy for coral juve-
niles). While the strong algal control would facilitate the coral recruitment process and aid coral dominance, the
negative impact of destructive grazing by D. savignyi supports previous studies'>'®*”3%, and indicates the need
for density control when considered for coral reef management.

Effect of Diadema grazing on algal control. The majority of information regarding the effects of sea
urchin grazing on algal control along coral reef ecosystems comes from D. antillarum in the Caribbean'*-*,
This is because historically, D. antillarum was the dominant herbivore in the Caribbean due to overfishing of
other macro-herbivores®. Elimination and exclusion studies of D. antillarum demonstrated the strong algal
control by D. antillarum, with significant increases in algal abundance within several months after the start
of the experiment!'**-*14, Subsequent die-offs of D. antillarum in 1983-1984 caused an algal-dominant state
post-1983 on many Caribbean coral reefs, which further highlighted its important role in algal control along the
reefs?2, For other Diadema species, only some limited information is available for D. sefosum and D. savignyi in
Kenya!*1#4647 and D. setosum in the Red Sea**->. Although these studies examined the effects of Diadema graz-
ing together with other coinhabiting herbivores in the field, the results generally support the strong capability of
algal control by Diadema species.

While the effect of Diadema grazing on algal control has become apparent, the effective density of Diadema
on algal control has not been well-explored. Such information would be best examined by in situ sea urchin
inclusion cage experiments’. However, only a limited number of inclusion cage studies of sea urchins have been
done for coral reef ecosystems'*"**, Sammarco'"*! examined four densities of D. antillarum (0, 4, 16, 64 indiv.
m™2) at Discovery Bay, Jamaica. The author observed that algal biomass at the two highest densities was nearly
zero, whereas at 4 indiv. m~* was similar to that at the 0 indiv. m. Carpenter*® examined the effect of D. antil-
larum grazing at a density of 4.9 indiv. m™ at St. Croix, Virgin Islands. He found that the density significantly
reduced algal biomass to approximately one quarter of that in the herbivore exclusion condition. In the present
study, D. savignyi densities of 8 and 16 indiv. m™ opened free space of approximately 50% and 80%, reducing
algal biomass to one third of that in 0 indiv. m™ and nearly zero, respectivly. Although not in a coral reef area,
Ishikawa et al.*! examined five densities of D. setosum (0, 1, 2, 4, 8 indiv. m~2) at Haidaura Bay, central Japan
(33°N). Results of algal cover indicated approximately a 50% reduction in 1 and 2 indiv. m~ conditions and nearly
a 100% reduction in 4 and 8 indiv. m™ conditions. Algal biomass was reduced to one tenth in 1 and 2 indiv. m™?
conditions and nearly zero in 4 and 8 indiv. m™? conditions. As seen in these four studies, the results indicate
a high variation in effective Diadema densities on algal control among cases. This is likely owing to differences
in local conditions (e.g., nutritional and physical environment and algal assemblage) and examined Diadema
species, suggesting that it may be necessary to examine effective Diadema density at each location, which may
also vary with time as local conditions change.
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Effects of Diadema grazing on coral recruitment process. Sea urchin grazing exerts both positive
and negative influences on coral recruitment processes, via the removal of algal competitors and its destructive
nature! 18375253 Therefore, the gross effect of sea urchin grazing on coral recruitment processes should be deter-
mined by its net positive and net negative effects, which may vary depending on sea urchin species and density,
coral taxa, and structural complexity of substrate surface!!"1837°254-5¢,

Regarding the effect of Diadema density on the coral recruitment process, information is scarce due to a lack
of density manipulation experiments. Specifically, for Diadema sea urchins, Sammarco!! was the only study,
besides the present study, that examined the effect of density on coral recruitment processes. The author found
optimal conditions for survival and growth of coral recruits at the intermediate densities of D. antillarum, espe-
cially at 4 indiv. m™2. In the present study, the negative effect of D. savignyi grazing was limited in the 8 indiv. m
condition, while D. savignyi grazing was clearly detrimental in the 16 indiv. m™ condition. Field observational
studies have reported that populations of D. antillarum (1.7-8.9 indiv. m?) in the Caribbean created algal free
zones where the density of juvenile corals was up to 11-fold higher than surrounding algal zones*****”. Col-
lectively, the current limited information suggests that, while causing some negative impacts, the maximum
Diadema density of < ~ 8 indiv. m™ would benefit coral recruitment processes, controlling algae and enhancing
coral juvenile density.

There is some information available on species-specific responses of coral recruits to Diadema grazing, mostly
on D. antillarum in the Caribbean'****%". Sammarco!! found that, among three dominant genera of coral juve-
niles, Favia fragum were most susceptible, with rapidly decreasing density in higher D. antillarum densities in
comparison with Agaricia spp. and Porites spp. Carpenter and Edmunds®® reported that recovered populations
of D. antillarum (1.7-8.9 indiv. m™2) were associated with high densities of juvenile corals, mostly Agaricia spp.
and Porites spp., but were rarely associated with certain coral genera, e.g. Acropora and Montastraea, resulting
in the reduction of generic diversity of coral juveniles in D. antillarum zones. Idjadi et al.”” recorded the highest
growth rates of juvenile corals in Porites spp. in the recovered population of D. antillarum (2.7-4.1 indiv. m™?) in
Jamaica. Davies et al.>* observed that growth rates of Agaricia recruits declined, whereas that of Porites recruits
did not change in D. antillarum inclusion cages. In the present study, M. undata was the most susceptible with no
survivors in D. savignyi inclusion cages, followed by A. solitaryensis that survived only in 8 indiv. m™2, whereas
massive Porites sp. mostly survived. These results demonstrate inter-species variation in the effects of Diadema
grazing during the early life-history stages of corals. Recruits and juveniles of some coral taxa, e.g. Porites, appear
to thrive under Diadema grazing, while others, e.g. E fragum, performed better without Diadema grazing, coin-
habiting with algae. The inter-species variation may relate to their life-history strategies, e.g. growth-speed to
attain refuge size from grazing damage and a tolerance to algal competitors****. In nature, the negative effect
of Diadema grazing could be mitigated by substrate complexity!"? and variation in densities of Diadema sea
urchins that create a gradient of Diadema grazing intensity along habitats.

Previous studies found that complex surface structure of substrata is important in providing refuge space for
coral recruits from the destructive grazing of herbivores, enhancing their survivorship, while benefiting from the
removal of algal competitors'*27%. The results of the present study confirm this finding, where coral recruits
mostly occurred in the grooves of plates in Diadema inclusion cages. Interestingly, the groove structure (4 mm
wide and 2 mm deep) appeared not to be an effective refuge against Diadema grazing at 16 indiv. m™2, resulting
in the decline of overall coral recruitment. Although the number of coral recruits on plane plates was much lower
compared to grooved plates even at 0 indiv. m™, this could be explained by the occurrence of shaded areas on the
grooved plate surface, created by the grooves where less algae grew and most coral recruits occurred. Whereas
the plane plate surface, which was mostly covered by algae, prevented settlement of coral larvae'?.

Conclusions

The present study confirms the findings of previous studies and elucidates both the positive (strong algal control)
and negative (physical damage) influence of Diadema grazing on the coral recruitment process. As the positive
influence of algal removal would be simply a function of Diadema density, we may need to focus more on the
Diadema density that minimizes the negative influence of Diadema grazing to determine the optimal density
for the coral recruitment process. To this end, future studies should explore the effective Diadema density in
a lower density range (i.e. <4-8 indiv. m~?) than the present and previous studies employed or reported. The
available information suggests that the optimal Diadema density would vary among locations and probably time,
depending on environmental conditions (e.g., nutrition, algal taxa, sedimentation and temperature). Therefore,
when considering the use of Diadema grazing for algal control to promote coral recruitment, careful assess-
ment of densities needs to be involved in management decisions to ensure that the optimal density of Diadema
is maintained. Promising results have been reported from initial studies that employed sea urchin grazing to

control algae on coral reefs in Jamaica and Hawaii®"%%,

Received: 23 June 2020; Accepted: 12 November 2020
Published online: 23 November 2020

References
1. Pandolfi, J. M. et al. Global trajectories of the long-term decline of coral reef ecosystems. Science 301, 955-958 (2003).
2. Bruno, J. F. & Selig, E. R. Regional decline of coral cover in the Indo-Pacific: timing, extent, and subregional comparisons. PLoS
ONE 2, e711 (2007).
3. Gardner, T. A., Coté, I. M., Gill, J. A., Grant, A. & Watkinson, A. R. Long-term region-wide declines in Caribbean corals. Science
301, 958-960 (2003).
4. Hughes, T. P. et al. Spatial and temporal patterns of mass bleaching of corals in the Anthropocene. Science 359, 80-83 (2018).

Scientific Reports |

(2020) 10:20346 | https://doi.org/10.1038/s41598-020-77494-0 nature research



www.nature.com/scientificreports/

10.
. Sammarco, P. W. Diadema and its relationship to coral spat mortality: grazing, competition, and biological disturbance. J. Exp.

12.
13.
14.

15.
16.

17.
18.
19.

20.
21.

22.
23.

24.
25.
26.

27.
. Dai, C. E, Soong, K. & Fan, T. Y. Sexual reproduction of corals in northern and southern Taiwan. In Proceedings of the 7th Inter-

29.
. Darling, E. S. et al. Evaluating life-history strategies of reef corals from species traits. Ecol. Lett. 15, 1378-1386 (2012).
31.

32.
33.

34.

35.
36.

37.
38.
39.
40.
41.
42.

43.
44,

45.
46.

47.
48.
49.
50.

51.

. Hughes, T. P, Graham, N. A,, Jackson, J. B., Mumby, P. J. & Steneck, R. S. Rising to the challenge of sustaining coral reef resilience.

Trends Ecol. Evol. 25, 633-642 (2010).

. Bellwood, D. R., Hughes, T. P, Folke, C. & Nystrom, M. Confronting the coral reef crisis. Nature 429, 827-833 (2004).
. Mumby, P. & Steneck, R. Coral reef management and conservation in light of rapidly evolving ecological paradigms. Trends Ecol.

Evol. 23, 555-563 (2008).

. Graham, N. A. et al. Managing resilience to reverse phase shifts in coral reefs. Front. Ecol. Environ. 11, 541-548 (2013).
. Adam, T. C,, Burkepile, D. E., Ruttenberg, B. I. & Paddack, M. J. Herbivory and the resilience of Caribbean coral reefs: knowledge

gaps and implications for management. Mar. Ecol. Prog. Ser. 520, 1-20 (2015).
Hughes, T. P. et al. Phase shifts, herbivory, and the resilience of coral reefs to climate change. Curr. Biol. 17, 360-365 (2007).

Mar. Biol. Ecol. 45, 245-272 (1980).

Arnold, S. N, Steneck, R. S. & Mumby, P. J. Running the gauntlet: inhibitory effects of algal turfs on the processes of coral recruit-
ment. Mar. Ecol. Prog. Ser. 414, 91-105 (2010).

Humpbhries, A., McClanahan, T. & McQuaid, C. Differential impacts of coral reef herbivores on algal succession in Kenya. Mar.
Ecol. Prog. Ser. 504, 119-132 (2014).

O’Leary, J. K. & McClanahan, T. R. Trophic cascades result in large-scale coralline algae loss through differential grazer effects.
Ecology 91, 3584-3597 (2010).

Roff, G. & Mumby, P. ]. Global disparity in the resilience of coral reefs. Trends Ecol. Evol. 27, 404-413 (2012).

Webster, F. J., Babcock, R. C., Van Keulen, M. & Loneragan, N. R. Macroalgae inhibits larval settlement and increases recruit
mortality at Ningaloo Reef, Western Australia. PLoS ONE 10, 0124162 (2015).

Smith, J. E., Hunter, C. L. & Smith, C. M. The effects of top-down versus bottom-up control on benthic coral reef community
structure. Oecologia 163, 497-507 (2010).

O’Leary, J. K., Potts, D., Schoenrock, K. M. & McClahanan, T. R. Fish and sea urchin grazing opens settlement space equally but
urchins reduce survival of coral recruits. Mar. Ecol. Prog. Ser. 493, 165-177 (2013).

Lessios, H., Kessing, B. & Pearse, J. S. Population structure and speciation in tropical seas: global phylogeography of the sea urchin
Diadema. Evolution 55, 955-975 (2001).

Muthiga, N. & McClanahan, T. Ecology of Diadema. Dev. Aquacul. Fish. Sci. 37, 205-225 (2007).

Lessios, H. Mass mortality of Diadema antillarum in the Caribbean: what have we learned?. Annu. Rev. Ecol. Syst. 19, 371-393
(1988).

Hughes, T. P. Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef. Science 265, 1547-1551 (1994).
Qiu, J.-W,, Lau, D. C., Cheang, C.-C. & Chow, W.-K. Community-level destruction of hard corals by the sea urchin Diadema
setosum. Mar. Pollut. Bull. 85, 783-788 (2014).

Dumont, C. P. et al. Coral bioerosion by the sea urchin Diadema setosum in Hong Kong: susceptibility of different coral species.
J. Exp. Mar. Biol. Ecol. 441, 71-79 (2013).

Sangmanee, K., Sutthacheep, M. & Yeemin, T. The decline of the sea urchin Diadema setosum affected by multiple disturbances in
the inner Gulf of Thailand. In Proceedings of the 12th International Coral Reef Symposium. 4 (2012).

Nozawa, Y., Lin, C.-H. & Meng, P.-]. Sea urchins (diadematids) promote coral recovery via recruitment on Taiwanese reefs. Coral
Reefs 39, 1199-1207 (2020).

Dai, C.-F. Reef environment and coral fauna of southern Taiwan. Atoll Res. Bull. 354, 1-24 (1991).

national Coral Reef Symposium. 1, 448-455 (1992).
Nozawa, Y. Micro-crevice structure enhances coral spat survivorship. J. Exp. Mar. Biol. Ecol. 367, 127-130 (2008).

Kohler, K. E. & Gill, S. M. Coral Point Count with Excel extensions (CPCe): a visual basic program for the determination of coral
and substrate coverage using random point count methodology. Comput. Geosci. 32, 1259-1269 (2006).

Abramoff, M. D., MagalhZes, P. J. & Ram, S. J. Image processing with Image]. Biophoton. Int. 11, 36-42 (2004).

Babcock, R. C,, Baird, A. H., Piromvaragorn, S., Thomson, D. P. & Willis, B. L. Identification of scleractinian coral recruits from
Indo-Pacific reefs. Zool. Stud. 42,211-226 (2003).

Bolker, B. M. In Ecological Statistics: Contemporary Theory and Application (eds Fox, G. A. et al.) 309-334 (Oxford University Press,
Oxford, 2015).

Williams, D. A. Extra-binomial variation in logistic linear models. J. R. Stat. Soc. C Appl. 31, 144-148 (1982).

R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/ (2019).

Sammarco, P. W. Echinoid grazing as a structuring force in coral communities: whole reef manipulations. J. Exp. Mar. Biol. Ecol.
61, 31-55 (1982).

Mapstone, B., Andrew, N., Chancerelle, Y. & Salvat, B. Mediating effects of sea urchins on interactions among corals, algae and
herbivorous fish in the Moorea lagoon, French Polynesia. Mar. Ecol. Prog. Ser. 332, 143-153 (2007).

Ogden, J. C., Brown, R. A. & Salesky, N. Grazing by the echinoid Diadema antillarum Philippi: formation of halos around West
Indian patch reefs. Science 182, 715-717 (1973).

Sammarco, P. W,, Levinton, J. S. & Ogden, J. C. Grazing and control of coral reef community structure by Diadema antillarum
Philippi (Echinodermata: Echinoidea): a preliminary study. J. Mar. Res. 32, 47-53 (1974).

Sammarco, P. W. Effects of grazing by Diadema antillarum Philippi (Echinodermata: Echinoidea) on algal diversity and community
structure. J. Exp. Mar. Biol. Ecol. 65, 83-105 (1982).

Foster, S. A. The relative impacts of grazing by Caribbean coral reef fishes and Diadema: effects of habitat and surge. J. Exp. Mar.
Biol. Ecol. 105, 1-20 (1987).

Carpenter, R. C. Partitioning herbivory and its effects on coral reef algal communities. Ecol. Monogr. 56, 345-364 (1986).
Edmunds, P. ]. & Carpenter, R. C. Recovery of Diadema antillarum reduces macroalgal cover and increases abundance of juvenile
corals on a Caribbean reef. PNAS 98, 5067-5071 (2001).

Jackson, J. B. et al. Historical overfishing and the recent collapse of coastal ecosystems. Science 293, 629-637 (2001).
Carreiro-Silva, M. & McClanahan, T. Echinoid bioerosion and herbivory on Kenyan coral reefs: the role of protection from fishing.
J. Exp. Mar. Biol. Ecol. 262, 133-153 (2001).

McClanahan, T., Nugues, M. & Mwachireya, S. Fish and sea urchin herbivory and competition in Kenyan coral reef lagoons: the
role of reef management. J. Exp. Mar. Biol. Ecol. 184, 237-254 (1994).

Korzen, L., Israel, A. & Abelson, A. Grazing effects of fish versus sea urchins on turf algae and coral recruits: possible implications
for coral reef resilience and restoration. J. Mar. Biol. https://doi.org/10.1155/2011/960207 (2011).

Jessen, C. & Wild, C. Herbivory effects on benthic algal composition and growth on a coral reef flat in the Egyptian Red Sea. Mar.
Ecol. Prog. Ser. 476, 9-21 (2013).

Benayahu, Y. & Loya, Y. Seasonal occurrence of benthic-algae communities and grazing regulation by sea urchins at the coral reefs
of Eilat, Red Sea. In Proceedings of the 3th International Coral Reef Symposium. 383-389 (1977)

Ishikawa, T., Maegawa, M. & Kurashima, A. Effect of sea urchin (Diadema setosum) density on algal composition and biomass in
cage experiments. Plankton Benthos Res. 11, 112-119 (2016).

Scientific Reports |

(2020) 10:20346 | https://doi.org/10.1038/s41598-020-77494-0 nature research


https://www.R-project.org/
https://doi.org/10.1155/2011/960207

www.nature.com/scientificreports/

52. Serafy, ], Gillette, P, Miller, M., Lirman, D. & Capo, T. Incorporating herbivorous sea urchins in ramet culture of staghorn coral
Acropora cervicornis. Endanger. Species Res. 22, 183-189 (2013).

53. Davies, S. W,, Matz, M. V. & Vize, P. D. Ecological complexity of coral recruitment processes: effects of invertebrate herbivores on
coral recruitment and growth depends upon substratum properties and coral species. PLoS ONE 8, 72830 (2013).

54. Toh, T. C., Ng, C. S. L., Guest, J. & Chou, L. M. Grazers improve health of coral juveniles in ex situ mariculture. Aquaculture 414,
288-293 (2013).

55. Craggs, J., Guest, J., Bulling, M. & Sweet, M. Ex situ co culturing of the sea urchin, Mespilia globulus and the coral Acropora millepora
enhances early post-settlement survivorship. Sci. Rep. 9, 1-12 (2019).

56. Carpenter, R. C. & Edmunds, P. J. Local and regional scale recovery of Diadema promotes recruitment of scleractinian corals. Ecol.
Lett. 9, 271-280 (2006).

57. Idjadi, J., Haring, R. & Precht, W. Recovery of the sea urchin Diadema antillarum promotes scleractinian coral growth and survi-
vorship on shallow Jamaican reefs. Mar. Ecol. Prog. Ser. 403, 91-100 (2010).

58. Nozawa, Y. Survivorship of fast-growing coral spats depend less on refuge structure: the case of Acropora solitaryensis. Galaxea
12, 31-36 (2010).

59. Christiansen, N. A., Ward, S., Harii, S. & Tibbetts, I. R. Grazing by a small fish affects the early stages of a post-settlement stony
coral. Coral Reefs 28, 47-51 (2009).

60. Penin, L., Michonneau, E, Carroll, A. & Adjeroud, M. Effects of predators and grazers exclusion on early post-settlement coral
mortality. Hydrobiologia 663, 259-264 (2011).

61. Macii, S., Robinson, M. P. & Nalevanko, A. Experimental dispersal of recovering Diadema antillarum increases grazing intensity
and reduces macroalgal abundance on a coral reef. Mar. Ecol. Prog. Ser. 348, 173-182 (2007).

62. Neilson, B. J., Wall, C. B., Mancini, F. T. & Gewecke, C. A. Herbivore biocontrol and manual removal successfully reduce invasive
macroalgae on coral reefs. Peer] 6, €5332 (2018).

Acknowledgements

We thank Che-Hung Lin, Aziz ] Mulla, and Tzu-Yu Lai for equipment preparation and support with the experi-
ment in the field. Aziz ] Mulla kindly edited English in the manuscript. Comments from the editor and two
anonymous reviewers improved the manuscript. The study was funded by the Ministry of Science and Technol-
ogy (106-2611-M-001-004, 107-2611-M-001-003) and an internal research grant from Biodiversity Research
Center, Academia Sinica to Y.N.

Author contributions
V.D. and Y.N. conceived and conducted the research and wrote the manuscript. C.F and J.S. assisted with admin-
istration and field investigation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77494-0.

Correspondence and requests for materials should be addressed to Y.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

= License, 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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20346 | https://doi.org/10.1038/s41598-020-77494-0 nature research


https://doi.org/10.1038/s41598-020-77494-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Grazing effects of sea urchin Diadema savignyi on algal abundance and coral recruitment processes
	Materials and methods
	Results
	Discussion
	Effect of Diadema grazing on algal control. 
	Effects of Diadema grazing on coral recruitment process. 

	Conclusions
	References
	Acknowledgements


