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Abstract. Fai ALY, Kaullysing D, Jeetun S, Soondur M, Bhagooli R. 2023. Diplosoma simile (Ascidiacea: Didemnidae) distribution and
its photosynthetic thermal stress responses from Mauritius: Implications for invasive or opportunistic behavior. Indo Pac J Ocean Life
7: 16-26. This study aimed to investigate the morphological identity of the ascidian Diplosoma, its distribution, experimental thermal
stress responses, and its characteristics of being potentially invasive or opportunistic in Mauritian waters. The Diplosoma species were
anesthetized in menthol, fixed, and preserved in a formalin-seawater solution. Isolated zooids and embryos were examined under a
microscope for distinct morphological characteristics, which revealed their identity as D. simile (Sluiter, 1909). The D. simile percentage
cover studied at seven sites in 2019 around Mauritius tended to be high at the near-reef zone, with a high percentage of dead coral cover
per 0.5 m2, At Flic en Flac, long-term observations in 2008, 2010, 2016, and 2019 indicated a significant decrease and increased from
61.25+3.31 to 6.15+0.60 % and 0.08+0.05 to 2.50+090% for the percentage covers of live coral and D. simile, respectively. The D.
simile was recorded on five coral species, and its percentage occurrence increased from 2008 to 2019 in Acropora muricata, A. cytherea,
Pocillopora damicornis, and Montipora aequituberculata with the highest levels occurring in Acropora while Porites lutea was not
found to be covered by D. simile during the study. Visual observations from the thermal exposures at 27°C, 30°C, and 33°C during 19
hrs revealed that D. simile was more affected by increasing temperature and exposure time. Using four observed conditions of normal,
bleached/paled, tissue sloughing, and mortality, D. simile suffered from only bleaching/paling at 33°C at 19 hrs exposure. Variable
visual responses were noted for corals, with P. lutea appearing normal at all trials while A. cytherea was suffering from mortality both at
30°C and 33°C at 19 hrs exposure. The effective quantum yield (®PSII), measured using a Diving-PAM, declined significantly at 33°C
treatments at 6 and 19 hrs of exposure. D. simile generally tended to be more thermally tolerant than corals like P. lutea, P. damicornis,
M. aequituberculata, A. muricata, A, cytherea, though the ®PSII thermal responses were variable among the tested corals. When considering
the reported behavioral characteristics of D. simile, namely the lack of broad dispersal range and wide environmental tolerance, it is tempting to
deduce that the species is potentially invasive. However, in this study, D. simile’s significant distribution on dead corals, its presence in zones of
high anthropogenic activities, and its relatively more robust thermal stress responses than corals colonized suggest an opportunistic behavior.
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INTRODUCTION

Ascidians emerge from the kingdom Animalia and
belong to the class Ascidiacea, which is considered the largest
class of the Subphylum Tunicata (Phylum Chordata) (Hirose
and Hirose 2013). These organisms have been subject to
many studies regarding their bioactive compounds and
broad physico-chemical tolerance, which provides for their
complex behavioral patterns (Hirose and Hirose 2013;
Hirose and Nozawa 2010). Furthermore, ascidians have
further been reported to display characteristics that
significantly increase risks of invasion outbreak, that is,
their globally widespread distributions and broad
environmental tolerances (Hirose and Hirose 2013; Akram
et al. 2015; Koplovitz et al. 2015; Villalobos et al. 2017).

However, knowing that these organisms have extensive
dispersal ranges and are easily overlooked, it would not be
surprising that many occurring species are left uncharted

(Goodbody 2000; Hirose et al. 2012; Villalobos et al.
2017). Around Mauritius Island, for instance, only 32
species have been reported around the Island (Table 1) with
2 species being endemic, namely: Pseudodistoma mauritiana
and Polycarpa nigricans. However, the discovery of
another ascidian species with high morphological similarity
to the genus Diplosoma around Mauritius Island has led to
considering the high possibility of a documentation gap
regarding ascidians. With increasing evidence of coral
vulnerability worldwide, it is crucial to understand and
address any further potential threats posed by ascidians
(Carilli et al. 2010; Pandolfi et al. 2011; Bhagooli and
Taleb-Hossenkhan 2012).

Coral bleaching and reef degradation rates are escalating
worldwide and locally, mostly due to increasing global
temperatures and exposure to anthropogenic-related stressors
(Mattan-Moorgawa et al. 2012; Louis et al. 2016; 2020;
Hughes et al. 2017; Bhagooli and Kaullysing 2019; Bhagooli
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et al. 2021a) and some reefs are predicted to be “locally
extinct” (Sheppard 2003; Bhagooli and Sheppard 2012). It
is generally considered that corals bleach, whereby they
lose their zooxanthellae and/or the zooxanthellae
photosynthetic pigments (Glynn 1993), and this disassociation
between the coral animal and its dinoflagellate zooxanthellae
occurs in most cases due to the zooxanthellae
photosynthetic dysfunctioning under thermal and light
stressors (Iglesias-Prieto et al. 1992; Warner et al. 1996;
1999; Jones and Hoegh-Guldberg 1998; Bhagooli 2013).
Knowing that such phenomena are indicators of decreasing
coral reef health status, the latter is more at risk of being
subject to our competition by reef-associated organisms,
which would further reduce chances of coral recovery
(Mattan-Moorgawa et al. 2018; Bhagooli and Kaullysing
2019). Moreover, the urgency of in-depth studies on
ascidian-related threats is even more pressing given that
ascidian-induced-bioinvasion  has been increasingly
reported worldwide, especially following mass thermal-
induced coral bleaching (Dijkstra et al. 2007; Tebbett et al.
2019). It is noteworthy that several local studies on photo-
physiological responses to thermal and other stressors have
been conducted on scleractinian corals (Mattan-Moorgawa
et al. 2015, 2018; Kaullysing et al. 2016; Louis et al. 2020;
Bhagooli et al. 2021b), seaweeds (Narain et al. 2023;
Bhagooli et al. 2021c) and seagrasses (Bhagooli et al. 2021c),
microalgae (Sadally et al. 2016; Soondur et al. 2021, 2022)
ascidians thermal stress responses are yet to be investigated.

Several authors further mentioned the high
invasiveness of the ascidian genus Diplosoma (Sommer et
al. 2010; Rodriguez-Martinez et al. 2012; Hirose et al.
2012), some reporting it to smother and kill live Acropora
spp., which are the preferred host species, following their
settlement on areas of dead corals (Littler and Littler 1995;
Li et al. 2016). To avoid any confusion arising from the
controversial and often misleading nature of the similar
terms “invasive” and “opportunistic” species, the present
study referred to Colautti and Maclsaac (2004) definition
of invasive species and Whitlatch and Zajac’s (1985)
definition of opportunism.

The present study aimed at investigating the extent of
the ascidian species’ invasive potential around Mauritius
Island. The objectives included: (i) Morphological
characterisation of the ascidian species; (ii) Assessment of
the distribution of the ascidian around Mauritius relative to
the status of the coral health; (iii) Evaluation of the
thermally-induced photosynthetic stress response of the
ascidian species relative to some of its coral hosts; and (iv)
Inference from these investigations on the potential invasive or
opportunistic behavior of the ascidian in the Mauritian context.

MATERIALS AND METHODS

Field surveys

Field surveys were conducted at Flic Flac to determine
the long-term percentage cover of live coral and Diplosoma at
Flic en Flac in October/November 2008, 2010, 2016, and
2019. Four stations along the reef flat at Flic en Flac were
surveyed using five 1 m x 1 m quadrats per station. Diplosoma
on five coral species, namely Acropora muricata, A. cytherea,

Pocillopora damicornis, Montipora aequituberculata, and
Porites lutea by observing 20, 10, 15, 5, and 5 coral
colonies during each year’s survey and expressed as
percentage occurrence out of the observed colonies.

The percentage ascidian cover (%AC), dead coral cover
(%DCC), and healthy coral cover (%HCC) were
determined through field surveys in the summer between
October 2019 and March 2020 at several sites around
Mauritius. Following Leujak and Ormond (2007), the
survey was performed at 7 selected sites around Mauritius
Island: Balaclava, Trou aux Biches, Flic en Flac, Bel
Ombre, Blue Bay Marine Park, Belle Mare, and Flat Island
(Figure 1). Three zones were also selected at each site
(based on their respective distance to the shore), namely:
near-coast (20 m), lagoon (60 m), ad near-reef (150 m)
zones. At each zone, a 20 m transect line was laid parallel
to the shoreline, and a 50 cm x 50 cm PVC-made quadrat
was photographed perpendicularly to the substratum at 0.5
m intervals along the line.

Microscopic observations

The methods described are based on Lafargue and Wahl
(1987) and Marks (1996) protocols for examination under
an optical microscope. The ascidian species samples were
collected at Flic en Flac while still attached to their
substrate. They were maintained in seawater-filled Ziploc®
bags until reaching the University of Mauritius. First, the
colonies were placed in a glass container in an aquarium
with running water and left for 1 day to promote zooid
relaxation. Next, 3.5 g/L menthol crystals were added and
left unstirred to cause the least mechanical stress until the
colonies were fully anesthetized (approximately 2 hrs).
Next, the container was left in a freezer for 3hrs until the
ice began to form before transferring to a solution of 10%
formalin-seawater for 24 hrs. Finally, the colonies were
transferred to a 7% formalin-seawater solution and kept for
4 weeks before microscopic observation.

Masson’s acid Hemalum staining agent was prepared
following Lafargue and Wahl (1987). First, 5 g of
Aluminium potassium sulfate KAI(SO4)2 was dissolved in
100 mL of distilled water. Next, 0.2 g of Hematoxylin was
added to the boiling solution and left to boil for a few more
seconds before being cooled to room temperature. The
solution was filtered and 2% acetic acid was added until a
color change from dark purple to red was noticed. The
staining agent was kept in the absence of light and would
be valid a month post-preparation.

Fixed colony samples were thoroughly rinsed in
distilled water before adding Masson’s acid hemalum.
First, the translucent colonial ascidian was immersed in the
staining agent until the desired level of stain was achieved
(~5 minutes). Next, the sample was rinsed with distilled
water to remove all excess staining agents. Next, individual
zooids and embryos were isolated from the colony and
examined for morphological characteristics under an
inverted microscope. The presence of calcareous spicule
was further tested by immersing the colonial ascidian in
4% Hydrochloric acid (HCI), which would decalcify the
calcareous content hence leaving small bubbles to form on
the surface of the colony.
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Table 1. List of ascidian species and their respective taxonomic classifications reported around Mauritius and other distribution

locations in the Indo-West-Pacific Region

Suborder, family Species name Location References
Aplousobranchia
Synoicidae Pseudodistoma mauritiana*  Flic en Flac (Mauritius) Vasseur (1967)
Didemnidae Didemnum candidum Australia, Malaysia, Indian Ocean, Monniot and Monniot (2001); Vasseur (1967)

D. molle
Atriolum robustum
Trididemnum sansibaricum

T. natalense

T. neridionale
Diplosoma multifidum
Polycitoridae ~ Eudistoma rhodopyge

E. mobiusi

E. atrum

E. reginum
Polycitorella pallida
Cystodytes solitus

C. dellechiajei
Clavelina enormis
Aplidium convergens
Polyclinum constellatum
P. festum

Clavelinidae
Polyclinidae

Phlebobranchia
Ascidiidae Ascidia sydneiensis
A. munda

Stolidobranchia

Trou aux Biches (Mauritius)

lle D’ Ambre (Mauritius)

Mayotte, Mauritius, Indian ocean
Zanzibar, Mozambique, Flic en flac
(Mauritius)

Australia, South Africa, Trou d’eau
Douce (Mauritius)

Trou aux Biches (Mauritius)
Mauritius, India, Indonesia

South Africa, South-west of
Madagascar, llot Barkly (Mauritius)
Mozambique, Tanganyika, Zanzibar,
South of Madagascar, Pointe d’Esny
(Mauritius)

Mauritius

Mauritius

Mauritius

Mauritius

Mauritius, Philippines, Australia
Mauritius

Mauritius

Mauritius

Mauritius

South Africa, Australia, Flic en Flac
(Mauritius)

North Australia, Flic en Flac
(Mauritius)

Mattan-Moorgawa et al. (2015)
Monniot and Monniot (2001); Vasseur (1967)
Monniot and Monniot (2001); Vasseur (1967)

Monniot and Monniot (2001); Vasseur (1967)

Monniot and Monniot (2001); Vasseur (1967)
Millar (1975)
Monniot and Monniot (2006); Vasseur (1967)

Monniot and Monniot (2006); Vasseur (1967)

Monniot and Monniot (2006); Vasseur (1967)
Monniot and Monniot (2006); Vasseur (1967)
Monniot and Monniot (2006); Vasseur (1967)
Monniot and Monniot (2006); Vasseur (1967)
Millar (1975)
Millar (1975)
Monniot and Monniot (2006); Vasseur (1967)
Monniot and Monniot (2006); Vasseur (1967)
Millar (1975)

Palomino-Alvarez et al. (2019); Vasseur
(1967)
Palomino-Alvarez et al, (2019); Vasseur
(1967)

Styelidae Symplegma viride East and South Africa, Madagascar, Vasseur (1967); Monniot and Monniot (2007)
Australia, Port Louis (Mauritius)
Amphicarpa inhacae Mozambique, llot Barkly (Mauritius)  Vasseur (1967)
Polyandrocarpa anguinea South Africa, Port Louis (Mauritius) ~ Vasseur (1967); Monniot and Monniot (1994)
P. tincta Mozambique, Port Louis (Mauritius) ~ Vasseur (1967)
Polycarpa nigricans* Cassis (Mauritius) Vasseur (1967); Monniot (2002)
P. madagascariensis Mauritius, Mozambique, Madagascar ~ Monniot (2002)
Cnemidocarpa madagascariensis South-West Madagascar, Flic en Flac ~ Vasseur (1967); Monniot (2002)
(Mauritius)
Styela partita Port Louis (Mauritius) Vasseur (1967)
Pyuridae Pyura pulla Trou d’eau Douce (Mauritius) Vasseur (1967)
P. momus Port Louis (Mauritius) Vasseur (1967)
Microcosmus exasperatus Port Louis (Mauritius) Vasseur (1967)
Cynthia pallida Mauritius, Jamaica, western pacific Monniot (2002)
Molgulidae Molgula natalensis llot Barkly (Mauritius) Vasseur (1967)

Note: *P. mauritiana and P. nigricans are endemic ascidian species to Mauritius Island

Thermal stress experiment

loggers to monitor temperature and light levels.

Forty-five fragments, nine per each of the 5 colonies, of

the ascidian Diplosoma on dead coral part and five coral
species, namely P. lutea, M. aequituberculata, Acropora
muricata, and A. cytherea were collected at Flic en Flac on
17" January 2020. Nine aquaria were set up and arranged
in 3x3 order and labeled as 27°C (control), 30°C and 33°C
in dim light conditions. Oxygen pumps were provided for
each aquarium supplied with 5 fragments per species. All
the tanks were further equipped with thermometers and
representative tanks with Hobo temperature and light data

Chlorophyll-a fluorescence measurement

The effective quantum yield at photosystem 1l (®PSII)
was determined using a Diving-PAM (Pulse amplitude
Modulator). A saturating pulse of 4000 pumol quanta m2 s
and a weak light emission of <1 pumol quanta m? s were
used to measure the maximum (Fm) and minimum (Ft)
fluorescence, respectively. ®PSII was then calculated as
(Fm-Ft)/ Fm (AF/ Fm) (Genty et al. 1989).
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Figure 1. A. Map of the Indian Ocean showing the location of Mauritius (Scale = 10 km); B. Map of the study area. The numbers
represent the snorkeling sites around Mauritius Island. 1. Balaclava, 2. Trou aux Biches, 3. Flic en Flac, 4. Bel Ombre, 5. Blue Bay, 6.

Bellemare, 7. Flat Island

Ascidians and coral samples were left to shortly
acclimatize for 3 hrs in seawater at room temperature
(~27°C) prior to exposures at 27°C, 30°C and 33°C for a
duration of 19 hrs. It is noteworthy that previous coral
thermal stress studies have employed temperatures of 33°C
(Ralph et al. 2001) and 34, 36, and 38°C (Warner et al.
1996) over periods of hours to days. ®PSII was measured
at times To, Ts, Ts, and Ty for initial 3 hrs, 6 hrs, and 19
hrs exposures, respectively, for all temperature trials.
®PSII is one of the four main chlorophyll fluorescence
parameters used in many studies investigating the
photophysiology of sea plants and photosynthetic
symbiotic marine invertebrates (Bhagooli et al. 2021d).

Data analysis

Using the software package PASW Statistics, the
Shapiro-Wilk Normality test was used to assess the data
distribution pattern. Correlations between variables were
investigated through Spearman Rho’s non-parametric test
since none of the wvariables were normal. Principal
Correspondence Analysis (PCA) was further performed on
data regarding the species’ distribution to investigate any
correlation between percentage ascidian cover (%AC) and
their location around the Island. Kruskal-Wallis and
comparative Wilcoxon rank-sum test were computed to
compare the percentage of ascidian cover relative to the
percentage of dead coral cover (%DCC), percentage of
healthy coral cover (%HCC), and distance from the shore.
Similar statistical tests were run to compare the species
®PSII relative to increasing temperature and exposure
time.

RESULTS AND DISCUSSION

Ascidian morphological features: External features

The ascidian colonies were mostly found on Acropora
sp., distributed on the underside of the coral structures
already covered by seaweeds (indicating that these were
dead before settlement). Although well hidden, they were
spotted by their bright green color, which is due to the
presence of Prochloron, a cyanobacterial symbiont having
a dominant concentration of chlorophyll-a (Hirose et al.
2004; Hirose et al. 2012; Stalin et al. 2016). The 1mm-
thick ascidian colonies varied in terms of colony size per
coral structure. When exposed to a bright light source, they
seemed to reflect as bright blue spots (Figure 2).

Ascidian morphological features: Internal features

No bubbles of gas were spotted on the surface of the
colony sample upon exposure to (HCI) which implied that
no spicules were present in the colony. Zooids were about
700 pm long (Figure 3) and were evenly distributed
throughout the colony on the upper part of the tunic. Four
rows of stigmata were also noticed, and the stigmal
arrangement of each of the four rows from top to bottom
formed the pattern “6-6-6-5". The species also lacked an
atrial aperture in its thorax while having a two-lobed testis
in its lower abdomen region. Furthermore, the ascidian’s
retractor muscle separated almost directly from under its
thorax. Embryos of various sizes were also isolated (with
the largest ones being 500-600 um long), and only their
sensory vesicle was noticed. Contrary to zooids, present
mostly in the upper-tunic region, the embryos were
unevenly present on the underside of the tunic (i.e., closest
to the coral substrate).
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Field surveys of live corals and ascidians at Flic en Flac

Field surveys conducted at Flic Flac for the years 2008,
2010, 2016, and 2019 rewvealed a significant decrease and
increase from 61.25+3.31 to 6.15+0.60 % and 0.08+0.05 to
2.50+090% for the percentage covers of live coral and the
ascidian species, respectively (Figure 4A). The survey on
the occurrence of the latter ascidian on five coral species
indicated that the percentage occurrence of the ascidian
increased from 2008 to 2019 in A. muricata, A. cytherea, P.
damicornis, and M. aequituberculata with the highest
levels found in both the Acropora while P. lutea was not
found to be covered by the ascidian during the study (Figure
4B). The D. simile occurred in four out of the five studied
corals (Figure 5).

Figure 2. Ascidian species are growing on Acropora at Flic en
D. simile distribution pattern Flac; A. Sample species in situ before collection; B. Sample
Principal Correspondence Analysis (PCA) (Figure 6) species in a laboratory, showing natural bright green color after
showed the highest % ascidian cover at near-reef zones as ~ €XPosure to a camera flash
well as at sites known to harbor high anthropogenic
activity, namely: Flat Island, Flic en Flac, and Balaclava (in
decreasing order of correlation strength).

Figure 3. Isolated ascidian species at various life stages (Scale = 100 um). A. Line drawing of an adult zooid; with one of the two
individuals being shaded to facilitate morphological differentiation; B. Adult zooid (778 pm long); C. Line drawing of embryo; D.
Embryo (459 um long); (st) Stigmata; (os) Oral siphon; (en) Endostyle; (stm) Stomach; (ov), Ovary; (tl) Tail; (ad) Adhesive papillae;
(sv) Sensory vesicle

i0 4 a5
o I 35 4
: 3w [
50 2.5 30
0 2 25
20 T
» :'5 15 I [
W0 10
05 5 L ' _

1o 0 0 . _ LIW .
[\ T T T -0 Branching Acropora Tablular Acropora Pocdlopora Montipora sp. Massive Porites

2008 2010 2016 2019 damicomis

% Live coral cover =% Ascidian cover w2008 m2010 m 2016 w2019
A B

Figure 4. Percentage live coral and D. simile cover (A) and percentage occurrence of D. simile on coral species including branching
Acropora (A. muricata), tabular Acropora (A. cytherea), cauliflower coral (Pocillopora damicornis), foliose coral (Montipora
aequituberculata), and massive coral (Porites lutea) at Flic-en-Flac in years 2008, 2010, 2016 and 2019 (B)
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Figure 5. D. simile occupying completely dead corals and/or dead parts of live corals. A. Completely dead Acropora muricata; B. Live
A. muricata; C. Pocillopora damicornis; D. Completely dead A. cytherea; and E. Montipora aequituberculata

The highest mean of percentage ascidian cover (%AC)
was recorded at Flat Island (10.34 + 1.16) and the lowest
one at Blue Bay Marine Park (0.01 + 0.01). The correlation
between %AC and distance from shore yielded an R-value
(+0.478) and a Kruskal-Wallis (P< 0.001), which indicated
the presence of a significant correlation between both
variables. PCA further revealed an interesting relationship
between %AC, %DCC and %HCC, whereby %AC is
positively related to %DCC and negatively related to
%HCC. These relationships were confirmed with yielded
R-values (+0.697) and (-0.359) for both tests, respectively
as well as Kruskal-Wallis (P<0.05) in both cases. Such a
finding suggests a highly significant correlation between
%AC/%DCC and %AC/%HCC.

Effective quantum yield responses to thermal stress

The three thermal trials had temperature means and
light intensity maximums of 26.8+0.5°C and 1000.0lux;
30.4+0.3°C and 882.6lux; and 33.7£0.6C and 958lux,
respectively (Figure 7). The effective quantum yield at
Photosystem 11 (®PSII) of D. simile significantly declined
at 3 hr, though slightly, and at 19 hr in 33°C trials (Figure
8A). The ®PSII responses to thermal stress were variable
among corals tested (Figure 8B-F), with Acropora (Figure
8E, F) being the most susceptible and P. lutea (Figure 8B)
the least susceptible to thermal stress. Decreases in ®PSII
in D. simile were lower at 30°C compared to A. muricata,
M. aequituberculata, and P. lutea after 19hrs (Figure 9A).
Generally, D. simile appeared to be more resistant than the
test corals to thermal stress exposure in this study.

Thermal stress responses: Visual observations

The colonies’ external color remained constant during
the first 6hrs of the experiment at all temperatures; Only
those maintained at 33°C showed a slight decrease in the
level of blue reflection. However, at time T=19 hrs,

ascidians were surprisingly discovered to turn translucent
grey from a bright green color. The colonies’ surface areas
having changed color were also estimated to be
proportional to the temperature they were exposed to.
Ascidians at 27°C had a minimal <5% while those at 33°C
had about 50% change in color. When looking at four
observed conditions of normal, bleached/paled, tissue
sloughing, and mortality, D. simile suffered from only
bleaching/paling at 33°C at 19 hrs exposure (Figure 9B).
The corals had variable visual responses, with P. lutea
appearing normal at all trials while A. cytherea was
suffering from mortality at 30°C and 33°C at 19 hrs
exposure (Figure 9B).
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Figure 6. PCA indicates the relationships between variables
like%AC, %DCC, %HCC, distance from shore, and location
around the Island. (AC_C: %AC at coast, AC_L: %AC at
lagoon, AC_R: %AC at reef)
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Discussion
Diplosoma species identification

The species’ viviparous embedding in a common sheet-
like colonial tunic suggested its belonging to the family
Didemnidae (Class Ascidiacea; Order Aplousobranchia)
(Hirose and Hirose 2013; Goodbody 2000). The further
noticed segregated individual arrangement (with zooids on
top and embryos at the bottom of the tunic), as well as the
presence of 4 rows of stigmata and the lack of atrial
aperture, were further features that confirmed its belonging
to this genus (Kott 2001; Oka et al. 2005; Stalin et al.
2016). Despite the mention of intra-species polymorphism
by Lafargue and Wahl (1987) as being a site-specific
adaptive response to the dynamic changes present in the
tunicates’ environment, which could hinder correct species-
level identification (based on morphological features only),
accurate identification to genus-level was nonetheless
mentioned possible (Lafargue and Wahl 1987; Oka et al.
2005; Koplovitz et al. 2015).

The species, for instance, showed very similar
characteristics to the genera Diplosoma with its external
bright green color and the lack of calcareous spicules
mentioned as the most determining features (Kott 1982;
Lafargue and Wahl 1987; Hirose and Hirose 2013). The
presence of 4 rows of stigmata and the lack of atrial
aperture were further features that confirmed its belonging
to this genus (Kott 2001; Oka et al. 2005; Hirose and
Hirose 2013; Stalin et al. 2016). Despite the high risk of
wrong identification triggered by the concept of intra-
species polymorphism, the species nonetheless showed
further characteristics that seemed to point the direction of
identification towards a certain species.

The species stigmata pattern being noticed to follow the
arrangement 6-6-6-5 and the presence of a two-lobed testis
considerably narrowed down the list of matching species to
two, namely: Diplosoma simile (Sluiter, 1909) (Sluiter
1909) and Diplosoma virens (Hartmeyer, 1909) (Hartmeyer
1909-1911; Koplovitz et al. 2015; Hirose and Nozawa
2010; Goodbody 2000; Oka and Hirose 2008). Despite
their outstanding resemblance, authors agreed on some
morphological differences, which included the length of the
species’ embryo, colonies’ thickness, and the point of
separation of the zooid’s retractor muscles (Kott 2001;
Hirose and Hirose 2009; Hirose et al. 2009; Hirose and
Nozawa 2010; Koplovitz et al. 2015). The D. virens is
known to have a thick colony (2-5 mm) and harbor a large
embryo of approximately 1.5 mm in length, having a small
tail (in proportion to the head size) that can wrap only
halfway around to the top of the head (Kott 2001;
Koplovitz et al. 2015). The D. simile, on the other hand, is
known to have thinner colonies (1-2 mm) with a smaller
embryo (about 800 pm long) with a rather long tail that
wraps to the top of its head (Kott 2001). Furthermore, the
position where the retractor muscle separates from the
thorax tends to be the determining feature between the two
species, while in D. simile, the muscle emerges directly
from underneath the thorax in a T-like shape, in D. virens,
the muscle separates at a much lower position halfway
down the zooid’s esophageal neck in an N-like shape
(Hirose and Hirose 2009; Hirose et al. 2009). Since the

present species’ colony was about 1-2 mm thick, had a
small embryo (778 um), which tail wrapped around the top
of the head, and had a T-shaped retractor muscle, it is
concluded that the studied species is a D. simile.

Diplosoma simile thermal tolerance

In the last decades, authors agreed on the negative
impact of increasing temperatures on marine ecosystems;
coral reefs in particular, which are susceptible to
undergoing mass bleaching (Bruno et al. 2007; Bhagooli
2009; Barshis et al. 2013; Obura et al. 2017). This
phenomenon was proved right after mass bleaching
occurred as a result of the ENSO event in 2016, causing up
to 60% coral bleaching around Mauritius Island (Obura et
al. 2017). The most affected reef-building coral genus
being, Acropora, which comprised 80% of the coral
bleaching, was explained by their low thermal tolerance
(~1-2°C higher than normal; in Mauritius being 27-28°C)
(Middlebrook et al. 2008; Schoepf et al. 2015). However,
the present study showed that D. simile has optimal
photosynthetic efficiency at temperatures far exceeding the
thermal threshold of Acropora corals.

Photosymbiotic Prochloron sp. (known to be thermo-
resistant) was, for instance, recorded to display higher
®PSII at high temperatures varying between 20°C-40°C
when tested in vitro (Dionisio-sese et al. 2001). The reason
for the recorded host ascidian bleaching within the optimal
temperatures for Prochloron sp., however, remains
uncertain; either being the result of the stressed D. simile
colony releasing Prochloron sp. in the same way, corals
bleach as an adaptive response or due to the photosymbiont
itself moving out of the stressed organism. Since the extent
of their interdependence is still not fully understood, it is
safe not to attribute anything to the reason for ascidian
bleaching with rising temperature.

However, the overall liability of the thermal stress
experiment in establishing D. simile invasiveness remains
unclear since it did not encompass the array of factors that
affect a species’ thermal resistance and hence cannot be
used to measure the true extent of the species’ thermal
tolerance accurately. Time factor certainly was one of
them, as indicated in this study. Furthermore, this study did
not consider the “environmental condition,”
“photosymbiotic ultraviolet resistance,” or “species’
adaptive mechanism” factors that are also known to
influence overall fitness (Naranjo et al. 1996; Grimsditch
and Salm 2006; Hirose et al. 2004; Pineda et al. 2012;
Sensui and Hirose 2018). Bussapakorn et al. (2018)
revealed, for instance, the evolution of coral response to
thermal stress bringing the multi-dimensional aspect
associated with a single species thermo-resistance, the
latter being affected by a variety of site-specific conditions
(e.g., nutrient load, depth, wave action intensity) as well as
regional and international conditions (e.g., ENSO events,
earthquake).

The Diplosoma simile behavior inferred from its
distribution pattern

With the records of mass coral bleaching due to the
recent ENSO events, as well as the previous mentions of D.
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simile characteristics, it can be deduced that the latter
species represents a potential threat to Mauritian coral
reefs. (Vargas-Angel et al. 2009; Kremer and Rocha 2011;
Hirose and Hirose 2013; Koplovitz et al. 2015; Kaullysing
et al. 2016; Obura et al. 2017; Gudka et al. 2018). The
notion of invasion, however, also includes an aspect of
geographical belonging, whereby a species is unlikely to
develop invasive behavior in its native environment (due to
ecological integration). Since there is no record of D. simile
being native to Mauritius, in addition to the records stating
its restricted occurrence to shallow waters, it is highly
possible that this species was introduced to the Mauritian
waters through anthropogenic means (Koplovitz et al.
2015).

The possibility of an introduction by marine transport
can be investigated through the species’ distribution
pattern. It was seen that the highest species occurrence
happened in the vicinity of ports or regions with high boat
activity (i.e., Balaclava, Flat Island, and Flic en Flac).
Furthermore, the region with the lowest species occurrence
also seemed to harbor some level of boat activity; Belle
Mare and Blue Bay Marine Park are renowned snorkeling
spots. An interesting contrast between Balaclava and Blue
Bay Marine Parks also seemed to relate to %AC and
anthropogenic level. It was further found that among the
top 5 ranked beaches in Mauritius, 4 harbors the highest
%AC around the Island. Moreover, D. simile seemed to
occur away from the shore, in regions where most boat
activities normally involve recreational purposes. These
findings reinforce the probability of an introduction by boat
to the Mauritian waters as well as a potential link between
the D. simile outbreak and the level of anthropogenic
activities.

Despite their “higher thermal tolerance,” ‘higher
reported resilience,” and “resistance to anthropogenic
stressors” (contrary to coral communities), the labeling of
D. simile as an invasive threat to Mauritian reef-building
corals remains unclear (Jimenez et al. 2012; Brown et al.
2019). It is to be highlighted that the nature of the reported
species’ invasive behavior in some countries does not
necessarily imply the same pattern to be found in the
Mauritian context due to differences in distribution-
influencing conditions (Shenkar and Swalla 2011,
Koplovitz et al. 2015). Furthermore, the notions of
“opportunistic,” “invasive,” and “dominant” species, often
being mixed up in relevant literature, also brought
uncertainty to the question, which hence required reference
to specific authors in determining D. simile behavior.
Therefore, since the ascidian was only reported on dead
corals, with no means of quantifying its rate of
introduction, and since it is still at an early introduction
stage (judging by its small population % cover around the
Island), the species does not fit Colautti and Maclsaac
(2004) description of an invasive species. The D. simile
seemed to adopt the behavior mentioned by Whitlatch and
Zajac (1985) as opportunistic, hence being more apparent
to an “opportunistic species” in the Mauritian context.
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