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INTRODUCTION

Invasive species have a combination of attributes
which are under biological constraint within the na -
tive (donor) region (Lafferty & Kuris 1996). When re -
leased into the receptor region these constraints are

reduced, resulting in increased intrinsic rate of range
expansion into non native habitats (Carlton 1989,
Ruiz et al. 1997).

The invasive corals Tubastraea coccinea Lesson,
1829 and T. tagusensis Wells, 1982, which belong to
the Family Dendrophylliidae, were introduced onto
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macroalgae cover, which increased about 83%. The biological invasion of Tubastraea spp. creates
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icant long term (>1 yr) recovery in native community structure and the return of some impacted
functions (e.g. primary productivity) to levels similar to pre-invasion. Single or repeated manual
removal had the advantage of maintaining native species intact and enhanced biotic resistance
compared to total community removal. These conclusions support the ongoing programs of
 manual removal of invasive Tubastraea spp. as a control and ecosystem recovery strategy.
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Brazilian rocky shores as fouling biota on shipping
associated with the oil industry (Creed et al. 2017a).
They are the first Scleractinia known to have
invaded the Southwest Atlantic (De Paula & Creed
2004). T. coccinea has also invaded the Caribbean
(Cairns 2000, Fenner 2001) and Gulf of Mexico
(Fenner & Banks 2004, Sammarco et al. 2004),
whereas T. tagu sen sis is only known to have been
introduced in Brazil (De Paula & Creed 2004, Creed
et al. 2017a). In Brazil both species were introduced
simultaneously, ini tially at Ilha Grande Bay, south-
east Brazil (23° 04’ S, 44° 14’ W) during the 1980s,
and subsequently into other locations along more
than 3000 km of coastline spread over 16 municipal-
ities (Creed et al. 2017a).

Interspecific competition between native and
non-native organisms causes ecological impacts,
such as change in community structure and func-
tion and potentially local species extinction (Ruiz et
al. 1997). T. coccinea and T. tagusensis invade new
areas (Cairns 2000, Fenner 2001, De Paula & Creed
2004, 2005, Fenner & Banks 2004, Sammarco et al.
2004), compete with native species (Creed 2006, De
Paula 2007, Lages et al. 2010, 2011, 2012, Santos et
al. 2013, Hennessey & Sammarco 2014, Miranda et
al. 2016b), modify community structure (Lages
et al. 2011), change predator−prey relationships
(Lages et al. 2010) and impact fisheries resources
(Mantelatto & Creed 2015). They are brooding
corals with internal fertilization and development
of planulae and produce larvae through both sex -
ual and asexual reproduction with multiple repro-
ductive periods during the year (Ayre & Resing
1986, De Paula et al. 2014). Once introduced, these
characteristics allow the establishment and disper-
sion of the species on rocky shores, coral reefs
(Sampaio et al. 2012, Miranda et al. 2016a) and
artificial submerged substrates, in cluding secondary
vectors (Creed et al. 2017a). They are amongst the
9 marine species considered to be invasive by the
Brazilian Ministry of the Environment (Lopes et al.
2009).

Space is usually a limiting factor for sessile mar-
ine organisms and its occupation can be considered
an important measure of ecosystem function (Con-
nell 1961, Stachowicz et al. 2002), therefore exper-
imental manipulation at different frequencies and
magnitudes of disturbance, eliminating or reducing
competitors, can be used to verify community or
ecosystem-level changes associated with a biologi-
cal invasion (Britton-Simmons 2006, White &
Shurin 2007, 2011). The most efficient way to iden-
tify competitive interactions between species is to

introduce the supposed competitor into a location
where it does not occur, or to remove a population
from a place where it does occur (Connell 1983).
The first type of experiment is usually unfeasible
because of ethical and/or logistical considerations,
but ongoing biological invasions are an opportunity
to carry out the latter experimental manipulation
and provide relevant information for management
actions.

The Convention on Biological Diversity states that
consenting parties should prevent the introduction
of, control or eradicate those alien species which
threaten ecosystems, habitats or species (Brazil
1998). Williams & Grosholz (2008) re viewed a num-
ber of control and eradication programs in estuarine
and coastal waters, most of which were successful to
varying degrees. Of the post-invasion management
options (containment, control and eradication) erad-
ication is most desirable, although not always feasi-
ble. However, in the marine realm the control of
invasive species to specific target levels has recently
been demonstrated to be a highly effective manage-
ment option resulting in recovery of invaded eco-
systems, their functions and services (Green et
al. 2014). Target levels may only be established
through manipulative experiments, which aim to
quantify the degree of community change due to
the invasive species presence and the degree of
ecosystem recovery once the species is reduced or
removed.

Lages et al. (2011) presented baseline data on the
effects of 2 species of Tubastraea on community
structure of tropical rocky shores in the Southwest
Atlantic Ocean. They concluded that the effects of
these species are sufficient to disturb the native ben-
thic communities throughout the tropical Atlantic,
with adverse consequences for the native communi-
ties in the long term. However, 2 outstanding ques-
tions remain: (1) Were the communities at the differ-
ent sites already different before the biological
invasion occurred? (2) What specific interactions oc -
cur between the receptor biota and invader? Only
manipulative experiments can provide answers to
these questions.

The aims of the current study were (1) to describe
community level change in tropical rocky shore com-
munities due to the biological invasion by the corals
Tubastraea coccinea and T. tagusensis through a
manipulative removal experiment; (2) to test how the
community responded to different frequencies of
removal; and (3) to provide information which may
be used to set control targets and validate ongoing
management.
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MATERIALS AND METHODS

The study was carried out on a shallow rocky reef at
Macacos Island, Southwest Atlantic (23° 04’ 36” S,
44° 14’ 03” W) which was invaded by Tubastraea coc-
cinea and T. tagusensis ~20 yr prior to the start of our
experiment. Overall mean density of Tubastraea spp.
in the region is 38.2 colonies m−2, although the distri-
bution is patchy and maximum density is 792 colo nies
m−2, mean cover of the invaders in the region is 18.5
(visual estimate) and 11.3% (intercept point method),
maximum cover is 80% (De Paula & Creed 2005).
Tubastraea occupies slopes of every possible angle
but more colonies are found occupying slopes of
80−100° (22%) than other angles (De Paula & Creed
2005). See De Paula & Creed (2005), Creed & De
Paula (2007) and Lages et al. (2011) for further details.

The manipulative experiment consisted of applying
removal treatments on areas delimited by pre-marked
quadrats (0.16 m2). The 20 experimental areas, on ver-
tical flattish substrata with ≥20% cover of invasive
corals, spread along a 40 m extension of rocky reef at
a depth of 0.5−2.5 m, were haphazardly chosen and
marked at the corners with marine epoxy putty
(Tubolit MEM, Tubolit Indústria e Comércio Ltda).

The experiment was performed to compare tempo-
ral change in the composition and abundance of the
benthic community elements under 4 different treat-
ments: (1) controls, where the corals were not manip-
ulated; (2) a single removal, where the invasive
corals were removed once at the start of the experi-
ment in December 2004 (equivalent to a discrete
pulse perturbation, hereafter called ‘single removal’);
(3) multiple removal, where the invasive corals were
repeatedly removed, if found at each visit (equivalent
to a protected press perturbation, hereafter called
‘repeated removal’); (4) one single removal of the
entire benthic community, including the corals (at the
start of the experiment in December 2004, hereafter
called ‘community removal’). Manipulations were
carried out using hammers and chisels identical to
the Sun Coral Project Management protocol (Creed
et al. 2017b); trowels and steel brushes were also
used in the community removals and the biota re -
moved from the area. The treatments were randomly
assigned, with n = 5 replicates.

Fieldwork was carried out using SCUBA. At the
start of the experiment we performed a preliminary
characterization of the community by estimating the
density of the corals (as number of colonies + found-
ing polyps, henceforth termed ‘individuals’) and per-
cent cover of major taxons and/or functional groups
before and immediately after manipulation. These

measures were repeated monthly from December
2004 to March 2005 and thereafter, quarterly in June,
September and December 2005 with a final observa-
tion in January 2006. After each sampling any newly
apparent corals were removed from the repeated
removal areas using a chisel.

The densities of T. tagusensis and T. coccinea indi-
viduals were estimated by counting and identified to
species level, where possible. Settlement/recruitment
rates were estimated from counts of founding po lyps
found and removed at each revisit in the repeated
removal treatment areas, corrected for differences
in the period between samplings (expressed per
month, where 1 mo = 30 d) and tested using repeated-
measures 1-way analysis of variance (ANOVA). To
test for potential initial bias we performed 1-way
ANOVAs to test for differences in density of Tubas-
traea spp. and cover of the main taxon/ functional
groups between assigned treatments before the first
manipulation. Count data were ln(x + 1)-transformed
(Underwood 1997). A repeated-measures ANOVA
was used to test for the difference in percent cover of
the main space occupying taxa/ functional groups be -
tween treat ments. The values of percent cover were
 arcsine-transformed. We also used 1-way ANOVA to
test for differences between treatments 1 mo (Janu-
ary 2005), 6 mo (June 2005) and 12 mo post-manipu-
lation (January 2006). For ANOVAs, where appropri-
ate, the Tukey HSD test was performed after testing
for homogeneity of variance with the Levene test.
Statistical analyses were performed with SPSS v.13.0
statistical software.

We used Primer v.6 (Primer-E, Plymouth) to carry
out a Cluster Analysis and non-parametric multidi-
mensional scaling (MDS) on Bray-Curtis square-root
transformed standardized cover data (means of repli-
cates of principal groups) to explore similarity be -
tween assemblages under different treatments over
time. The ANOSIM routine was used to test for dif-
ferences among times and treatments.

RESULTS

Pre-removal

Neither the density of Tubastraea coccinea (mean ±
SE = 100.6 ± 16.9 ind. 0.16 m−2) nor that of T. tagu -
sensis (140.4 ± 25.4 ind. 0.16 m−2) differed signifi-
cantly between areas assigned to different treat-
ments (Fig. 1; ANOVA F3,16 = 0.167, p = 0.916, and
F3,16 = 0.261, p = 0.852, respectively). As density was
variable, the difference in density between species
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was also not significant (ANOVA F1,30 = 1.819, p =
0.18).

In the experimental areas, the benthic community
was composed mainly of articulated coralline algae
(Ja nia adhaerens J. V. Lamouroux, 1816, Amphiroa
beau voisii J. V. Lamouroux, 1816, A. fragilissima (Lin-
naeus) J. V. Lamouroux, 1816) and encrusting Coral -
linaceae (Lithophyllum sp. Philippi, 1837), filamentous
macroalgae (Hypnea spinella (C. Agardh) Kützing,
1847, Falkenbergia sp. F. Schmitz in Engler & Prantl,
1897, Polysiphonia spp. Greville, 1823), erect macro-
algae (mainly Padina sp. (Adanson, 1763), Ascideacea,
Crustacea (cirripeds), Porifera (mainly Desmapsamma
anchorata (Carter, 1882) and other encrusting
sponges), the zoanthid Palythoa caribaeorum (Du -
chassaing & Michelotti, 1860), the bryozoan Schizo-
porella unicornis (Johnston, 1847) and tube-building
polychaetes. For community ana lyses the taxa were
organized into the 5 most abundant species/taxonomic
groups (macroalgae, Porifera, P. caribaeorum, T. ta -

gu  sensis, T. coccinea, each of which represented at
least 10% mean cover in the communities); other spe-
cies totaled only 6.3% cover (Table 1).

Neither the cover of Tubastraea coccinea (mean ±
SE = 19.6 ± 2.9%) nor that of T. tagusensis (19.3 ±
2.3%) differed significantly among areas assigned to
different treatments (Fig. 2; ANOVA F3,16 = 0.790, p =
0.517 and F3,16 = 0.928, p = 0. 450, respectively).
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Taxon                                                                  Cover (%)

Tubastraea coccinea                                        24.0 ± 10.7
Macroalgae                                                         21.3 ± 9.5
Porifera                                                                16.8 ± 7.5
Tubastraea tagusensis                                       16.2 ± 7.2
Palythoa caribaeorum                                        15.4 ± 6.9
Others                                                                 6.3 ± 2.5

Table 1. Mean ± SE cover (%) of main benthic organisms in
the 5 experimental control areas at Ilha Grande Bay, Rio de 

Janeiro, Brazil
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Settlement/recruitment rate estimates

Fig. 3 shows the 4 different treatments at the end of
the experiment (Day 417). In areas with repeated
removal, over the study year, mean ± SE monthly set-
tlement/recruitment rates were 52.7 ± 31.2 and 41.3 ±
18.4 ind. 0.16 m−2 mo−1 for T. coccinea and T. tagu -
sensis, respectively (Fig. 4). In contrast, over the
study year, mean monthly settlement/recruitment
rates in control areas were 2.52 ± 19.3 and 2.64 ±
20.9 ind. 0.16 m−2 mo−1 for T. coccinea and T. tagu -
sensis, respectively. Both species of Tubastraea
showed variable settlement/recruitment throughout
the year, although no significant difference over time

or be tween species was detected (repeated-mea-
sures ANOVA: Time, p = 0.331; Time × Species, p =
0.208; Huynh-Feldt within-subjects test was used,
since Mauchly’s test of sphericity was p = 0.013)
(Fig. 4). This may have been due to settlement/
recruitment rates being highly variable spatially
(indicated by error bars in Fig. 4).

Density over time

Right after the removal treatment all densities,
except the control, were reduced to zero (Fig. 1). In
general terms, for both species, control densities in -
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Fig. 3. Experimental areas of rocky shore at Macacos Island, Southwest Atlantic, at the end of the experiment (Day 417). (a)
Control, where the corals were not manipulated; (b) a single removal, where the invasive corals were removed once; (c) re-
peated removal, where the invasive corals were repeatedly removed, if found at each visit; (d) community removal of the
 entire benthic community including the corals at the start of the experiment. Scale bar (applies to all panels) = 10 cm
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creased slightly over the following year; the density
of community removal treatments remained lower
3 mo after treatment but by June (6 mo) and after-
wards this treatment seemed to have the highest
densities (repeated-measures ANOVA: Time, p <
0.001; Time × Removal treatment, p = 0.039; Huynh-
Feldt within-subjects test was used, since Mauchly’s
test of sphericity was p < 0.001).

After 6 mo, densities of T. coccinea in single and
repeated removal areas became similar to controls,
tending to plateau. For T. tagusensis, densities in sin-
gle and repeated removal areas seemed to peak after
6 mo (being similar to controls) before decreasing
(Fig. 1). However repeated-measures ANOVA did
not detect a Species (p = 0.845) or Species × Removal
(p = 0.948) treatment effect so the 2 Tubastraea spe-
cies behaved similarly. After 1 mo, density was sig-
nificantly lower in the community removal than other
treatments independent of species (ANOVA p <
0.001, Tukey test), but after 6 and 12 mo, no signifi-
cant difference in density between treatments was
detected (ANOVA p = 0.722 and 0.837, respectively).

Coral cover over time

In general terms, for both species control cover re-
mained stable over the year, but the cover of the
3 removal treatments remained very low (<5%) for
both species for 9 mo after the treatment; from Sep-
tember 2005 onward it increased gradually (repeated-
 measures ANOVA: Time, p < 0.001; Time × Removal

treatment, p < 0.001; Huynh-Feldt within-subjects
test was used, since Mauchly’s test of sphericity was
p < 0.001) (Fig. 2). However, repeated-measures
ANOVA did not detect a Species (p = 0.858) or Spe-
cies × Removal (p = 0.696) treatment effect, so the 2
Tubastraea species behaved similarly. After 1 mo and
6 mo, cover was significantly higher in controls than
in any of the removal treatments, which were not sig-
nificantly different from one another, independently
of species as species did not differ significantly or in-
teract with treatments (ANOVA p < 0.001, Tukey
tests; species pooled analysis) (Fig. 2). After 12 mo,
independent of species (which did not differ signifi-
cantly or interact with treatments), 2 overlapping ho-
mogenous subsets of treatments formed (ANOVA,
species pooled, p = 0.009; Tukey test: Control =
Single removal = Community removal; Single re-
moval = Community removal = Repeated removal;
Control > Repeated removal) (Fig. 2).

Community patterns

The change in abundance of the other main func-
tional groups from before to 1 yr after manipulation,
between January 2005 and January 2006, are pre-
sented in Fig. 5. In the first data collection pre-
manipulation (December 2004), no taxonomic group
had more than 35% coverage in any of the treat-
ments in all areas. All taxa showed a homogeneous
distribution and abundance between areas, with the
exception of P. caribaeorum, a mat-forming zoanthid,
which coincidentally was absent from areas of
repeated removal of Tubastraea spp. (Fig. 5).

Macroalgae were the most sensitive (reacted most
to the removal of invasives), Porifera were less sensi-
tive, and P. caribaeorum was relatively insensitive to
removal of the invasives (Fig. 5). Mean macroalgal
cover remained stable in control areas (12−18%)
throughout the year, but in manipulated areas it in -
creased substantially post-manipulation. In single
and repeated removal treatments, mean coverage of
algae increased to new stable thresholds (37−49%
and 57−69%, respectively); in community removal
areas, mean macroalgal cover increased to 99%,
then decreased linearly over time to 42% 1 yr later.
The repeated-measures ANOVA confirmed that the
percent cover of macroalgae was significantly differ-
ent over time and that time interacted with treatment
(Time, p < 0.001; Time × Removal treatment, p <
0.001; Huynh-Feldt within-subjects test was used,
since Mauchly’s test of sphericity was p < 0.019), the
control areas and single removal Tubastraea being
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different from repeated removal and community re -
moval (Tukey test overall between subjects) (Fig. 5a).

Mean percent cover of Porifera in controls, single
removal and repeated removal treatments was simi-
lar during the first 6 mo after manipulation (controls
24−28%, single removal 19−30%, repeated removal
20−34%). In areas of community removal, the
sponges recovered their cover linearly to June (6 mo
after manipulation) when they reached similar cover
to control (mean 21%). In the next 6 mo the cover of
Porifera increased in repeated removal areas so by
the end of the experiment Porifera had 35% cover

compared with 15−21% for the other treatments
(Fig. 5b). The percent cover of Porifera was signifi-
cantly different over time and time interacted with
treatment (repeated-measures ANOVA: Time, p <
0.047; Time × Removal treatment, p < 0.034; Wilks’
Lambda); between-subjects’ effects were marginally
significant (p = 0.066).

Due to its patchy nature, the zoanthid P. caribaeo-
rum never occurred in the repeated removal areas. In
the community removal treatments, it was removed
and did not grow back during the following year
(Fig. 5c). Within the control areas it varied from 15 to
22% cover and in single removal areas varied from 5.4
to 16.9% cover (means). Due to these differences time
interacted significantly with treatment (repeated-
measures ANOVA: Time × Removal treatment, p =
0.006; Huynh-Feldt within-subjects test was used,
since Mauchly’s test of sphericity was p < 0.001);
between-subjects’ effects were not significant (p =
0.235), nor was time alone (p = 0.279).

Analyzing the community structure and treatments
as a whole, the cluster analysis coupled with the mul-
tidimensional scaling plot (MDS) showed a clear sep-
aration between control and treated areas. The pre-
treatment communities formed a group (B) together
with all the controls over time (Fig. 6). Post-treatment
the community removal resulted in communities ini-
tially (Jan–Mar 2005) most different to the control
forming a group (A), compared to single removal
(group D) and repeated removal (group C) communi-
ties. Time trajectories demonstrated that the commu-
nity re moval and single removal communities ap -
proached control while the repeated removal
treatment maintained a community state different to
the controls over time (Fig. 6). After 1 yr, the single re -
moval treatment was most similar to the control, fol-
lowed by the community removal, then repeated re -
mo val. Both treatments (ANOSIM ρ = 0.424, p = 0.004)
and times (ρ = 0.527, p = 0.001) varied significantly.

DISCUSSION

Community change

The present study compared community level
change in tropical rocky shore communities due to
the biological invasion by the corals Tubastraea coc-
cinea and T. tagusensis through a manipulative re -
moval experiment. It is clear from the present exper-
imental study that the presence of Tubastraea spp. on
these shores changes both the community structure
and its function.
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Fig. 6. (a) Dendrogram for hierarchical clustering and (b) multidimensional scaling ordination of communities under 4
 removal manipulations of the invasive corals Tubastraea spp. Letter-number codes: C: control; SR: single removal; RR:
 repeated removal; CR: community removal; number (and arrow direction) refer to the temporal sequence (1 being pre-
 manipulation and 8 being Jan 2006). Groups A−D were defined by the 80% similarity level. Based on Bray-Curtis square-

root transformed standardized cover data
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Regarding community structure, our study pro-
vides additional evidence that Tubastraea spp. cre-
ates an alternative stable community state. Dudgeon
et al. (2010) suggested 2 ways to prove the existence
of different equilibrium points (stable states). The
first is to check whether after the disturbance has
ceased (in this case the vector introduction process;
Cruz et al. 2014) the community remains self-suffi-
cient for the minimum time necessary to renew itself
(Connell & Sousa 1983). The second way is through a
manipulative community experiment with different
intensities of disturbance to test whether 2 or more
patterns of persistently mature communities develop
(Petraitis & Dudgeon 2004, Petraitis et al. 2009).

Lages et al. (2011) compared the structure of in -
vaded and non-invaded communities over time within
the same region. Using traditional multivariate analy-
ses, they found a strong positive relationship between
invader cover and changes in community. They per-
formed modeling analyses of sites where Tubastraea
was present, which suggested complete (100%) com-
munity dissimilarity when the invasive coral cover
reached about 45%. They concluded that at these lev-
els of cover (which commonly occur throughout the re-
gion, especially considering that a patchy distribution
is usual; De Paula & Creed 2005), the establishment of
Tubastraea spp. effectively creates a completely dif-
ferent community. Other studies have demonstrated a
shift to dominance of Tubastraea spp. in communities
at the landscape scale, with stability over the long term
(>10 yr; Silva et al. 2014). Norström et al. (2009) define
persistent change as that which continues for more
than 5 yr. Within this context the present and other
studies demonstrate that Tubastraea spp. causes a
phase shift to an alternative stable state in tropical
rocky shore communities in Brazil.

Macroalgae only occur within the photic zone
where photosynthesis is possible (Dring 1982) and
are, thus, amongst the main primary producers on
tropical rocky shores (Menge 1992). In the Southwest
Atlantic Tubastraea spp. occur down to 22 m (Creed
et al. 2017a) but are most abundant within the first
few meters (De Paula & Creed 2005). On the studied
shores macroalgal cover was enhanced from about
10% (control) to 60% (repeated removal) by the
removal of Tubastraea spp. As benthic primary pro-
ductivity on rocky shores is proportional to macro-
algal biomass and cover (e.g. Kraufvelin et al. 2010),
we can infer the reduction in macroalgal primary
productivity by the invasives to be about 83%. This
assumes that the removal of the invasives brings
about a ‘return’ to the pre-invasion community and
its function, which seems to be the case (compare

with Lages et al. 2011). As Tubastraea spp. are azoo -
xanthelate and, thus, heterotrophic, the ecosystem
also functions in a different way after the invasion, as
the basis of the food chain in invaded areas shifts
from autotrophic to plankton-based heterotrophic.

Interactions

The interactions observed between T. coccinea and
T. tagusensis and the native community resulted in
different occupancy rates of the rocky shore substra-
tum during our exclusion experiment. The experi-
mental removal of Tubastraea spp. highlighted some
important intraspecific and interspecific interactions,
which gave insights as to how the invasives enter,
dominate and maintain an alternative state.

From a classical ecological view point the experi-
mental treatments could be considered equivalent to
single- or multiple-selective, and severe non-selec-
tive ‘disturbances’. Many studies have focused on the
importance of natural disturbance and its effects on
space allocation, recruitment, and subsequent inter-
specific competition and space composition in marine
hard bottom benthic communities (e.g. Connell &
Keough 1985, Sousa 2001). On hard substrates com-
petition between species is particularly important in
determining the abundance and distribution of ses-
sile organisms (Fadlallah 1982). As well as opening
space for new settlement and recruitment, the re -
movals also freed up space (which is a limiting re -
source) for native benthic organisms already present.
Additionally, other resources, such as light (less
shading to the substratum; see Fig. 3a) and food (the
plankton the invasives prey on) were released,
resulting in enhanced recovery of the native commu-
nity structure and function (Fig. 3b−d).

Tubastraea spp. outcompete and cause necrosis to
native species (corals, turfs, corallimorphs and ane -
mones; Creed 2006, De Paula 2007, Hennessey &
Sam marco 2014, Precht et al. 2014, Miranda et al.
2016b) and also grow among and over commercially
exploited mussel beds and farms (Mantelatto &
Creed 2015). Both species produce chemicals, such
as alkaloids (Maia et al. 2014), which have antifoul-
ing properties and act as deterrents to predation by
fish (Lages et al. 2010) and invertebrates (Lages et al.
2010, 2012, Santos et al. 2013). They also use aggres-
sive physical contact to overcome competitors (Creed
2006, De Paula 2007, Santos et al. 2013, Miranda et
al. 2016b).

Porifera were also enhanced when Tubastraea spp.
were removed, but not to the same degree as macro-
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algae. Sponges are among the most diverse and
abundant sessile organisms on hard substrate in mar-
ine ecosystems and some of their success may be
related to mutualistic associations with other species
(Wulff 2006). While sponges and macroalgae co-exist
with corals, effects of these organisms on the survival
and growth of corals are not well understood (Ver-
meij 2006). Many species of sponges actively com-
pete for space with scleractinian corals (Aerts & van
Soest 1997, Hill 1998). After T. coccinea, the sponge
Desmapsamma anchorata (Carter, 1882) was the sec-
ond most abundant species in control/pre-manipula-
tion communities. This sponge is one of the few
invertebrates so far reported as being able to over-
grow and cause the death of Tubastraea spp. (De
Paula 2007, Meurer et al. 2010) in Brazil. D. anchor-
ata has fast growth and may maximize space occupa-
tion by employing different growth forms (encrust-
ing, lobed or branched) (Wulff 2005) and it competes
with Tubastraea at the study location (De Paula
2007). In a study of biological interactions between
95 sponges and 21 corals in the Colombian Carib-
bean, D. anchorata had the highest rate of over-
growth of corals (37.1%) (Aerts & van Soest 1997).
Other sponges present were probably less resistant
to Tubastraea spp., so although here we grouped tax-
ons for analyses we recommend that future studies
carry out larger scale and more detailed experiments
to tease out specific positive or negative interactions
between elements of the native biota and invasives,
as suggest by De Paula (2007).

In contrast Palythoa caribaeorum, a mat-forming
zoo xanthellate zoanthid, showed the least response
to the experimental removal of Tubastraea spp. Al -
though this was in part because of its patchy nature
(it never occurred in the repeated removal areas), it is
also the case that in the community removal treat-
ments it was removed and did not grow back during
the following year. It is a slow growing species,
which occupies space by lateral colony extension
more than by sexual reproduction. That said, at the
regional scale it is the major space-occupying species
in the shallow subtidal: for example, mean cover of P.
caribaeorum was 47.2% and frequency was 100%
over the 8 sites studied distributed throughout the
region by Lages et al. (2011). According to Suchanek
& Green (1982) P. caribaeorum acquires and domi-
nates space using physical (e.g. overtopping) and
chemical means. Despite that, Bastidas & Bone (1996)
observed that competitive interactions between P.
cari baeorum and Caulerpa racemosa on a reef flat
(Venezuela) caused mortality of zoanthid tissues due
to shading effects. We did not observe necrosis on

Palythoa tissues due to Tubastraea presence but
there was a small but steady increase in the cover of
P. caribaeorum in the control areas suggesting that it
may resist or even slowly outcompete the invasive
corals by lateral extension.

Necrosis caused by T. coccinea and T. tagusensis
on the endemic coral Mussismilia hispida has been
demonstrated on natural (Creed 2006) and artificial
(De Paula 2007) substrates at Ilha Grande Bay. Simi-
larly, Miranda et al. (2016b) studied competition of
Tubastraea and native corals on an invaded coral reef
in Brazil and found that while 3 native corals (Mussis-
milia hispida, Siderastrea stellata Verrill, 1868 and
Madracis decactis (Lyman, 1859)) showed contact
necrosis with T. tagusensis, Montastraea cavernosa
(Linnaeus, 1766) was able to resist contact with the
invasives by fighting back with sweeper tentacles
produced after about 1 mo. We imagine that the high
cover and mat-forming nature of P. caribaeorum
throughout the region provides a considerable bar-
rier to the settlement of larvae of Tubastraea spp.
onto hard substrata. Considering the high abun-
dance of P. caribaeorum, zoanthid−Tubastraea spp.
interactions deserve a more detailed future study.

Settlement and recruitment

Although the sibling species of Tubastraea co-occur
to the extent that their colonies may grow on one an-
other and intermingle (Creed et al. 2017b), the pres-
ence of adult colonies had a clear negative effect on
settlement/recruitment of juveniles. Although we
took every effort to remove all individuals and found-
ing polyps are large (>1 mm) and highly visible (or-
ange to yellow), it is not clear whether the subsequent
settlement/recruitment into single removal areas was
due to larval settlement post-manipulation or the out-
growth of overlooked founding polyps, or both. Com-
munity removal areas, which were entirely cleaned
with steel brushes, also showed founding polyps 1 mo
after removal so there was certainly larval settlement;
in repeated removal areas there was clearly also con-
tinuous settlement throughout the year. Furthermore,
the maintenance of the native biota increased biotic
resistance to settlement by the invasives’ larvae (for
example, compare the densities in community re-
moval vs. single removal after 1 yr; Figs. 1 & 3).

The use of 2 descriptors of abundance (cover and
density) to quantify Tubastraea spp. in the experi-
ment was necessary in order to fully understand the
outcomes of the experiment. Density was sensitive to
settlement and recruitment dynamics and cover was
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useful to assess the relative importance of the in -
vaders in the native community; the use of only 1
descriptor could easily have led to misinterpretations
such as ‘the more you remove the more there is’
which may be true for the density of founding polyps
but not for area cover, which is the appropriate
descriptor of sessile community structure on benthic
hard substrates (Murray et al. 2006).

Although peculiarities make direct comparison of
settlement/recruitment rates to other studies rather
difficult, it is relevant to observe that yearly mean
settlement/recruitment rate for Tubastraea spp. (spe-
cies pooled) estimated from monthly means in re -
peated removal areas was 6975 recruits m−2 yr−1; in
single removal areas (estimated from the maximum
density monthly mean through the year) it was 2144
recruits m−2 yr−1. On experimental tiles, Creed & De
Paula (2007) reported 275−522 Tubastraea spp.
recruits m−2 yr−1 and Mizrahi et al. (2014) reported
means of up to 2800 recruits m−2 yr−1 on tropical
rocky shores further south in Brazil. These values
contrast to values for multiple species on artificial
plates on other reefs, summarized by Glassom et al.
(2004) (recruits m−2 yr−1): the Great Barrier Reef, Aus-
tralia 150 to 4590; rest of the Pacific 57 to 131; South-
east Australia 150 to 307; Red Sea 190; and the Car-
ibbean 79 to 106. In Brazil, Castro et al. (2006)
re ported 1227 recruits m−2 yr−1 onto plates on a rela-
tively healthy coral reef, so it seems that mean settle-
ment/recruitment rates of Tubastraea spp. during our
experiment were ~2 to 6 times the equivalent recruit-
ment rates of the native all-species pool onto plates
on Brazilian reefs. Not a single native hard coral set-
tled/recruited into the experimental areas during our
study but there was some recruitment of the invasive
corals into the control areas.

Management implications

Marine biosecurity is the science-based protection
of native marine biodiversity and marine ecosystems
through effective management and control of non-
indigenous species (Hewitt et al. 2004, 2009). Wil -
liams & Grosholz (2008) reviewed a number of con-
trol and eradication programs in estuarine and
coastal waters, most of which were successful. A
number of different physical, chemical and biological
tools or agents have been used. However, historically
little has been done to stop, prevent, control and
eradicate invasive marine species.

Compared to control and repeated removal, the
single removal manipulation provided about a 50%

recovery in macroalgae cover and the primary pro-
duction services they provide, which was maintained
for at least 1 yr post-manipulation. At the community
level the single removal treatment created a commu-
nity group (Group D in Fig. 6) which was distinct
from the control (Group B) and about half the dis-
tance (axes 1 and 2 of MDS) between the control and
the repeated removal treatments (Group C). In gen-
eral terms, a single removal therefore returns about
half of the distinctiveness of the original community
(or, in management terms, provided an average 50%
recovery in the ecosystem with a duration of at least
1 yr). These results clearly demonstrate the potential
for ecosystem recovery through removal.

Management initiatives based on a manual re -
moval protocol developed by the Sun Coral Project
through a non-governmental institution (Instituto
Brasileiro de Biodiversidade) are being used by the
Brazilian environmental agencies, non-government
organizations and volunteers in a mixed approach of
eradication and control of the corals from the shores
and reefs. The management aims to slow the spread
by reducing propagule pressure and fostering eco-
system recovery by reducing the cover of the inva-
sive corals Tubastraea spp. in native communities,
more than 200 000 colonies (>8 t) have been elimi-
nated since 2006 (Moreira et al. 2014, Creed et al.
2017b). For example, total removal of Tubastraea
spp. without reappearance (eradication) has been
carried out in isolated, accessible, recently detected
populations at the range edge on several islands
within the Tamoios Ecological Station Marine Pro-
tected Area (MPA) (Gomes et al. 2015), as well as an
isolated population at the São Sebastião Channel,
São Paulo state (Mantelatto 2012). Another focus is
ongoing eradication programs in a number of Brazil-
ian MPAs. The same methods are being used on
reefs in the Flower Garden Banks National Marine
Sanctuary, Florida, USA, by the National Oceanic
and Atmospheric Ad minis tration (Precht et al. 2014).
Achieving complete eradication of the invasive corals
is now difficult in some localities, such as Ilha Grande
Bay, Rio de Janeiro, where the present study was car-
ried out, but their control is imperative in order to
mitigate change in native species abundance and in
ecosystem functions as well as to maintain beta
diversity (Creed et al. 2017b).

In management terms, manual removal is precise
and maintains native species intact, which in turn
enhances biotic resistance and depresses reinvasion
rates. This is in contrast to other methods also devel-
oped for the control of Tubastraea spp. (application of
fresh water: Moreira et al. 2014; wrapping: Mante-
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latto et al. 2015) but which are not selective. These
other methods may be more apropriate for enclosed
areas, management of vectors or to remove very high
cover infestations.

One implicit assumption in the experimental ap -
proach used here is that in manipulated areas com-
munities return to their original state (pre-invasion)
and not an alternative one. This has particularly im-
portant implications for management aimed at restor-
ing invaded ecosystems and is a hot topic (see discus-
sion by Cruz et al. 2014) as we desire, through
management, to invert phase shifts (a temporary al-
teration in the dominance of the community that re-
sponds smoothly to a gradient of an environmental
parameter; Done 1992) or alternative stable states that
are mediated by human impacts (Cruz et al. 2014).

In terms of invader management, the single re -
moval of adult colonies is immediately effective in
reducing propagule pressure to nearby areas, as
removed colonies will no longer contribute to the lar-
val pool (Creed et al. 2017b), slowing the spread of
the invader. Also, new recruits in removal areas need
time to settle and develop to reproductive size and
buying time may open up other management op -
tions. Settlement/recruitment rates were likely high
in this study because we chose to carry out our exper-
iment within smaller areas surrounded by a matrix
essentially dominated by long established Tubas-
traea spp. populations that serve as a source for lar-
vae. Most larval settlement occurs very close (<1 m)
to Tubastraea spp. adults (Creed & De Paula 2007).
The experimental manipulation therefore probably
did not mimic well the scale of management (control)
actions that remove all colonies from much larger
infested areas (Creed et al. 2017b). The best manage-
ment strategy for eradication is probably a removal
with a repeat visit for a second removal after a period
just less than that needed for new re cruits to grow to
reproductive maturity. For control, aimed at slowing
the spread and maintaining low cover of invasives in
order to enhance the return of some ecosystem
 functions, the periodicity of re movals may be less
 frequent.

In summary, the results from the present study,
interpreted in the light of a previous descriptive com-
parison of invaded vs. non-invaded communities in
the same region (Lages et al. 2011) demonstrate that
(1) communities which developed in the absence of
Tubastraea spp. are similar to those pre-invasion,
both in terms of structure and function; (2) the man-
ual removal of Tubastraea spp. provides significant
long term (>1 yr) recovery in native community struc-
ture and the return of some impacted functions to

levels similar to pre-invasion; and (3) the manual
removal method maintains native species intact and,
thus, provides biotic resistance. These conclusions
support the ongoing programs (Gomes et al. 2015,
Creed et al. 2017b) of manual removal of invasive
Tubastraea spp. as a control and ecosystem recovery
strategy and suggest that an initial removal with a
6−12 mo revisit may be a useful control regimen in
terms of cost−benefit.
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