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Introduction

Abstract

The calcareous sponge Paraleucilla magna (Porifera, Calcarea) has been the sub-
ject of several studies in the last decade. It was first described along the Brazilian
coast, where it is considered cryptogenic, and was subsequently found in the
Mediterranean, where it is considered invasive. The wide artificial distribution of
this species allows us to compare different aspects of the biology of an introduced
species in different locations. Here, we analysed the effects of selected environ-
mental parameters on the reproductive dynamics of P. magna in Rio de Janeiro
(Brazil) over 18 months and compared our results with those obtained for the
same species in the Mediterranean Sea. Specimens were collected monthly and
analysed through histological methods. The density of reproductive elements in
each month was calculated, and the effects of environmental parameters (photo-
period, precipitation, temperature, phytoplankton and bacterioplankton) were
analysed using a regression tree analysis. Paraleucilla magna was reproductive
throughout the study period. The densities of the reproductive elements (oocytes,
embryos and larvae) showed no seasonality, and this species presented one of the
highest reproductive efforts documented to date in the phylum Porifera (99.0
oocytes - mm > 89.0 embryos - mm>; 319.0 larvae - mm>). The main envi-
ronmental parameters related to the reproduction of P. magna were temperature,
photoperiod and bacterioplankton. Temperature was the main driver associated
with the densities of oocytes and embryos, while bacterioplankton was the main
driver of larvae (positive relationships). In Rio de Janeiro, larvae were present
and continuously released. This strategy is different from that observed in the
Mediterranean, where a larger larval output was observed but only during the
summer months. Our results show that P. magna is a species with a strong inva-
sive potential, considering its high and continuous reproductive effort. This high
fecundity stimulated by high temperatures may be a key factor contributing to
the growth of P. magna populations and its invasion of new areas.

was a species new to science, its type locality became Rio
de Janeiro. However, soon after it was described,

The calcareous sponge Paraleucilla magna Klautau et al.
2004; was first observed in Brazil in the late 1980s and
very rapidly became one of the most abundant sponges
in Rio de Janeiro (Klautau et al. 2004). As this sponge
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P. magna was recognized in the Mediterranean Sea, where
it had been present since the 1970s according to
fishermen (Zammit et al. 2009; Gravili et al. 2010; Pierri
et al. 2010; Occhipinti-Ambrogi et al. 2011; Guardiola
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et al. 2012; Cvitkovi€ et al. 2013), and then in the Eastern
Atlantic Ocean (Agell ef al. 2012). In Brazil, in addition
to Rio de Janeiro state, this species has been found in
Sdo Paulo and Santa Catarina states.

The abundance, continuous spreading and unknown
origin of this species have made it a model for several
studies addressing ecology (Monteiro & Muricy 2004;
Pierri et al. 2010; Cavalcanti et al. 2013; Padua et al.
2013a,b; Batista et al. 2014), symbiosis (Turque et al.
2010), biomineralization (Rossi et al. 2014) and popula-
tion genetics (Guardiola et al. 2012). The reproduction
and embryology of P. magna are of particular interest
(Lanna et al. 2007; Lanna & Klautau 2010, 2012; Longo
et al. 2012; Padua et al. 2013a). This species is a her-
maphrodite, producing oocytes and sperm cells simulta-
neously in the choanosome (Lanna & Klautau 2010). The
embryos develop in the mesohyl, and in later stages (after
inversion), the larvae are maintained in an epilarval tro-
phocyte epithelium until ripening and subsequent spawn-
ing (Lanna & Klautau 2012). The periodicity of the
reproduction of P. magna appears to vary according to
the locality and even the year. Lanna et al. (2007) and
Guardiola et al. (2012) showed that the reproduction of
this species is restricted to the warmer months of the year
in Rio de Janeiro and in Spain, respectively, while Longo
et al. (2012) and Padua et al. (2013a) observed continu-
ous reproduction throughout the year in Italy and Rio de
Janeiro, respectively, with peaks during summer.

The discontinuous distribution of this species, its pres-
ence mainly near port areas and its continuous and fast
spreading have called attention to the possibility of bioin-
vasion. In the Mediterranean Sea, P. magna is considered
invasive, as it causes negative impacts for mollusk farmers
(Longo et al. 2007), and new records are continuously
being reported (see Cvitkovic et al. 2013). In Brazil, fol-
lowing the classification of introduced species presented
by Geller et al. (2010), P. magna is cryptogenic, as its ori-
gin remains unknown. Along this coast, the populations
of P. magna do not appear to cause any problems to the
environment or to the economy (Cavalcanti et al. 2013;
Padua et al. 2013a).

Although biological introductions can irreversibly alter
the invaded community, leading to extinction of native
species and economic losses in some cases (Geller et al.
2010), these invasions represent a unique opportunity for
studying a number of aspects of species biology, such as
the influence of the environment. Several hypotheses have
been proposed to explain the success or failure of bioin-
vaders, but three factors have been repeatedly indicated:
(i) the life history of the species; (ii) environmental
health; and (iii) latitude (Ruiz & Hewitt 2002). The pres-
ence of the opportunistic species P. magna (r-strategist,
Longo et al. 2012) in the Mediterranean (Italy — 40 °N)
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and in Rio de Janeiro (Brazil — 23 °S) provides an excel-
lent opportunity to increase our knowledge of the behav-
ior of a species in different environments.

In sponges, the onset of the reproductive period has
been related mainly to seawater temperature (e.g. Eres-
kovsky 2000; Maldonado & Riesgo 2008; Riesgo &
Maldonado 2008), suggesting that each species has an
optimal temperature at which to reproduce. Unfortu-
nately, as few species of sponges exhibit wide spatial
distributions, little is known about the influence of tem-
perature and other environmental parameters on the
reproduction of the great majority of species (Fell 1976).
For this type of study, introduced species represent good
models. In fact, there is an urgent need to improve our
understanding of the species-specific relationships among
reproduction, temperature and other environmental
parameters because of the increasing number of intro-
duced species (Olive 1995; Przeslawski et al. 2008; Riesgo
& Maldonado 2008; Mercier & Hamel 2009).

Therefore, in the present work, we investigated the
reproductive dynamics of a population of P. magna in
Rio de Janeiro and the possible effects of different envi-
ronmental parameters on the fecundity of this species.
Based on previous results, we hypothesized that there is
seasonality in the reproduction of this calcareous sponge
in Rio de Janeiro and that the environment drives this
seasonality and the reproductive output. Moreover, we
compared our results with those of Longo et al. (2012)
for a population of P. magna in the Mediterranean Sea
with the aim of understanding the patterns and processes
of the bioinvasion of this species in marine ecosystems.

Material and Methods

Study area

This study was carried out at Vermelha Beach, Rio de
Janeiro, Brazil (22°57' S, 43°09° W). This beach is limited
by two large rocky shores, located close to the mouth of
the eutrophic Guanabara Bay (Fig. 1). The freshwater
input is low, being limited to precipitation and water
run-off from surrounding mounts (Lanna et al. 2007).
The climate in the region is humid tropical, with a sea-
sonal pattern of heavy summer rains (December to
March) and a comparatively dry winter (July—August)
(INMET 2008). The superficial seawater temperature var-
ies between 19 and 29 °C, with an annual average of 23.1
(£2.9) °C (Albuquerque & Genofre 1999).

Histology and quantification of reproductive elements
In this study, we collected fragments measuring 5 mm’

from the base and top (Fig. 2a) of 10 specimens of
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Rio de Janeiro

Fig. 1. The sampling site of P. magna, Vermelha Beach (arrow), is
found close to the mouth of the eutrophized Guanabara Bay in the
Rio de Janeiro State, Brazil.

Paraleucilla magna chosen at random on a monthly basis
from September 2006 to March 2008. To perform the
identification and quantification of reproductive elements
[oocytes, embryos (a category comprising all stages
between the first cleavage and the stomoblastula) and lar-
vae], all fragments were fixed in Bouin’s fixative solution,
decalcified and embedded in paraffin. Thin sections
(5 pm) were mounted on glass slides and then stained
with Harris’ hematoxylin and eosin [see Lanna & Klautau
(2010) for more details on the histological procedures].
To quantify reproductive elements and establish the
reproductive dynamics of this species, a reticulated cover-
slip with 4-mm? squares was positioned above the
sections, and the reproductive elements were visually
counted (at 100x magnification). We counted three
squares per fragment (total area of 12 mm?®), examining a
total of six squares (total area of 24 mm?) per specimen.

Reproduction of P. magna vs. environmental factors

We then calculated the average reproductive elements in
the squares per specimen, followed by the population
average for each month as the average of the values
obtained for all specimens collected in each month.
Unless otherwise indicated, the data obtained in this
study are presented as averages + SDs.

Sampling of environmental parameter data

Data on the investigated environmental parameters [pho-
toperiod, precipitation, superficial seawater temperature
(hereafter referred to as ‘temperature’), phytoplankton
abundance and bacterioplankton abundance] were
obtained at or adjacent to Vermelha Beach. All of the
data were collected monthly from September 2006 to
March 2008, except for temperature, which was obtained
only after October 2006.

Photoperiod values were generated by calculating the
average daily difference between sunrise and sunset
obtained from the Brazilian National Institute for Space
Research (CPTEC-INPE 2008) for all days of the month.
Monthly precipitation data were obtained from the web-
site of AlertaRio (2008) and are expressed as accumulated
millimeters of rain per month. Temperature was mea-
sured using a calibrated thermometer three times per
week in the vicinity of the sampling site (2 km south-
ward), and the average value was calculated for each
month.

Soon after collecting the sponge tissue, a sample of
water from Vermelha Beach was collected with a 500 ml
polypropylene bottle. It was kept refrigerated (4 °C) and
promptly brought back to the laboratory. Phytoplankton
abundance (chl a and its degenerated form, phaeophytin)
analysis was performed via vacuum filtration through cel-
lulose membrane filters (Millipore HAWP 0.45 um). The
filters were extracted with 90% acetone, and spectropho-
tometer readings and calculations were performed
according to Parsons et al. (1984). Bacterioplankton
abundance was determined after nucleic acid staining
with the fluorochrome SYTO13 (Invitrogen, ref. S-7575)

.9

Fig. 2. General aspects of the reproduction of Paraleucilla magna. (a) Adult specimen of P. magna on the rock shore of Vermelha Beach
indicating the top (dashed line) and base (solid line). (b) Mature oocyte of P. magna (arrow) with a large nucleolated (nu) nucleus (n). (c) After
sucessive cleavages the embryo became a stomoblastula (arrow), close to a choanocyte chamber. (d) After pass through an inversion, the embryo

becomes an amphiblastula larva (a). (ca — canal, cc — choanocyte chamber).
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at 2.5 pM in samples fixed with 2% paraformaldehyde,
according to Gasol & del Giorgio (2000) and Andrade
et al. (2003). To each 0.5 mL triplicate sample, 25 pL of
a working bead solution was added (sampled after intense
sonication), and the content was homogenized via vor-
texing for 15 s. Immediately thereafter, inside a fume
hood under dim light, 20 pL of a SYTO 13 working solu-
tion was added to each tube (final concentration,
2.5 uM), followed by mixing in a vortex apparatus for
15 s. The tubes were kept in the dark until cytometer
readings were taken (between 30 and 90 min) using a
FACSCalibur flow cytometer (BectonDikson, CA),
equipped with a 20 mW blue laser with a standard opti-
cal filter configuration. Autotrophic bacteria were also
analysed via flow cytometry, based on their autofluores-
cence properties (Gasol & del Giorgio 2000); however,
their abundance and biomass were one- to twofold lower
compared with the heterotrophic bacteria and were there-
fore not considered here.

Statistical analysis

All of the data sets were tested for normality and homo-
scedasticity prior to analysis. To evaluate whether the
dynamics of the reproductive elements of Paraleucilla
magna presented seasonality, a permutational multivariate
analysis of variance (PERMANOVA, Anderson 2001) was
applied to a Euclidean distance matrix for the data on all
P. magna reproductive elements to evaluate whether they
presented seasonal differences. PERMANOVA was per-
formed using the ‘vegan’ package (Oksanen et al. 2013)
in the R environment (R Development Core Team 2014).

Owing to the complex relationships among the explan-
atory environmental variables and their role in the repro-
ductive response, we constructed regression trees
providing intuitive insights regarding high-order interac-
tions among variables (De’ath & Fabricius 2000). The
procedure is based on repeated binary splitting of each
response variable (Crawley 2007) expressed graphically in
hierarchical trees of the main environmental drivers, with
the root node on the top representing non-split data and
the branches and leaves representing the groups parti-
tioned by the explanatory variables. Each split is based on
finding the one predictor variable (and a given threshold
of that variable) that results in the greatest change in the
explained deviance (for Gaussian error, this is equivalent
to maximizing the between-group sum of squares). Tree
functions carry out this process through an exhaustive
search of all possible threshold values for each predictor.
Once a split is made, the routine is repeated for each
group separately until all deviance (or some low thresh-
old) is explained, or there are too few samples in the
remaining subset (Fridley 2010). In this analysis, we had
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to exclude data for 3 months (September and December
2006, and June 2007) because of missing data for at least
one of the three variables (temperature, phytoplankton
and bacterioplankton). All statistical analyses were carried
out in R (R Core Team 2012), with the regression tree
analyses performed using the ‘tree’ package (Ripley 2014).

Results

Reproduction pattern

As previously described (Lanna & Klautau 2010), Paraleu-
cilla magna is a simultaneous hermaphrodite and is vivip-
arous, incubating embryos and spawning swimming
larvae. Of the 225 specimens of this species analysed dur-
ing this study, 140 (62%) showed at least one of the three
female reproductive elements; 99 (44%) presented oo-
cytes; 86 (38%) presented embryos; and 105 (47%) pre-
sented larvae (Fig. 3a). The three types of reproductive
elements could either be present at the same time or not
in the choanosome of the studied sponges. They were
observed as one, two or three simultaneous elements in
approximately the same proportions (33.3, 29.1, and
37.6%, respectively) during the studied period (Fig. 3b).

Dynamics of the reproductive elements

With the exception of December 2006, the investigated
population of Paraleucilla magna was always reproduc-
tively active (i.e. at least one of the reproductive elements
was present in one of the sampled specimens, Fig. 3a).
However, there was strong inter-individual and inter-
annual variation in the densities of the reproductive ele-
ments. Mature oocytes (Fig. 2b) were found in all
months, except for September and December 2006 and
October 2007 (Fig. 3c). Higher densities of this reproduc-
tive element were first observed in the summer—fall per-
iod of 2007 and then from spring 2007—summer 2008
(Fig. 3c), demonstrating a lack of seasonality in gamete
production. Embryos (Fig. 2c) were recorded only after
December 2006, and their densities increased until reach-
ing a peak in April and May 2007. The density values
subsequently dropped during winter, then increased again
just before summer 2008, but showed lower values than
in the previous year (Fig. 3d). Amphiblastula larvae
(Fig. 2d) were found year round, except for in December
2006 and August 2007, and usually displayed an average
density higher than 3 larvae - mm 2. Higher densities
occurred in April and November 2007 (5.7 &+ 11.7 lar-
vae - mm > and 8.4 + 8.5 larvae - mm 2, respectively)
and January 2008 (11.6 £ 6.7 larvae - mm ™ ?) (Fig. 3e),
indicating that fertilization and embryonic development
occurred without clear seasonality. Larvae were the most

Marine Ecology (2014) 1-13 © 2014 Blackwell Verlag GmbH
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Fig. 3. Dynamics of the reproductive elements of P. magna. (a) Monthly percentage of specimens bearing the reproductive elements (oocytes,
embryos and larvae). (b) Percentage of specimens bearing simultaneously one, two or three of the reproductive elements. (c—e) Dynamics of the
mean density of the reproductive elements (with standard deviations - SD) per mm? along the studied period: (c) Oocytes; (d) Embryos; (e)
Larvae. (f) Proportional density of the reproductive elements (oocytes, embryos, and larvae) per month.

common reproductive element in the choanosome of
P. magna throughout the studied period (Fig. 3f).
Although seasonality was unclear for the reproductive ele-
ments (Fig. 3c—e), there was great variation in oocytes,
embryos and larvae among the studied months, as
demonstrated via PERMANOVA [Pseudo-F (17,197) =
5.9743; P < 0.001].

Dynamics of environmental parameters

The photoperiod in Rio de Janeiro varied from 641 min
in June to 814 min in December and, as expected, pre-
sented a clear seasonal pattern, showing higher values in
summer and lower photoperiods during winter (Fig. 4a).
Lower precipitation was observed during fall and winter
[although the lowest value was found in March (summer)
2007: 5.2 mm], and higher values were recorded in spring
and summer (highest value found in December 2007:
237 mm) (Fig. 4b). Close to Vermelha Beach, the tem-
perature varied between 16 and 28 °C. The warmest
monthly average (24.3 & 2.0 °C) occurred in December
2007, while the coldest waters were observed during
December 2006 (18.5 + 2.0 °C); these low temperatures
observed during the summer season are due to the influ-
ence of upwelling waters on coastal regions around Rio
de Janeiro, whose intensity can vary depending on the
year (Yoneshigue-Valentin & Valentin 1992; Fernandes
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et al. 2012; Fig. 4c). The phytoplankton abundance also
presented large variation during the studied period,
showing an average value of 8.7 pg - 17", The highest
phytoplankton abundance was observed during summer
in December 2007 (17.9 pg - 1), while lower concentra-
tions were observed during spring and winter
(2.14 pg - 17! in October 2006 and 3.12 pg - 17" in July
2007) (Fig. 4d). The abundance of bacterioplankton was
higher during the first studied months (September 2006
to February 2007), after which it fell to values fluctuating
around 1.0 x 10° cells - ml~'. The highest abundance of
bacteria was observed in November 2006 (7.8 x 10°
cells - ml™'; Fig. 4e). This environmental parameter did
not present a seasonal pattern. In fact, with the exception
of the photoperiod, all of the investigated environmental
parameters lacked seasonal or monthly patterns.

Environmental drivers of reproductive dynamics

The regression tree analysis indicated (with moderate to
high support, according to Cohen 1988) that among all
of the possible explanatory variables, the main environ-
mental parameters related to the reproduction of Paraleu-
cilla.  magna temperature, photoperiod and
bacterioplankton (Fig. 5). Temperature was the main dri-
ver related to the density of oocytes and embryos, while
bacterioplankton was the main driver of larval densities

were
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Fig. 4. Dynamics of the environmental parameters investigated at
Vermelha Beach from September 2006 to March 2008. (a) Average
(£SD) values of photoperiod (min). (b) Precipitation accumulated
during the whole month (mm). (c) Average (£SD) values of superficial
seawater temperature in a location 2 km apart from Vermelha Beach.
(d) Variation of phytoplankton abundance evidenced by the
concentration of chlorophyll a and pheophytin (a degenerate stage of
chlorophyll)  (photopigments ug-L™") of the water mass; ()
Abundance of bacterioplankton (106 cellss-mL~") in the water mass of
Vermelha Beach. (* missing data).

a Oocytes
Temperature
<20.8°C > 2Di8 °c
Photo]period
0.608 (6) [ [
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R 0.3601094 3.135(5) 1.647 (5)
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Fig. 5. Regression tree for predicting the density of the reproductive
elements of P. magna [(a) Oocytes, (b) Embryos, and (c) Larvae] from
the investigated environmental parameters in Rio de Janeiro. Values
present in the leaves are the mean values of the density
(number-mm~2) of the reproductive elements and the number of
months classified in each leaf (parentheses).
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(Fig. 5). Oocytes were more abundant when the tempera-
ture was higher than 20.8 °C, mainly when the photope-
riod was less than 752.5 min. These splits resulted in the
highest fit with oocyte density (R* = 0.360) among all of
the trees produced (Fig. 5a). The only environmental
parameter that was able to explain the dynamics of
embryo density was temperature. When the temperature
was higher than 21.18 °C, a higher density of embryos
was observed. This model produced the best fit with
embryo density (R* = 0.340) among all of the generated
trees (Fig. 5b). The density of larvae was higher when the
concentration of bacteria was lower than 0.565 x 10°
cells - ml™'. When bacterioplankton was present above
this concentration (which was more usual), a higher lar-
val density was reached depending on higher tempera-
tures (Fig. 5¢). This was the model that best explained
larval variation (R* = 0.401) among all of the produced
trees.

Discussion

The Vermelha Beach population of Paraleucilla magna
reproduced continuously throughout the studied period
(September 2006 to March 2008) but presented strong
inter-individual and inter-annual variation in its densities
of reproductive elements (Fig. 3). Most calcareous
sponges exhibit only one breeding season per year (see
Lanna et al. 2007), although some are able to reproduce
twice a year (Orton 1914, 1920). However, some species,
including P. magna in the Mediterranean Sea, are capable
of reproducing throughout the year (Sara & Orsi 1975;
Franzen 1988; Longo et al. 2012). In Rio de Janeiro,
P. magna was reported to reproduce once a year from
2004 to early 2006 (Lanna et al. 2007). By contrast, in
the present study, the examined population at the same
beach (Vermelha Beach) reproduced throughout the year.
Nevertheless, we cannot state that each individual was
able to reproduce more than once a year, as we collected
individuals randomly to study the population. However,
Lanna et al. (2007) used the same criteria and found sea-
sonality at the time of their study. These contrasting
reproductive periodicities could be related to natural fluc-
tuations in different environmental parameters.

During this study, P. magna presented one of the high-
est reproductive efforts documented to date in the phy-
lum Porifera, especially if only viviparous species are
considered (an exception is the viviparous species Thoosa
mismalolli; Table 1). Larvae were the most abundant ele-
ment throughout the studied period (see Fig. 3f), which
may indicate that oogenesis and embryogenesis take place
quickly, while larval ripening appears to require a longer
period to be completed (i.e. larvae are incubated for a
long time inside the epilarval trophocyte epithelium
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before hatching; Lanna & Klautau 2012). In addition, the
constant presence of a large number of larvae in
P. magna tissue is indicative of continuous larval release
at the population level, which is corroborated by the con-
tinuous recruitment of the species observed in the same
area (Padua et al. 2013a). Constant larval release can be
considered a reproductive strategy, as it reduces the risk
of all larvae being lost due to unfavorable conditions
(Strathmann 1985; Ettinger-Epstein et al. 2007) and may
be one of the keys to the success of P. magna in coloniz-
ing new areas, as observed in other marine invertebrate
invaders (Johnston et al. 2009).

In the Mediterranean population of P. magna, repro-
duction is also continuous, and fecundity can reach levels
even higher than those observed in Brazil (Table 1; Longo
et al. 2012). However, the Mediterranean population of
this sponge presents a different reproductive strategy:
although oocytes and embryos were observed continu-
ously throughout the year, larvae occurred only from
September to December in 2006 (Longo et al. 2012). If
we consider only larvae as a proxy for fecundity, a con-
trasting scenario is observed between these two popula-
tions of P. magna. In the Brazilian population, larvae are
continuously produced throughout the year, while in the
Mediterranean, there is only a short period of larval pro-
duction, although with a peak production that is higher
than any density observed in Brazil. This may indicate
that at higher latitudes, the reproductive effort must be
concentrated and stronger to guarantee population suc-
cess than in lower latitudes. This characteristic is most
likely related to the different fluctuations of environmen-
tal parameters in the two regions (i.e. the densities of lar-
vae may depend on environmental conditions; see
below). In any case, the reproductive effort presented by
this species is so high in both Rio de Janeiro and the
Mediterranean Sea that it might promote the death of the
parental organisms after larval release, indicating that
individuals of P. magna are semelparous.

Many studies have indicated a strong influence of tem-
perature on sponge reproduction, especially in temperate
regions (e.g. Riesgo et al. 2007; Riesgo & Maldonado
2008; Maldonado & Riesgo 2009; Chung et al. 2010; Eres-
kovsky et al. 2013) and even in tropical areas (Fromont
1994a,b; Ettinger-Epstein et al. 2007). Temperature is usu-
ally implicated in either controlling gamete production or
larval release (Fell 1974, 1993; Maldonado & Riesgo 2008).
In several species of Demospongiae, for example, a sea-
sonal increase in seawater temperature triggers the pro-
duction of oocytes and spermatozoa (e.g. Fromont 1994a,
b; Fromont & Bergquist 1994; Ettinger-Epstein et al. 2007;
Mercurio et al. 2007; Whalan et al. 2007; Abdo et al.
2008; Riesgo & Maldonado 2008; Chung et al. 2010),
although a decrease in water temperature has also been
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Table 1. Comparison of the largest values of the densities of the reproductive elements of Paraleucilla magna and different species of Porifera.
The densities of Paraleucilla magna's elements are presented both in mm~2 and in mm~3 (calculated by the Abercrombie equation present in
Elvin 1976) in order to facilitate the comparison. Studies in which the reproductive effort of the sponge is presented only as the reproductive out-
put index (percentage of tissue occupied by reproductive elements) were excluded from this list (modified from Whalan et al. 2007).

reproductive elements

mode of
species oocytes embryo larvae development reference
Paraleucilla magna Brazil 8.0 mm~?2 3.4 mm~—2 11.7 mm—2 v

— Southwest Atlantic (299 mm~) (89 mm™—3) (319 mm~)

Italy — Mediterranean 553.6 mm~> ~300.0 mm~3 121.5 mm™ v 20
Haliclona loosanoffi - - - \Y 1
Stylopus sp. - 0.2 mm~3 - v 2
Anchinoe sp. - 2.0 mm~3 - v 2
Chondropsis sp. - 0.1 mm~3 - v 2
Ancorina alata 50.0 mm~3 - - 0 2
Polymastia sp. 130.0 mm—3 - - 0 2
Polymastia hirsuta 30.0 mm 3 - - 0 2
Aaptos aaptos 150.0 mm~3 - - ? 2
Polymastia sp. 220.0 mm~3 - - ? 2
Raspaillia topsenti 320.0 mm~3 - - ? 2
Haliclona amboinensis' 2.4 mm~? - - % 3
Niphates nitida’ 2.9 mm~? - - v 3
Haliclona cymiformis’ 0.8 mm~2 - - v 3
Xestospongia bergquistia’ 3.1 mm~? - - 0 3
Xestospongia testudinaria’ 1.8 mm~?2 - - 0 3
Xestospongia exigua' 10.2 mm~2 - - 0 3
Tethya aurantium 507.3 mm~> - - 0 4
Tethya citrina 689.7 mm 3 4
Mlycale contarenii - - - \Y 5
Crambe crambe - - - \Y 6
Scopalina lophyropoda - - - \Y 6
Petrosia sp. ~200.0 cm ™2 ~60.0 cm~? ~30.0 cm~? v 7
Tetilla sp.? shallow - - - 0 8
deep
Spongia officinallis 6.0 mm~> 1.3 mm3 1.0 mm~3 v 9
Luffariela variabilis 1.5 mm~2 1.3 mm? 1.2 mm~2 v 10
Corticium candelabrum 7.0 mm~? 4.0 mm~2 (21.3 mm~) 4.2 mm~? v 1
Rhopaloeides odorabile - - - \Y 12
Axinella damicornis <2.0 mm~2 - - 0] 13
Raspaciona aculeata ~4.0 mm—2 - - 0] 13
Chondrosia reniformis ~7.2 mm~2 - - 0] 13

Spain — Mediterranean

Italy — Adriatic Sea 44.6 mm~> - - 0 19
Haliclona sp. 1 (green) <0.1 mm~? 0.2 mm~? <0.1 mm~? v 14
Haliclona sp. 2 (brown) <0.1 mm~? 0.1 mm~? <0.1 mm~2 v 14
Petrosia ficiformis ~11.5cm™3 - - 0 15
Spongia ceylonensis - ~10 mm~3 - \Y 16
Thoosa mismalolli" 18.0 mm~2 54.0 mm 2 v 17
Cliona viridis ~12.0 mm™2 - - 0 18
Cliona celata ~12.0 mm™? - - 0 18
Tedania anhelans 8.5 mm~> 18.5 mm~3 1.2 mm~—3 v 19
Hemimycale columella 4.0 mm~? 0.43 mm—2 0.07 mm~2 v 20
Crella elegans 0.17 mm—2 0.33 mm2 1.6 mm2 v 20
Sarcotragus spinosulus® 8.1 mm~3 1.5 mm~3 0.8 mm—3 v 21

V, viviparous; O, oviparous.

References: 1, Fell (1976); 2, Ayling (1980); 3, Fromont (1994b); 4, Corriero et al. (1996); 5, Corriero et al. (1998); 6, Uriz et al. (1998); 7, Asa
et al. (2000); 8, Meroz-Fine et al. (2005); 9, Baldacconi et al. (2007); 10, Ettinger-Epstein et al. (2007); 11, Riesgo et al. (2007); 12, Whalan et al.
(2007); 13, Riesgo & Maldonado (2008); 14, Abdo et al. (2008); 15, Maldonado & Riesgo (2009); 16, Chung et al. (2010); 17, Bautista-Guerrero
et al. (2010); 18, Piscitelli et al. (2011); 19, Longo et al. (2012); 20, Perez-Porro et al. (2012); 21, Mercurio et al. (2013).

"There is no differentiation between embryos and larvae in the quantification.

2Data provided for different locations.

? means unknown.

8 Marine Ecology (2014) 1-13 © 2014 Blackwell Verlag GmbH



Lanna, Paranhos, Paiva & Klautau

related to the onset of reproduction in some species (Fell
1993; Riesgo et al. 2007).

Few works have investigated the possible role of tem-
perature in the reproduction of calcareous sponges. The
Brazilian population of P. magna showed higher produc-
tion of oocytes and embryos when the temperature was
elevated (Fig. 5), which is also observed in the Mediterra-
nean population (Longo et al. 2012). However, while a
higher investment in oocytes and embryos was observed
in Brazil when the temperature was above 20.8 and
21.18 °C, respectively, in the Mediterranean this incre-
ment was observed only at temperatures over 26—28 °C
(Longo et al. 2012). The calcareous sponge Sycon scald-
iense was found to reproduce in the Netherlands during
two periods of the year: August (when the temperature
was 18 °C) and November—December (when the temper-
ature varied between 4 and 9 °C), indicating that that
this species can maintain its reproductive activity at very
disparate temperatures (van Koolwijk 1982; Fell 1993). By
contrast, reproduction of Petrobiona massiliana and
Clathrina blanca is most likely triggered by an increase in
water temperature in the Mediterranean and along the
Pacific coast of the USA, respectively (Vacelet 1964; John-
son 1978). In both studies, in years when high tempera-
tures were maintained for a longer period, the
reproductive period of these species was also longer (Vac-
elet 1964; Johnson 1978).

It is has been demonstrated that the thermal regime in
a given region can trigger the reproduction of different
species in different periods (Riesgo & Maldonado 2008;
Mercurio et al. 2013) and that the same species will
reproduce in different periods depending on the latitude
where it is found (Fell 1993; Witte & Barthel 1994), indi-
cating that the temperature effect on sponge reproduction
is species specific. The Mediterranean and Brazilian popu-
lations of P. magna both reproduce year round (Longo
et al. 2012), independent of the thermal regimes experi-
enced in these different latitudes. Moreover, at both loca-
tions, a rise in temperature apparently increases the
fecundity of individuals. This finding indicates that rather
than triggering the initiation of reproduction, tempera-
ture may influence the rate and quantity of reproductive
elements being produced.

In addition to temperature, photoperiod and bacterio-
plankton were also implicated as drivers of the reproduc-
tive dynamics of the Brazilian population of P. magna
(Fig. 5). Marine invertebrate reproduction is strongly asso-
ciated with photoperiod (Olive 1995). This environmental
parameter is generally connected to temperature, but while
temperature is related to the rate of reproduction in mar-
ine invertebrates, photoperiod is implicated as a timing
mechanism (Olive 1995). Although there is little informa-
tion on the influence of this parameter in sponge repro-
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duction, photoperiod has been implicated in the onset of
gametogenesis in Haliclona permolis (Elvin 1976). Maldo-
nado & Riesgo (2008) suggested that in areas showing low
temperature variation throughout the year (which is the
case for Vermelha Beach in Rio de Janeiro), gametogenesis
should rely on stimuli undergoing more intense changes,
such as photoperiod. This appears to be the case for
P. magna oogenesis in Rio de Janeiro, as this species gen-
erally presented an increase in density associated with an
increase in day length (see Figs 3 and 4).

Bacterioplankton was implicated as the main driver of
larval production. We have previously observed that the
amphiblastula of P. magna appears to feed on bacteria,
which are transferred to the larval cavity, while the larvae
are brooded inside the parental sponge (Lanna & Klautau
2012). Bacteria have been considered one of the main
sources of energy for sponges (Reiswig 1974; Ribes et al.
1999; Stabili et al. 2006). Ribes et al. (1999) observed that
Dysidea avara could feed on a broad size spectrum of
food sources, allowing the species to maintain a constant
level of food uptake throughout the year. This species
releases larvae during summer (Mariani et al. 2005),
when the sponge diet is heavily dependent on bacteria
(Ribes et al. 1999).

A large difference in the period of the major repro-
ductive output of the P. magna population was observed
between the years 2007 and 2008 (Fig. 3). Additionally,
the reproductive activity of this population was continu-
ous during the studied period, constituting a completely
different situation from a previous report (Lanna et al
2007), when in the same locality, this species was found
to be reproductively active only during summer. The
fluctuation in the length of the reproductive period from
year to year observed in P. magna is most likely related
to different thermal regimes in Vermelha Beach. Albu-
querque & Genofre (1999) showed that the temperature
at Vermelha Beach was higher during the summer per-
iod and decreased during the fall and winter months.
This pattern was not recovered during the present study:
the temperature was constantly high from January
through November 2007 (Fig. 4c). Therefore, the high
temperatures found during this study may explain the
different reproduction patterns found for the same pop-
ulation of P. magna here and in a previous study, when
this species reproduced only during summer (Lanna
et al. 2007). The same explanation may be given for the
different timing of the strongest reproductive output
observed between 2007 and 2008 (Fig. 3). Changes in
the reproductive period of marine species related to
modifications of thermal regimes have been observed in
various groups of marine invertebrates in different
regions of the globe (Olive 1995; Lawrence & Soame
2004 and references therein).
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Conclusions

In contrast to our hypothesis, our results showed that the
Vermelha Beach population of Paraleucilla magna was
constantly reproducing. However, we confirmed that
some of the environmental parameters investigated here
had effects on the reproductive effort of this species.
Paraleucilla magna is a species with a strong invasive
potential, considering its reproductive effort and continu-
ous reproduction, and apparently requires a much higher
reproductive effort to colonize higher than lower latitudes
(Longo et al. 2012). Fast growth (Cavalcanti ef al. 2013),
a young reproductive age (Lanna et al. 2007), high
recruitment rates (Padua et al. 2013b) and high fecundity
(Longo et al. 2012; present study), stimulated by higher
temperatures, may be key factors contributing to the
growth of P. magna populations and its invasion of new
areas. Our findings highlight the complex interactions
between the environment and this sponge that must be
taken into account to understand and monitor the
spreading of this species in new areas.
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