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Abstract. While the role of microboring organisms, or eu- for an effective expansion of euendolith growth. They could
endoliths, is relatively well known in dead coral skeletons, not keep up with coral growth, so they became diluted in the
their function in live corals remains poorly understood. They apex areas as nubbins grew with phosphate enrichment. Re-
are suggested to behave like ectosymbionts or parasites, insults from the present study suggest that coral skeleto&s of
pacting their host’s health. However, the species composipistillata will not be further weakened by euendoliths under
tion of microboring communities, their abundance and dy-phosphate enrichment.

namics in live corals under various environmental conditions
have never been explored. Here, the effect of phosphate en-

richment on boring microorganisms in live corals was tested

for the first time. Stylophora pistillatanubbins were ex- 1 Introduction

posed to 3 different treatments (phosphate concentrations of

0, 0.5 and 2.5 umott) during 15 weeks. After 15 weeks of Euendoliths are boring phototrophic and organotrophic
phosphate enrichment, petrographic thin sections were premicroorganisms that include cyanobacteria, chlorophytes,
pared for observation with light microscopy, and additional 'hodophytes, and fungi (Tribollet, 2008a). They develop in
samples were examined with scanning electron microscopf large variety of carbonate substrates, including crustose
(SEM). Euendoliths comprised mainly phototropi@stre- coralline algal thalli and coral skeletons (Tribollet and Payri,
obium sp. filaments. Rare filaments of heterotrophic fungi 2001; Tribollet and Golubic, 2005), in which they actively
were also observed. Filaments were densely distributed iPenetrate through active processes of dissolution (Golubic
the central part of nubbins, and less abundant towards th&t al., 1981; Garcia-Pichel et al., 2010). They colonize live
apex. Unexpectedly, there was a visible reduction of fila-and dead substrates, although colonization has been shown
ment abundance in the most recently calcified apical part of0 be more intense in dead ones (Le Campion-Alsumard et
phosphate-enriched nubbins. The overall abundance of el 1995a; Tribollet and Payri, 2001). In live coral skeletons,
endoliths significantly decreased, from 9:2.09 % of the euendoliths grow from the inside of the skeleton towards the
skeletal surface area in unenriched corals, to 5:8177%  Surface, trying to keep up with coral growth (Le Campion-
and 5.27:0.34% in 0.5 and 2.5pmotE-phosphate en- Alsumard et al., 1995a). In dead skeletons on the contrary,
riched corals respectively. SEM observations confirmed thighey penetrate from the outside and bore towards the inside
decrease. Recent studies have shown that phosphate enrich-the substratum (Tribollet, 2008b).

ment increases coral skeletal growth and metabolic rates, !n dead corals, euendoliths have been shown to be impor-
while it decreases skeletal density and resilience to mechanf@nt primary producers, and major agents of reef bioerosion
cal stress. We thus hypothesize that increased skeletal growfi'd sediment production (Schneider and Torunski, 1983;

in the presence of phosphate enrichment occurred too fagghazoties et al., 1995; Perry, 2000; Tribollet et al., 2002,
2006; Tribollet and Golubic, 2005). Various environmental
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factors have been reported to affect rates of dissolution byanthellae specific growth rate, photosynthetic efficiency and
euendoliths in dead substrates. Zubia et al. (2001), Chazottgshosphorus content (Godinot et al., 2011a). The study of the
et al. (2002), and Carreiro-Silva et al. (2005, 2009, 2012) reimpact of phosphorus on euendoliths in IBepistillatawill
ported enhanced rates of dissolution under eutrophied condithus improve the understanding of the effects of nutrients on
tions, while Tribollet and Golubic (2005) and Tribollet (Tri- live corals.

bollet, 2008b) showed that terrigenous inputs can mitigate
the effects of eutrophication by limiting settlement and pen-
etration of euendoliths. Moreover, it was shown recently that?
rates of bioerosion by euendolithic communities are posi-
tively affected by elevategCO; (Tribollet et al., 2009).

In live corals, besides their role as skeleton bioeroders, eUThe experimental setup used in this study has already

endoliths are known to have different activities. Boring het- yaan described in a previous paper (Godinot et al., 2011a).
erotrqphic fungi appear to inflict damages to their live hOStSBrieﬂy, live nubbins (initial size of 1.3 0.4cm long and
(Bentis et al., 2000; Alker et al., 2001; Domart-Coulon etal., 5 64+ 0.3¢m in diameter) oB. pistillata were cultured in

2004), while autotrophic euendoliths may provide benefits,q njicated aquaria under three continuous phosphate enrich-

especially in cases of bleaching events, through the release ¢f onts (0, 0.5 and 2.5 umot}). The 0.5 pmoltt enrichment

nutrients and organic compounds (Odum and Odum, 1955,¢5esented a phosphate concentration, which has been re-

Ferrer and Szmant, 1988.; Schlichter et_al., 1995; Fine a”‘?)orted on some eutrophic reefs (Kinsey and Davies, 1979),
Loya, 2002). The metabolism of euendoliths and the balancgnereas the 2.5 umot} enrichment was used to highlight

between damages and benefits in live corals remain howevgpe effect of phosphate on coral physiology. Corals were kept
poorly known (Ferrer and Szmant, 1988; Tribollet, 2008a).nfeq to control for phosphorus enrichment. Light, tempera-
In particular, the role of environmental factors on bioero- yre sajinity, algal development and nutrient concentrations
sion of live coral skeletons has been seldom addressed. {{ere controlled in each aquarium (Godinot et al., 2011a).
was shown that elevated light leads to a photoacclimationry,ree nubbins per treatment (9 nubbins in total) were sam-

of phototrophic euendoliths when increased progressivelypeq for euendolith observations after 15 weeks of phosphate
and makes them more susceptible to thermal phOtO'”h'b't'orbnrichment, and were immediately fixed in a 4 % solution of
and photodamages when increased rapidly, while Concomiformaldehyde in buffered seawater.

tant increases in light and temperature lead to a decrease of
their photosynthetic efficiency (Fine and Loya, 2002; Fine2.2 Sample treatment
et al., 2004, 2005). But the roles of other factors such as
nutrient concentrations have never been formally examinedNubbins were cut transversally in two halves for observation
Since corals are becoming increasingly impacted by eutrophef euendoliths with light microscopy and scanning electron
ication due to continuous nutrient release from sewage dismicroscopy (SEM) respectively.
charges, rainfall, rivers and ground waters (Tomascik and The first halves were used to prepare longitudinal petro-
Sander, 1985; Bell and Tomascik, 1993; McCook, 1999), thegraphic thin sections for light microscopy observations. The
impact of nutrients on boring euendolithic communities of samples were dehydrated in a series of ethanol and acetone
live corals deserves more attention. baths, then embedded in Araldite as described by Tribol-
The aim of the present study was to test the impact of endet (2008b). Several millimeter-thin slabs of skeleton were
richment by a single nutrient, phosphate, under controlledcut using a diamond circular saw, and were then mounted on
conditions in aquaria, using the tropical cofl pistillata microscope slides, ground to the quality of petrographic thin
Phosphate was chosen because it has been reported to akctions, briefly etched with 5% HCI, rinsed carefully, and
fect the skeletal composition and structure of live corals,stained with 5% toluidine blue to reveal the euendolithic fil-
and to decrease skeletal density (Godinot et al., 2011aaments. Nine to twelve slides were prepared out of the 3 nub-
Dunn et al., 2012). Moreover, a recent study on dead shellbins studied per treatment. We selected 5 good quality slides
showed that phosphate stimulates microbioerosion, in pareut of the 9 or 12 slides for measurements of the different
ticular by boring cyanobacteria (Carreiro-Silva et al., 2012). biological variables related to boring microflora, after check-
Since it was shown that live corals are colonized by chloro-ing that they were representative of all slides per treatment.
phytes, cyanobacteria, and fungi (Le Campion-Alsumard etSections were observed with a Nikon Eclipse LV100 micro-
al., 1995a; Priess et al., 2000), we therefore hypothesize thatcope, on which a Nikon DS-RI1 camera was mounted.
phosphate enrichment can stimulate euendoliths growth in The second halves of samples were used to prepare SEM
live colonies ofS. pistillata and thus rates of carbonate dis- sections. Samples were bleached with sodium hypochlorite
solution. S. pistillatawas selected for the present study be- prior to embedding, then cut longitudinally, shortly etched
cause, in this species, phosphate was already shown to iwith 5% HCI, rinsed and dried carefully, and then platinum-
crease tissue and skeletal growth, phosphate incorporationoated. Three samples per treatment were observed with a
into the mineral fraction of the skeleton, as well as zoox- ZEISS Evo.LS.15 environmental SEM.

Methods

2.1 Experimental design

Biogeosciences, 9, 2372384 2012 www.biogeosciences.net/9/2377/2012/
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2.3 Analyses Table 1. Range of percentages of bioeroded surface area attributed
to each abundance rank for light microscopy measurements. Data
2.3.1 Petrographic slides are presented as the minimum and maximum value measured out of

5 measurements per rank.

Two semi-quantitative methods were selected to determine if . .
phosphate had an effect on the overall distribution of micro- Rankof  CStmated bioeroded
boring filaments in the skeletons, and to quantify the abun- abundance_ Surface area
dance of filaments in each treatment. In this latter technique, Min Max
only non-porous areas of the skeleton (i.e. microscopic fields 1 0.0% 10%
fully covered by skeleton) were selected for repeatability and 5 1:0 % 3:0 %
accuracy of the abundance quantifications. This choice was 3 3.0% 7.0%

4

5

made because of the highly porous structur&opistillata 7.0% 12.0%
skeletons, which was of ca. 308 % (estimated on pictures 12.0% 16.0%
of the petrographic slides with the software ImageJ).

The first semi-quantitative method consisted in selecting

one fepresentative slide out of the five per phosphate tre"iRivare StatView. Non-parametric tests were selected since the
ment to map in detail the spatial distribution of filaments

. : ) normality assumption was not respected.
across the entire sections of skeleton, i.e. porous and non-

porous areas. For this new approach of euendoliths distribuy 3 5 gEM sections
tion, pictures of the entire selected thin sections were taken

and assembled using the software NIS-Elements D (Nikon)SgMm sections were observed to confirm the specific diver-
These pictures were converted to binary black and white picsity of euendoliths observed on petrographic slides, and the
tures with ImageJ. The outlines of the skeletons were recovsemi-quantitative analyses performed. For that latter part,
ered with the software Adobe lllustrator, and colored distri- ten pictures were randomly taken per section (30 pictures

bution maps were drawn within those outlines. Maps wereper phosphate treatment) to quantitatively measure the sur-
based on estimations of the abundance of euendolithic filaface area bioeroded by euendoliths using the software Im-
ments, visually ranked from 1 to 5 by the same observer (reageJ (expressed in percent of the total surface area of the pic-
spectively lowest and highest filament abundances encounyre). The effect of phosphate enrichment was tested using
tered across all the samples). Abundances were estimated @K ryskal-Wallis test followed by Mann-Whitney post-hoc

0.14 mn% Optical fie|dS, at ca. 500 Hm intervals across the pairedU-testS, performed with the software StatView.
whole thin sections (i.e. ca. 19025 measures per sample).

The second semi-quantitative method consisted in rank-
ing the abundance of filaments on 30 randomly selected non3 Results
porous microscopic fields of 0.14 nfnper slide (5 slides,
thus 150 measurements per phosphate treatment), in order ddubbins measured on average ca. D@83 cm in diame-
quantify and to compare the abundance of filaments amonger at the end of the experiment, with a length of 3.3, 3.5,
phosphate treatments. We thus observed a total surface aread 3.7+ 1.0 cm (respectively for the 0, 0.5 and 2.5 umdi|
of 0.041cn? per slide out of 0.85c/on average, with a treatments).
porosity of 50+ 8 %. Thus, quantifications were performed  Euendolithic communities observed in the skeletons of
on ca. 10% of the total surface area of the samples. Thédive S. pistillatawere mainly composed dDstreobiumsp.
same scale as described above (ranks from 1 to 5) was usefilaments (Fig. 1), with possibly fungi filaments as well. No
To statistically compare the abundance of filaments betweemwther species were observed.
phosphate treatments, ranks were matched to percentages ofThose filaments were rather densely distributed in the mid-
surface area covered by euendoliths. These percentages wetke part of the nubbins (yellow to red colors on Fig. 2),
determined for each rank of abundance as a preliminary stepyhile they were less abundant at the apex of the corals (blue
using 5 representative photographs per rank, which were arto yellow colors on Fig. 2). Differences were observed be-
alyzed with the software ImageJ. The minimum and max-tween the unenriched and the two phosphate-enriched corals
imum values found for each rank gave the range of per{Fig. 2a): in the latter, filaments were even less abundant to-
centages of bioeroded surface area attributed to that rantards the most recently calcified apical part of the nubbins
(presented in Table 1). The 30 abundance observations pe(targe blue and green areas on the right of Fig. 2b and c).
formed per slide were thus used to calculate the range of sur- The abundance of euendoliths significantly decreased with
face area covered by euendoliths on each slide. Medians gfhosphate enrichment on the petrographic thin sections, from
these ranges were compared among the three treatments 12+ 1.09 % of the non-porous surface area bioeroded in
ing non-parametric Kruskal-Wallis tests, followed by Mann- unenriched corals to 5.880.77% and 5.240.34% in
Whitney post-hoc paired/-tests, performed with the soft- 0.5 and 2.5 pmoH?! phosphate-enriched corals respectively

www.biogeosciences.net/9/2377/2012/ Biogeosciences, 9, 23334-2012
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Fig. 2. Effect of long-term phosphate enrichment (15 weeks) on
the spatial distribution of euendolithic filaments along the skeleton
of S. pistillata nubbins: unenrichedA), 0.5pmol 1 P (B), and
2.5pumol 1 P (C). Observations were performed with light mi-
croscopy on longitudinal petrographic thin section of the nubbins.
Maps are based on estimations of the abundance of filaments, vi-
sually ranked from 1 (blue, low abundance) to 5 (red, high abun-

Fig. 1. Filaments ofOstreobiumsp. boring inside the skeleton of dance). Dashed lines mark the nubbin tips at the beginning of the
the coralS. pistillata (A): photograph of filament sheet and boring €XPeriment.

traces taken with an environmental scanning electron microscope.
(B): photograph of live filaments taken with light microscopy.

20 pm'

4 Discussion

(Fig. 3; Kruskal-Wallis test, df = 2 =7.58, p =0.02,). Dif- This study is: to the_ best of our knowledge, the first to re-
ferences between the two phosphate-enriched treatmenROrt on the distribution and abundance of euendoliths colo-
were not significant (Mann-Whitney tegt, = 10, p = 0.60). nizing skeletons of live corals in a controlled experiment test-
Bioeroded surface area estimated with SEM confirmed thd"d Phosphate inputs. Species composition of euendolithic
decrease of abundance with phosphate enrichment (Kruskafommunities observed i8. pistillatais in agreement with
Wallis test, df = 2,H =6.25, p = 0.04). Mann-Whitney post- t.he previous fgw observatlons made in skeletons of other
hoc tests showed that, with the SEM technique, onlylive corals Porites Le Campion-Alsumard et al., 1995a),
the highest phosphate enrichment was significantly dif-in which the ubiquitous chlorophyt®streobium quekettii

ferent from the other two phosphate treatmerits=80,  dominated assemblages, with occasional filaments of fungi
p=0.018). and of the cyanobacteriuflectonema terebrangn S. pis-

tillata, however, filaments of the cyanobacteriuen tere-
branswere not observed, but may have been overlooked or

Biogeosciences, 9, 2372384 2012 www.biogeosciences.net/9/2377/2012/
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Fig. 3. Abundance of euendoliths estimated through the percentages 0.8 1.0 1.2 1.4
of surface area bioeroded in each phosphate treatment. Data are pre
sented as Tukey box plots calculatedmog 150 measurements per Coral growth rate (% d—l)
treatment. The star indicates treatments significantly different from
the others.

Fig. 4. Relationship between coral skeletal growth rates and the
abundance of euendoliths. Skeletal growth rates are from Godinot et

. . . . al. (2011a) and were measured over 8 weeks of phosphate enrich-
confounded with fungi hyphae. The low diversity of euen- ment. Abundance of euendoliths was estimated based on the per-

doliths in S. pistillataconfirms that only a few species can centages of surface area bioeroded in each phosphate treatment after
penetrate into skeletons of live corals. Euendolith§.ipis- 15 weeks of exposure to phosphate treatments. Data are presented
tillata were however distributed differently than Rorites  as the means SE, withn = 5 samples per phosphate treatment for
colonies. They were localized across the skeletorfs. giis-  the abundance, and= 10 for growth rates.
tillata (unenriched treatment) while they were condensed in
a green band beneath the surfacePofites colonies. The
above variations in distribution may result from differences of dead portions of live colonies of the branching caato-
in structure, porosity, and growth rates among coral speciegpora muricatacolonized by macroborers made by Sammarco
This strongly suggests that all coral species are not colonizednd Risk (1990) and Risk et al. (1995). These latter studies
the same way by euendoliths, as is also the case for deadid not report the impact of phosphate on microborers in live
carbonate substrates (Perry, 1998; Tribollet, 2008a). parts of the branching coral. The absence of impact of phos-
If skeletal microdensity decreased $ pistillatacorals  phate in the present study is, however, in agreement with the
due to the continuous 15 weeks phosphate enrichment, simiresults reported by Carreiro-Silva et al. (2012) in dead sub-
larly to A. muricatacorals enriched for 16 weeks with phos- strates, who showed that only cyanobacteria are enhanced by
phate (Dunn et al., 2012), this decrease did not lead to a fastgghosphate enrichment. In the present study, the chlorophyte
colonization of the skeleton by euendoliths. On the con-Ostreobiundominated communities.
trary, euendolith abundance decreased in phosphate-enrichedEutrophication in general has been reported to increase
corals, especially in the apexes (Fig. 2). This result may bebioerosion by euendoliths in dead substrates (Zubia and
linked to the increase in skeletal growth rates observed withPeyrot-Clausade, 2001; Chazottes et al., 2002; Carreiro-Silva
phosphate enrichment B pistillata(Godinot et al., 2011a). etal., 2005, 2009). Chazottes et al. (2002) and Carreiro-Silva
An inverse relationship was found between the abundancet al. (2005) highlighted the confounding roles of grazing
of euendoliths (expressed as percentages of surface area biand organic matter release in this positive response, which
eroded) reported in the present study and the skeletal growtked to changes in euendolithic communities. These authors
rates reported by Godinot et al. (2011a) (Fig. 4). We thus hy-hypothesized that increased nutrient concentrations can ini-
pothesize that the increased skeletal growth in the presence tifite a feedback loop, where bioerosion by euendoliths and
added phosphate was too fast for the euendoliths to activelypy grazers reinforce one another, leading to accelerated bio-
follow coral growth, and that euendoliths became diluted. erosion of the reef framework. The latter confounding roles
The decrease of euendolithic filament abundance, and thusf grazing and organic matter release were absent in the
microbioerosion, reported here was somewhat unexpectegiresent controlled study. Furthermore, the processes of bio-
It was in contradiction with the assumption of Dunn et erosion in dead substrates and live corals are likely to be
al. (2012), who suggested that colonization by internal bio-very different (Le Campion-Alsumard et al., 1995a). Indeed,
eroders increases with phosphate eutrophication. Howevem dead substrates, euendoliths are in contact with the am-
these authors based their hypotheses on earlier observatiobgent seawater, where they can possibly benefit from high

www.biogeosciences.net/9/2377/2012/ Biogeosciences, 9, 23334-2012
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nutrient concentrations. In live corals, polyps and their sym-and organic matter in addition to phosphate, the present study
biotic zooxanthellae form a protective barrier and actively needs to be followed by attempts at determining the separate
take up the nutrients (D’Elia, 1977; D’Elia et al., 1983; and combined effects of the different nutrient sources on eu-

Bythell, 1990; Godinot et al., 2009, 2011a, 2011b). Evenendoliths colonizing various coral species and over longer

though phosphate did reach the skeleton in the present studperiods of time.

as evidenced by the higher P:Ca ratio and phosphorus content

of the mineral fraction of the skeleton of phosphate-enriched . . .
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