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Vermetid reefs in the Mediterranean Sea are increasingly affected by both anthropogenic actions and global climate change, which are put-
ting this coastal ecosystem at risk. The main species involved in building these reefs are two species of intertidal vermetid gastropods and the
crustose calcareous alga, Neogoniolithon brassica-florida, which cements the gastropod shells and thus solidifying the reef edges. In the present
study, we examined the pattern of distribution in the field and the environmental sensitivity (thermal tolerance, resilience to low pH, high
light intensity and desiccation) of N. brassica-florida along the coasts of Sicily and Israel by means of chlorophyll fluorescence and total alkalin-
ity measurements in situ and in the laboratory. Tidal regimes did not affect photosynthesis of N. brassica-florida but light intensity in the
intertidal did. Sensitivity to increased light intensity was amplified by elevated temperature and reduced pH. Winter temperature above 16 �C
caused a decrease in the photosynthetic performance of photo-system II. Similarly, a decrease in pH resulted in decreased maximum photo-
synthetic yield and electron transport rate. Calcification was significantly lower at pH 7.9 as compared with ambient (8.1) pH. In fact, dissol-
ution at pH 7.9 at night was higher than net calcification during the day, suggesting that N. brassica-florida may not be able to contribute to
reef accretion under the levels of seawater warming and ocean acidification projected by the end of this century.
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Introduction
Vermetid reefs in the Mediterranean Sea are the temperate and

subtropical equivalent of coral reefs in terms of their bioengineer-

ing function and support of biodiversity. Furthermore, these reefs

are important for coastal protection and prevention of beach ero-

sion (Ben-Eliahu, 1975; Fishelson and Haran, 1987; Lipkin and

Safriel, 1971; Safriel, 1974). The framework builders of vermetid

reefs are two species of vermetid gastropods: Vermetus triqueter

inhabiting the inner shallow basins of the reef flat and the densely

aggregated Dendropoma petraeum, a filter-feeder, protected by a

thick shell and a close fitting operculum, inhabiting the surf-

beaten edge of the reef where it creates raised rims (Safriel, 1974).

A recent study (Templado et al. 2016) distinguished between

4 cryptic species within the D. petraeum complex. Although mor-

phologically almost undistinguishable, the genetic divergence

of these genotypes is clear (Templado et al. 2016). We now know

that different basins of the Mediterranean Sea are dominated by a

different species of the genus Dendropoma. Relevant vermetid

species for the present study are Dendropoma cristatum along the

shores of Sicily and Dendropoma anguliferum along the coast of

Israel.

The four Mediterranean species of Dendropoma are closely

associated with the crustose coralline red algae (CCA)

Neogoniolithon brassica-florida Harvey (Setchell and Mason,
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1943), which is responsible for cementation of the Dendropoma

spp. shells creating a strong conglomerate at the abrasion plat-

forms at the lower intertidal zone.

The CCA is also important for Dendropoma settlement

(Spotorno-Oliveira, 2015). Living Dendropoma spp. reefs have

been described for rocky shores in the southern Mediterranean

from the Strait of Gibraltar and southeastern Spain to Sicily and

the Levantine Basin (Calvo et al., 1998).

The two associated rim builders Dendropoma spp. and

N. brassica-florida live in what is considered an obligatory associ-

ation, particularly in the rim surrounding the abrasion platform.

The framework offered by these reef builders is critical to the

whole ecosystem functioning in the intertidal zone (Safriel and

Ben-Eliahu, 1991); therefore, D. petraeum has been recognized as

a species in need of protection (Scotti and Chemello, 2000).

In recent years, wide mortalities of Dendropoma spp. were

observed Mediterranean-wide, in particular along the southeast-

ern (Levant basin) coast (Usyatsov and Galil, 2012). The cause

for vermetid reefs demise is still unknown although anthropo-

genic activities (mainly pollution) were speculated as the main

cause of mortality. Di Franco et al. (2011) demonstrated that

the presence of a small marina in NW Sicily heavily affected the

density of D. petraeum and the cover of N. brassica-florida, when

compared with reference locations. Although not causing local

extinction of the reef builder species, these reductions were spe-

cifically recorded in the outer rim of the vermetid reef, likely as a

result of alteration of water flow regimes, water turbidity, nutri-

ent enrichment and the accumulation of toxic compounds inside

the marina (Di Franco et al., 2011).

Bioconstruction is counteracted by biological and physical ero-

sion. To maintain a positive accretion of the whole bioconstruc-

tion, the synergistic calcification rate of the gastropod

Dendropoma spp. and the alga N. brassica-florida must be higher

than the biological and physical erosion rate. While the gastropod

is heterotrophic, the CCA is autotrophic and therefore its calcifi-

cation rate is dependent on light availability, intensity and qual-

ity. In the intertidal zone, N. brassica-florida is exposed to

considerable oscillations in abiotic conditions such as irradiance,

temperature and humidity (Ganning, 1971; Truchot and

Duhamel-Jouve, 1980; Morris and Taylor, 1983) however it is un-

known how this affects its photosynthesis and calcification rates,

during low tide when it is exposed to air. During extreme low

tide events it may also be exposed to extreme high/low tempera-

ture, salinity and radiation. Some factors such as tides and tem-

perature are more predictable whereas local weather (wave wash,

cloud cover) is less predictable.

High irradiances and desiccation during low tide presents the

algae with significant photo-stress (Davison and Pearson, 1996;

H€ader et al., 2003; Franklin and Forster, 1997). Reactive oxygen

species (ROS) a result of increased photosynthesis under high

irradiance may cause damage to the photosynthetic apparatus

and eventually lead to bleaching and death (Muller et al., 2001).

Temperature is often interacting with irradiance (Lobban

and Harrison, 1994) to affect metabolic pathways such as photo-

synthesis, diffusion rates, carbonic anhydrase (CA) activity, and

active transport of CO2 and HCO3�.

In this study, we examined the overlooked algal partner

of Dendropoma, N. brassica-florida performance under different

environmental conditions, both in situ and in laboratory-based

experiments, in an effort to understand its response to varying

environmental parameters.

This study aims to answer two main questions raised in view

of the observed vermetid reef rapid mortality: (i) Does the re-

cently observed vermetid reef regression involve both the gastro-

pod and calcareous algae? and (ii) What are the environmental

sensitivities of N. brassica-florida and what are the consequences

of expected environmental change?

Material and methods
Survey
A field survey of N. brassica-florida living in association with the

reef-building Dendropoma petraeum (Figure 1) was conducted in 13

sites along �350 km of the northwestern coast of Sicily (Figure 2a)

and 6 sites along �140 km of the Mediterranean coast of Israel

(Figure 2b). These sites were selected for their extensive vermetid

platforms and available information from earlier studies (Safriel,

1974; Scotti and Chemello, 2000). Surveys were performed over 6

days in June 2011 in Sicily and February–June 2012 in Israel.

Percent cover of erect macroalgae, algal turfs, and of the calcar-

eous reef building alga N. brassica-florida and the density of the

gastropod Dendropoma spp. were assessed by a standard photo-

sampling method using a high-resolution digital camera (Terlizzi

et al., 2005). Replicated photos on 10 � 10 cm plots were taken be-

tweenþ0.2 to �0.2 m mean sea level both on the inner and the

outer rims of the reef. In each site, 4 photos were taken in the sea-

ward side of the reef where Dendropoma spp. typically has the highest

density (Lipkin and Safriel 1971). The abundance of living individ-

uals of D. cristatum and D. anguliferum was assessed by counting the

number of chitinous operculum closing each tubular shell on a

standard 10� 10 cm2 sampling surface (Di Franco et al., 2011).

Chlorophyll fluorescence
A portable underwater fluorometer Diving-PAM (Walz Gmbh,

Germany) was used to examine the photosynthetic capacity of

N. brassica-florida in the surveyed sites. The PAM light meter was

pre-calibrated against a quantum sensor (Li-Cor, USA). To gen-

erate rapid light curves (of photosynthesis vs. irradiance—RLCs),

Figure 1. A close up on a vermetid rim showing an aggregate of
the reef building vermetid gastropod D. anguliferum and the red
coralline algae N. brassica-florida filling the gaps between its shells.
Scale bar ¼ 5 cm. At a higher magnification (inset) an operculum
of a single D. cristatum (D) surrounded by the encrusting coralline
N. brassica-florida (N) cementing the vermetid reef rim. Note the
newly settled D. petraeum juveniles on N. brassica-florida above the
adult operculum. Scale bar¼ 5 mm.
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the “coral clip” was positioned on the Dendropoma–

Neogoniolithon conglomerate surface with the tip of the PAM

main optical fibre placed 5 mm from the reef surface. RLCs were

generated by illuminating the N. brassica-florida for 10 s at each

one of a series of 8 irradiances. At each irradiance, the quantum

yield of photosystem II was derived as Y¼ (Fm’-F)/Fm’ according

to (Genty et al. 1989). The photosynthetic yield, non-

photochemical quenching (NPQ) and electron transport rate

(ETR) were plotted against irradiance. RLCs are strongly influ-

enced by the ambient irradiance at the time the measurements

are performed. In order to neutralize such effects, we performed

the RLCs after a darkening period of 5 min to completely dark-

adapt the calcareous algae and obtain Ymax values [(Fm�F0)/

Fm]. Due to the harsh work conditions in the intertidal (waves

and splashes) it was impossible to dark adapt the surface for a

longer time.

In a similar manner, the diving PAM was used to measure the

photosynthetic performance of N. brassica-florida on the surface

of vermetid reef cores (13 cm in diameter, n ¼ 3 per site) that

were collected in Palermo (Sicily) and transplanted in four inter-

tidal sites off Vulcano Island [38�25008.5200N, 14�57039.1300E,

Sicily, Italy] along a pH gradient: Low pH 7.4 6 0.09, Medium

pH 7.82 6 0.07, Normal pH 8.07 6 0.04 and a reference site with

pH 8.15 6 0.03 (Arnold et al., 2012; Milazzo et al. 2014). Three

cores were left in the collection site in Palermo as reference for

transplanted cores. The collection site in Palermo, a relatively un-

disturbed site, has a high density of living D. cristatum and cover

of N. brassica-florida. Cores were transplanted to the same tidal

level and were allowed to grow in the various sites along the pH

gradient for 6 months before the measuraments were performed.

A diel cycle was performed by measuring the effective quantum

yield (Y(ii) ¼ (Fm’-F)/Fm’) on each core in each of the vent sites

every 4 h from 06:00 to 20:00.

Response to elevated temperature and pCO2

To study the sensitivity of N. brassica-florida to elevated tempera-

ture and pCO2, equal size cores from vermetid reef rims in Israel

(5 cm in diameter, n ¼ 15) were sampled using a steel corer and

a hammer, tagged, brought to the laboratory and kept in a

temperature-controlled system and light intensity of 400 lmol

quanta m�2 s�1. Following an acclimation period of 1 week at a

temperature of 26 �C (temperature in the collection site was

25 �C), the temperature was reduced to 16 �C over two days.

After 24 h at that temperature, the temperature was increased by

2 �C every 24 h and sampling points (Chlorophyll fluorescence)

were performed at 4 temperature regimes, reflecting winter

(16 �C) spring (24 �C), summer-peak (31 �C), and summer-

peakþ2 �C (33 �C). By the end of each incubation period the

cores were darkened for 15 min and a rapid light curve (RLC)

was performed using an Imaging PAM (Walz, Gmbh, Germany).

The Imaging PAM allows measurement of the entire core surface

but also allows examination of spatial heterogeneity (e.g. on the

operculum and in between Dendropoma shells) of the calcareous

algae with respect to chlorophyll fluorescence. The variables we

analysed were (i) Electron transfer rate (ETR¼ Fv/Fm’ � PAR �
ETR-factor), where the ETR-factor is the product of the amount

of total PAR absorbed and its allocation to photosystem II (PSII)

(Genty et al., 1989; Schreiber et al., 1995). Since the ETR-factor

was not determined for each fragment, it was set to 1. Thus,

all presented ETR are relative values (rETR). (ii) Maximum

quantum yield of PSII (Fv/Fm) was derived from the first yield

measurement of the RLC. rETRmax were derived from computa-

tional curve-fitting using SigmaPlot12.3, following previously

published methods (Platt et al., 1980; Ralph and Gademann,

2005). (iii) NPQ is a mechanism employed by the algae to pro-

tect themselves from the adverse effects of high light intensity.

NPQ is measured by the quenching of chlorophyll fluorescence

(Ralph and Gademann, 2005).

Response to elevated pCO2

Similarly, to study the effect of increased pCO2 on photosynthesis

and compare laboratory-controlled measurements to our field

observations in the CO2 vents, N. brassica-florida cores were

maintained as above in pH 8.1nbs (ambient) and 7.9nbs, pH ex-

pected by the end of the 21st century (Caldeira and Wickett

2005) at a temperature of 25 �C for 7 days. Then the cores were

darkened for 15 min and a light curve was performed using an

Imaging PAM.

Calcification
To study Net calcification rates of N. brassica-florida under ele-

vated pCO2, four incubation chambers (300 ml, one core in each)

were used for each pH treatment (8.1nbs, pCO2¼387 latm and

7.9 nbs pCO2¼668 latm). N. brassica-florida cores were incubated

for 2 h under light (400 lmol quanta m�2 s�1) and dark condi-

tions at 25 �C with a magnetic stirrer. Water samples (100 ml)

were collected from each treatment for total alkalinity (TA) meas-

urement at the beginning and end of the incubation (light and

dark) to determine changes in carbonate chemistry. Water sam-

ples were stored in the dark at 4 �C until analysed the next day.

Calcification rates were calculated from the difference between

TA measured at the beginning and the end of each incubation

period. TA values were measured using an automatic potentio-

metric titration to the second end point (Almgren et al. 1983). It

was then computed using the first derivative of the curve for the

evaluation of the exact end point. Components of the carbonate

system (pCO2, CO3
�2, HCO3, and DIC concentrations) were

Figure 2. (a) Thirteen study sites along the Sicilian coast and
location of the CO2 vent site in Vulcano Island where the
transplantation experiments were performed (star). (b) 6 study sites
along the Israeli coast. In Sicily: 1. Capo Milazzo; 2. Capo Grosso; 3.
Capo Zafferano; 4. Addaura; 5. Mondello; 6. Capo Gallo; 7. Zingaro;
8. Isulidda; 9. Cala Mancina; 10. Cornino; 11. Lido Valderice; 12.
Bonagia; 13. Favignana; Along the Israeli coast: 1. Rosh Hanikra;
2. Achziv; 3. Shiqmona; 4. Habonim; 5. Sdot-Yam; 6. Bat-Yam.
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calculated from TA along with pH values, temperature and salin-

ity using the CO2SYS program, version 01.03 (Lewis and

Wallace, 1998).

Surface area was calculated by photography of the cores and

image analysis using ImageJ software.

Statistical analyses
Correlation coefficient between Dendropoma density,

Neogoniolithon cover and macroalgae cover were computed using

Spearman’s correlation test on SPSS ver. 16 software.

One or two-way ANOVA was conducted on SPSS ver. 16 soft-

ware to determine differences between sets of measurements of

photosynthetic efficiency. Tukey’s post hoc multiple comparison

tests were performed to detect significant differences over data

points and between treatments (SPSS).

Results
Neogoniolithon brassica-florida live cover
Thirteen sites in Sicily and 5 in Israel were inspected for

Dendropoma spp. and its associated calcareous algae N. brassica-

florida live cover. Vermetid reef sites along the Sicilian coast were

overall healthy (high Dendropoma cristatum live cover, Table 1)

with continuous rims characterizing a high percentage of the

reefs, except for polluted/eutrophicated sites dominated by green

algae (data not shown).

In vermetid reefs of Sicily (Table 1), no correlation was found be-

tween D. cristatum density and N. brassica-florida percent cover.

A negative correlation was found between D. cristatum density and

macroalgal cover (Spearman’s Correlation coefficient �0.72, p <
0.01, n ¼ 72) and between macroalgae and N. brassica-florida cover

(Spearman’s Correlation coefficient �0.89, p < 0.01, n ¼ 72). Areas

of the Vermetid reef rim where partial mortality of the Dendropoma

gastropod occurred had a higher cover of N. brassica-florida. This

demonstrates that, while under pristine conditions, the two rim

builders coexist on limited space, N. brassica-florida can persist and

take over space previously occupied by Dendropoma. In Israel, al-

most no living D. anguliferum was found (see also Galil 2013).

Patches of rims that died more recently (according to our previous

surveys) were covered by nearly 100% N. brassica-florida. A crust of

the calcareous alga covered the rim that was built over tens to hun-

dreds of years by the gastropod and its counterpart algae (Sisma-

Ventura et al. 2009). Patches of rims which died several years ago

(Lipkin and Safriel 1971) were covered by turf or macroalgae

(Table 1).

N. brassica-florida was photosynthetically insensitive to the

natural range of tides during the study period as indicated by

chlorophyll fluorescence measurements (Figure 3) in low and

high tide. No significant difference (1-way ANOVA, p > 0.05) in

dark-adapted Ymax (maximum photosynthetic yield) was found

between sites and between tides (note that the test above refers

only to high/low tide data for sun-exposed areas). The emersion

period was not taken as a parameter but it is expected that follow-

ing long periods of emersion during spring tides there will be an

effect on physiological performance of the CCA. Light intensity

had a greater effect on Ymax. At low tide, N. brassica-florida in

shaded niches (Figure 3) had significantly higher Ymax than that

exposed to sunlit areas (1-way ANOVA p < 0.001).

Temperature
A significant difference was recorded between dark-adapted

Fv/Fm of N. brassica-florida cores incubated at temperatures of

16 and 24 �C and those incubated at 31 and 33 �C (2-way

ANOVA p < 0.01, with temperature and PAR as independent

treatments, n ¼ 15, Figure 4a). No significant difference was

found between N. brassica-florida incubated at 16 and 24 �C and

between 31 and 33 �C (p > 0.05). Rapid light curves performed

on the cores revealed increased sensitivity to light with increasing

temperature (Figure 4a–c). N. brassica-florida incubated at 16 �C

Table 1. Sites in Sicily and Israel where vermetid reefs were examined.

Latitude, longitude Location
Reef
morphology Exposition

Neogoniolithon
% cover

D. petraeum
density in 100 cm�2

Macroalgae and
turf % cover

Italy
38�15059.8800N, 15�1400.2600E Capo Milazzo Platform N-NW 60.9 306 29.3
38� 5016.4400N, 13�32’25.1800E Capo Grosso Platform N-NW 41.3 31 53.6
38� 6041.5200N, 13�3202.0300E Capo Zafferano Ledge N-NW 49.2 256 42.1
38�11036.9400N, 3�21018.8500E Addaura Ledge N-NE 49.6 300 46.7
38�12031.6300N, 13�19046.7300E Mondello Ledge N-NE 38.3 335 52.5
38�1307.7300N, 13�19020.8400E Capo Gallo Platform N-NW 64.7 421 20.6
38�10049.2200N, 12�4601.8900E Zingaro Platform E-NE 77.3 426 14.4
38�10043.8500N, 12�44058.1000E Isulidda Platform W 59.3 381 24.8
38�1102.2600N, 12�43058.4400E Cala Mancina Platform W-NW 58.5 308 25.0
38� 5025.0200N, 12�39027.5800E Cornino Ledge W-NW 40.8 340 43.3
38� 4023.7000N, 12�37056.8900E Lido Valderice Platform W-NW 47.1 256 43.3
38� 402.6800N, 12�35037.7900E Bonagia Platform N-NW 71.7 412 7.9
37�56011.6100N, 12�20017.7500E Favignana Platform N-NW 59.6 529 19.2
Israel
33� 5025.8700N, 35� 6019.0200E Rosh Hanikra Platform W-SW 3.5 0 96.0
33� 3019.6000N, 35� 607.2400E Achziv Platform W 5.3 0 92.5
32�49031.7900N, 34�57018.9800E Shiqmona Platform W-NW 8.0 0 91.2
32�38044.6900N, 34�55020.0200E Habonim Platform W 34.5 0 63.0
32�29028.0300N, 34�53010.7600E Sdot-Yam Platform SW-NW 35.2 0 59.0
32� 1022.7700N, 34�44013.0100E Bat-Yam Platform W 13.4 0 86.0

The relative contribution to space occupation (% live cover and density measured in 100 cm�2) by the vermetid rim builders Dendropoma spp and N. brassica-
florida is presented as well as the combined space occupation of turf and macro algae.
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dropped to half of its maximal photosynthetic yield at a light in-

tensity of 450 mmol quanta m�2 s�1 while at 33 �C it dropped to

half of its maximal yield at 50 mmol quanta m�2 s�1, a relatively

low light intensity as compared with its natural light experience.

No significant difference (2 way ANOVA p > 0.05) was found

in non-photochemical quenching between temperature treat-

ments (Figure 4b) despite the 33 �C curve showed consistently

lower NPQ. Beyond light intensity of 200 mmol quanta m�2 s�1,

electron transport rate was significantly higher at a temperature

of 16 �C than at higher temperature treatments (2-way ANOVA

p < 0.01, n ¼ 15, Figure 4c)

Following 1 week incubation at 33 �C, N. brassica-florida cores

that were returned to temperatures of 24 �C recovered almost

instantly with respect to their response to light intensity.

pH
Sensitivity of N. brassica-florida to pH was first examined along

a natural pH gradient in the CO2 vents of Vulcano Island on

vermetid reef rim transplants. Rapid light curves (Figure 4d–f)

performed on these transplants revealed significantly lower Ymax

of PSII closer to the low pH site (mid and low pH, 2-way

ANOVA p < 0.01 n ¼ 4) following dark acclimation. No signifi-

cant difference in the quantum yield was found at light intensities

higher than 100 mmol quanta m�2 s�1, suggesting similar sensi-

tivity to light of the CCA in all pH sites despite the chronic lower

Ymax. A diel cycle of photosynthetic yield in each of the pH sites

along the Vulcano gradient (Figure 5) showed no significant dif-

ference between pH sites, except for mid-day (1500 mmol quanta

m�2 s�1) when the effective quantum yield of N. brassica-florida

at the low pH site was significantly lower than the medium and

ambient pH (2-way ANOVA p < 0.01 n ¼ 4). No significant dif-

ference in non-photochemical quenching of N. brassica-florida

was detected between the various sites although average NPQ of

N. brassica-florida at the low and mid pH site was consistently

greater than at higher pH and the reference sites. Electron trans-

port rate of N. brassica-florida at the high and reference sites was

significantly higher than these measured at mid and low pH sites

(2-way ANOVA p < 0.01 n ¼ 4)

Calcification rate of N. brassica-florida
Calcification rate was measured using the TA method (Figure 6)

on cores composed of N. brassica-florida growing over dead

Dendropoma shells. In the light (400 mmol quanta m�2 s�1), cores

(n ¼ 4) incubated at pH 7.9 calcified at a rate half that of the

cores incubated at ambient pH 8.1 (0.045 6 0.019 and 0.164 6

0.03 mmol CaCO3 cm�2 h�1, respectively). In the dark, cores dis-

solved with a much higher dissolution rate at the lower pH treat-

ment (�0.043 6 0.004 and �0.207 6 0.009 mmol CaCO3 cm�2

h�1 for pH 8.1 and 7.9, respectively).

Discussion
Vermetid reefs in the Mediterranean Sea are hot-spots of bio-

diversity (Goren and Galil, 2001) and have a socio-economic and

cultural importance but are rapidly deteriorating with local

extinction of the main reef builders in some areas (Galil, 2013).

The causes for mortality are hitherto unknown and in order to

recommend a strategy for their protection, adequate management

and conservation policy, it is crucial to identify sensitivities of

these engineering species to changes in environmental conditions.

One of the most intriguing findings of this study is that

N. brassica-florida lives and prospers after the vermetid gastropod

Dendropoma spp. died. Given reports of vermetid reefs degrad-

ation (Klerman et al., 2004) and recent vast mortality of

Dendropoma anguliferum in the eastern Mediterranean(Usvyatsov

and Galil, 2012), the resilience of its counterpart calcareous algae,

N. brassica-florida, is of great interest and importance to the fu-

ture of vermetid reefs structure and function. We show that ver-

metid reef rims in Israel where D. anguliferum has gone extinct

are totally overtaken by N. brassica-florida. Rims that were dead

for decades were covered by turf and macroalgae, suggesting

a succession following the collapse of the Dendropoma–

Neogoniolithon community that eventually climaxed in a commu-

nity of turfs and macroalgae. This also suggests different resilience

of the 2 rim builders to changes in ambient conditions, or higher

susceptibility of Dendropoma spp. to the causative agent of these

vast mortalities. It appears that while the formation of the rim

structure requires a close association between the two organisms

(Dendropoma spp. and N. brassica-florida) there is no obligatory

relationship between them for survival. Geological findings of

N. brassica-florida covering Porites coral skeletons in the Miocene

Mediterranean Sea (Braga et al., 2009), also implies that N. bras-

sica-florida takes over space once the main reef builder dies off.

Recent N. brassica-florida reefs where this rhodophyte is the pri-

mary bio-builder were reported from the Mediterranean coast of

Figure 3. Dark adapted photosynthetic yield (Ymax, mean 6 SD) of N. brassica-florida measured in their natural habitat at high (black bars)
or low (grey bars) tide (covered by water or exposed to air) and shaded (overhangs, north-facing walls) during low tide (dark grey bars).
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Tunisia (Langar et al., 2011), demonstrating the species ability to

be a significant builder even in the absence of Dendropoma.

However, even these Tunisian N. brassica-florida reefs, previously

extending over 30 km in length, degraded by half over the last 30

years (Langar et al., 2011).

The extinction of Dendropoma along the Israeli coast is a re-

cent one. In previous surveys we performed, there were still living

D. anguliferum rims although most of the reefs had only patches

of active rims. Less than a decade ago (2003–2004), D. angulife-

rum was collected monthly for a study on reproduction of the

species (Usvyatsov and Galil, 2012) in the vermetid reefs of

Shiqmona, Atlit and Habonim (Israel) but none have been found

there since 2010. Sicilian vermetid reefs still have a high percent-

age of living D. cristatum cover. Cover of N. brassica-florida was

not correlated with densities of Dendropoma spp. but macroalgae

cover was. This may be explained by the close relationship be-

tween Dendropoma and Neogoniolithon, which share the same

space (rim) regardless of the density of the gastropod, whereas

macroalgae can settle and grow only where there is sufficient low

density of Dendropoma individuals.

Given the recent realization of two separate species of

Dendropoma in Sicily (D. cristatum) and Israel (D. anguliferum)

it will be important to examine if their physiological performance

and response to environmental change is similar (not the scope

of the present study). This may explain, in part, the present state

of the two populations. Furthermore, it will be interesting to

study the association between the algae (Neogoniolithon) and the

complex of species of Dendropoma.

Photophysiology
The use of chlorophyll fluorescence was found to be suitable as

an indicative method for the state and function of PSII in N. bras-

sica-florida both in the field and in the laboratory.

Tide (exposure to air or submergence in water) had little

effect on the photosynthetic capacity of N. brassica-florida, as

Figure 4. Rapid light curve performed on N. brassica-florida exposed to four temperature treatments in the laboratory (a–c) and four pH
treatments (d–f) along a pH gradient near a CO2 vent in Vulcano Island (Sicily).
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reflected from maximal photosynthetic yield measurements.

N. brassica-florida has an inter-meshed thallus making it resistant

to wave action as well as assisting in retaining moisture when

exposed at low tide (Nelson, 2009). With that said, mid-day low

tide during prolonged exposures to air and desiccation during

spring-tide events are likely to affect its photosynthetic

performance.

High light intensity imposes light stress on the photosynthetic

apparatus of N. brassica-florida as evident from higher Ymax of

shaded algae on north-facing walls and in crevices (Figure 3),

under high light intensity in rapid light curve (Figure 4) and

about 50% reduction in Ymax at mid-day (Figure 5). It has been

demonstrated that CCA sensitivity to temperature was greater

in winter than in summer. In summer, only a combination of

elevated temperature and high pCO2 resulted in a reduction in

photosynthesis. This study was performed in summer yet tem-

perature alone resulted in decreased photosynthesis as measured

by chlorophyll fluorescence.

Sensitivity to light was amplified by elevated temperature. In

fact, winter temperature (16 �C) had the highest resilience to

increased light intensity as apparent from rapid light curves

(Figure 4a). Spring temperatures above 24 �C caused a dramatic

decrease in quantum yield of PSII. The initial slope of the RLC

(a) was steeper with an increase in temperature. Increased tem-

perature negatively affected the electron transport rate (ETR) of

PSII (Figure 4c).

Decreased pH negatively affected photosynthesis of N. bras-

sica-florida. Although there were no visual signs of stress in cores

translocated to the low pH site, lower photosynthetic potential

(dark-adapted Fv/Fm differences) was associated with decreasing

pH. No significant difference was found between cores from the

high (normal) and reference sites. Diel cycle of the effective quan-

tum yield showed that soon after sunrise and just before sunset

there were only minor differences between pH sites (Figure 5).

Only at mid-day there were significant changes between the low

pH site, showing a lower photosynthetic yield, and the medium

and ambient pH sites which did not differ. This may suggest

increased sensitivity to light of the CCA in the low pH site. This

is also evident from the rapid light curve performed on these

cores. This finding is supported by other studies, demonstrating

reduced photosynthetic capacity of a coralline alga species at

high irradiance when exposed to high pCO2 (Hofmann et al.,

2012). A decrease in photosynthesis at elevated pCO2 was also re-

ported for the CCA Lithophyllum cabiochae (Martin, 2013) and

the authors suggested that a higher NPQ may be the reason.

Indeed, in this study, reduced pH led to a higher NPQ. Although

a higher NPQ was measured at low pH sites, elevated temperature

resulted in decreased NPQ. This may be related to different cellu-

lar mechanisms involved or differences in the experimental setup.

The pH gradient experiment was conducted in an open system

(Vulcano CO2 vents) and relatively long exposure time (i.e.

9 months) whereas the temperature perturbation experiment

was performed in the lab under controlled conditions and a rela-

tively short exposure time. ETR was significantly lower in the

medium and low pH sites as compared with the ambient and low

pH sites.

Elevated temperature caused a decrease in the maximum yield

of PSII and affected the sensitivity to irradiance; a decrease in

pH showed a similar pattern. It is likely that under combined ele-

vated temperature and acidification the effect of reduced pH will

be exacerbated by warming, as reported in previous studies

(Anthony et al., 2008).

Calcification
N. brassica-florida thalli are made of high-magnesium calcite, the

most soluble form of the common CaCO3 minerals (Martin and

Gattuso, 2009). Calcification of N. brassica-florida was greatly af-

fected by acidification. This is in agreement with several studies

examining the sensitivity of CCA to ocean acidification condi-

tions (Anthony et al., 2008; Jokiel et al., 2008; Kuffner et al., 2008;

Martin and Gattuso, 2009; Ries, 2011; Semesi et al., 2009) yet in

contrast to other studies demonstrating no or positive response

(higher calcification rate) at higher pCO2 (Smith and Roth, 1979;

Ries et al., 2009; Martin et al., 2013). Reports of increased photo-

synthesis under high pCO2 imply amelioration of calcification,

but reports (Semesi et al., 2009) of reduced calcification in CO2-

enriched seawater in spite of increased photosynthetic rates

suggest a direct pH-effect on the calcification process (Semesi

et al., 2009).

Figure 5. Diel photosynthetic yield of N. brassica-florida measured
in 3 sites along a pH gradient near a CO2 vent in Vulcano Island
(Sicily). A greater sensitivity to light in the low pH site is reflected as
decreased photosynthetic yield compared with mid and ambient pH
sites at mid day.

Figure 6. Light and dark calcification rate (mmol CaCO3 cm�2 h�1)
by N. brassica-florida at 25 �C in ambient pH 8.1, (grey bars) and pH
7.9 (blank bars). Calcification is performed only by the algae (the
Dendropoma is dead) while dissolution occurs of both aragonitic
(Dendropoma) and high magnesium calcite (Neogoniolithon).
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In this study, we found that in the absence of living

Dendropoma individuals, as is the case along the Israeli coast, the

rim accretes high magnesium calcite in the day and dissolves at

night. At present day pH level (8.1), the dissolution rate in the

dark is an order of magnitude lower than the calcification rate in

the light. This suggests that calcification in N. brassica-florida is

photosynthesis dependent as shown for other species (Martin

et al., 2013; Smith and Roth, 1979). At pH 7.9, the dissolution

rate in the dark is higher than calcification in the light, suggesting

that under these conditions the CCA may not be able to compete

for space (Kuffner et al., 2008) and even be competitively

excluded (by turf and macroalgae e.g.) from this ecosystem by the

end of the century. However, it is important to note that pH in-

creases within the canopies of macroalgal assemblage in the light

and decreases in the dark due to macroalgal photosynthesis and

respiration, respectively (Cornwall et al., 2013). This may have

an ameliorating effect on N. brassica-florida growth in a

macroalgae-dominated landscape.

In this study, there was no indication for increased photosyn-

thesis under high pCO2 although this was measured indirectly

by chlorophyll fluorescence. Ries (2011) reported that a species

of Neogoniolithon showed a parabolic calcification rate when

exposed to pCO2 equivalent of 2, 3, and 10 times that of pre-

industrial concentrations. Calcification increased beyond

double pre-industrial levels but decreased at the highest CO2

concentration.

In a survey performed near the CO2 vents of Ischia (Italy)

(Hall-Spencer et al., 2008), N. brassica-florida showed a relatively

high abundance in low pH sites. Furthermore, observations sug-

gest reproduction of the species in the low pH sites (Porzio et al.,

2011). In view of our findings in this study and findings of most

studies on the sensitivity of CCA to acidification and elevated

temperature (Martin and Gattuso, 2009; Basso, 2012) the obser-

vations in the aforementioned studies implies acclimation/adap-

tation to a high CO2 environment. Some dolomite-rich CCA

species in coral reefs have 6–10 times lower rates of dissolution

than Mg-calcite CCA in both high-CO2 and present-day CO2 en-

vironments (Nash et al., 2013), suggesting that these types of

CCA are likely to persist under ocean acidification scenarios.

Contrary, N. brassica-florida, a high Mg-Calcite CCA is likely to

dissolve rapidly.

N. brassica-florida has a long paleo-record in the

Mediterranean Sea (Braga et al., 2009). It lived with coral reefs

that no longer exist in that region, “crossed” the Messinian salin-

ity crisis and at present inhabits a vast geographical range. It ap-

pears however, that new challenges, namely global warming and

ocean acidification, are putting this high Mg-calcite reef builder

at risk. Although it is unclear what is the combined effect of

elevated temperature, reduced pH and rising sea level on N. bras-

sica-florida, our findings suggest that even reduced pH or elevated

temperature in isolation threatens the integrity of this intertidal

reef builder.
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