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ABSTRACT: We report extension rates and growth patterns of the coralline red alga Sporolithon
durum (rhodolith form) from New Caledonia. Alizarin red S staining was used to mark 43 rhodolith
branches and helped determine extension rates over the rhodoliths’ last living year. A combination
of radiocarbon dating, major Mg/Ca ratio cycles and growth band determinations provided a
chronological approach to characterise extension rates for 5 branches over the last 5 decades. A
seasonal asymmetry in the extension rates was observed, with higher extension during the austral
summer−fall−winter period, indicating that variations in ambient seawater temperature are not of
major influence in the seasonal growth pattern of S. durum. At the sub-seasonal level, minor growth
bands were observed with a maximum frequency of 14 d but were too variable to be considered as a
reliable chronological tool. The concordance of the results from both the monitoring experiment
over the year 2010 to 2011 and the chronological approach applied to the period 1968 to 2008 suggests that an extension rate (mean ± SD) of 0.6 ± 0.2 mm yr−1 is typical of the S. durum community at
the study site. However, annual extension rates varied considerably among branches and individuals. Long-term trends still appeared, such as a decrease during the early 1970s attributed to the impact of mining activity. A slight but consistent decrease was observed in the annual extension rates
throughout the record and may reflect an ontogenic effect potentially enhanced by reduced light
penetration due to increasing suspended particulate matter in the water column.
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Rhodoliths are unattached nodules essentially
composed of calcareous coralline red algae. As they
grow, deposits of calcium carbonate form a calcareous skeletal structure that can be preserved after the
death of the algae and may accumulate, along with
the skeletons of other organisms of the same community, over thousands of years (Freiwald et al. 1991,
Basso 2012). Fossil coralline red algae occur in the
geological record since the Cretaceous (Aguirre et al.
2000). The modern distribution of these organisms
spans all latitudes, from the tropics to the poles, and

ranges from the intertidal zone down to the limit of
the photic zone (Foster 2001). The major contribution
of coralline red algae to reef building, in tropical as
well as extra-tropical regions, has been recognised in
numerous studies (e.g. Borowitzka 1983, Littler & Littler 1988, Foster 2001, Schäfer et al. 2011, Basso
2012). In the tropics, coralline red algae are often
associated with coral reefs where their calcareous
skeletons provide the cement that is crucial for consolidating the reef structure (e.g. Steneck 1997, Payri
1997, Payri et al. 2001).
Early studies focused mainly on the ecology and
the taxonomy of coralline red algae (see Adey &
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MacIntyre 1973 and Bosence 1983b for reviews). In
recent years, interest has arisen in using these organisms as environmental archives because of their
global distribution and their slow growth rates
(between 0.01 and 2.7 mm yr−1; Böhm et al. 1978,
Foster 2001) associated with the thick crusts they
form (up to several cm). The geochemical composition of the coralline algal skeleton has been shown to
record various environmental parameters (in particular, Mg:Ca ratio — thereafter referred to as Mg/Ca —
variations can record changes in seawater temperature at sub-annual resolution over decades to
centuries; Halfar et al. 2000, Kamenos et al. 2008,
Hetzinger et al. 2009, 2011, Kamenos 2010; but see
also Frantz et al. 2000, Halfar et al. 2007, Chan et
al. 2011, Williams et al. 2011). Calcification changes
have also been used for environmental reconstruction (Burdett et al. 2011, Halfar et al. 2011a,b), as
various species of coralline red algae display calcification rates varying with environmental conditions,
in particular light and seawater temperature (e.g.
Foster 2001, Kamenos & Law 2010).
In seasonally contrasted regions, annual cycles in
calcification can be observed as couplets of light and
dark bands characterised by short, heavily calcified
cells usually produced during the winter months and
longer, less calcified cells produced in summer (e.g.
Basso 1994, 1995, Halfar et al. 2008, Kamenos & Law
2010), a property useful in establishing chronologies
for palaeo-environmental reconstructions (e.g. Burdett et al. 2011). This occurs along with changes in
Mg content of the coralline red algal calcite skeleton,
covarying with seawater temperature, which result
in well-defined Mg/Ca annual cycles (Hetzinger
et al. 2009, 2011, Chan et al. 2011). In addition to
the major, annual banding, several coralline red
algae species display higher-frequency minor bands.
The recurrence of these sub-annual bands remains
uncertain, although they have generally been interpreted either as marking growth cessation (Cabioch
1966) or as representing approximate monthly or
lunar cycles (Agegian 1981, Freiwald & Henrich
1994, Blake & Maggs 2003). The growth rate and pattern of coralline red algae vary, both from species to
species (Blake & Maggs 2003) and with various
environmental conditions (Adey & MacIntyre 1973,
Foster 2001). Therefore, it is crucial to evaluate these
parameters for any particular species prior to attempting palaeo-environmental reconstructions. Furthermore, a better understanding of the growth rate
and pattern of coralline red algae is a key to assess
how these organisms will be affected by global climate changes in the future.

Sporolithon durum (Foslie) Townsend & Woelkerling is a widely distributed coralline red algal species
belonging to the recently recognised order Sporolithales (Le Gall et al. 2010, Bittner et al. 2011).
S. durum occurs either as attached or as free-living
forms, from the tropics to temperate oceanic environments (e.g. Townsend et al. 1995, Womersley 1996,
Goldberg & Heine 2008, Basso et al. 2009). Previous
reports on modern, individual rhodoliths with a
potential lifespan of several decades (e.g. Goldberg
& Heine 2008) indicate this species may be a suitable
candidate for environmental reconstructions with
sub-annual resolution. However, accurate growth
rates and pattern information on S. durum have not
previously been determined.
Accordingly, we aimed to characterise the extension rates and growth patterns of Sporolithon durum,
through in situ monitoring of rhodoliths in a tropical
environment and by establishing multi-approach
chronologies for nodules collected from the same
rhodolith bed. This is the first time this type of study
has been conducted for the coralline red algal order
Sporolithales.

MATERIALS AND METHODS
Study site and sample collection
The rhodoliths studied here were collected near
Nouméa, New Caledonia, by SCUBA diving on
the outer edge of the Ricaudy Reef (22° 18’ 57’’ S,
166° 27’ 26’’ E) in the SW lagoon of New Caledonia, at
depths ranging from 4 to 5 m (Fig. 1). The climate of
New Caledonia is characterised by a tropical regime
with pronounced seasonal variation from a hot and
wet summer (January to March) to a cool and humid
winter (July to August), with drier weather occurring
during the intermediate months (April to May and
September to December). On an inter-annual timescale, the climate system is mainly influenced by the
El Niño Southern Oscillation (ENSO) phenomenon,
with typically cool and dry periods during El Niño
events and warm and wet periods during La Niña
events (Nicet & Delcroix 2000). Seawater temperatures closely follow the atmospheric temperatures at
seasonal and inter-annual scales.
The studied rhodoliths are monospecific and formed by the coralline red alga Sporolithon durum that
was identified using histological analyses as the most
abundant species at the site, and which forms beds
that can entirely cover the substratum. The sampled
rhodoliths were spheroidal in shape with thick and
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Fig. 1. (A) New Caledonia in the tropical Western Pacific. (B) Nouméa, the capital city. (C) The Ricaudy Reef, at the south end
of the Sainte Marie Bay, near Nouméa. The site of sea surface temperature (SST) and salinity (SSS) measurements and the
direction and distance to the Coulée River mouth is shown

dense branches (‘degree IV’ branching structure
according to the classification of Bosence 1983a). The
nodules ranged in size from ~4 to > 8 cm (long axis),
and were representative of the S. durum rhodoliths
observed at the site.
In February 2011, > 60 rhodoliths were collected for
the growth-monitoring experiment. For the chronology and extension rate determination of entire nodules, 3 rhodoliths were selected from separate dives
in October 2009 (labelled specimen BSA) and February 2011 (specimens MSA and SSA) as being the
largest and visually healthiest (i.e. bright pink in
colour and physically undamaged) specimens encountered during the dives.

temperature logger was attached to the enclosure to
monitor hourly in situ temperature (IST) in the immediate vicinity of the organisms. IST recording using
this device started in November 2009. All of the
stained rhodoliths were retrieved in August 2011,
after 196 d (28 wk) in the enclosure. Seven specimens
representative of the size range of the > 60 stained
rhodoliths were selected, oven dried (40°C) and set
into resin to preserve the fragile branching structure
during the sectioning process. Thick sections (2 to
5 mm) were cut along the long axis of the nodules
using a diamond rock-saw. High-resolution photographs of the polished sections were obtained using
a Digital Sight DS-Fi1 digital camera attached to a
Nikon AZ100 optical microscope (Fig. 2B,C).

Monitoring experiment
Growth determination
Staining, experimental conditions and
sample preparation
The specimens collected for the monitoring experiment were placed for 48 h in tanks, each containing
~10 l of seawater from the Ricaudy Reef, in which
75 mg of Alizarin Red S (ARS) powder was dissolved
(method adapted from Payri 1997). After staining, the
rhodoliths were placed back into their natural environment, inside a ~1 × 1 m enclosure built within the
rhodolith bed (4 to 5 m deep), for the duration of the
experiment (Fig. 2A). A TinyTag TG-4100 Aquatic 2

Based on the definitive presence of the ARS stain
layer (see Fig. 2C), 43 branch tips from the 7 selected
rhodoliths were analysed for their extension rate and
growth pattern (see Table S1 in the supplement at
www.int-res.com/articles/suppl/m474p105_supp.pdf).
High-resolution digital images were processed using
the ImageJ version 1.45 digital analysis software
(http://rsbweb.nih.gov/ij) to measure growth with a
precision of 1 µm. Measurements were systematically
taken along the axis of branch main growth, perpendicular to cell alignment, so the maximum extension
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The minor banding was determined
visually from digitised high-resolution
images by the alternation of clear and
darker layers of cells (Fig. 2C). The
number of minor bands from the
stained layer to the surface of the
branch was reported for the period
February to August 2011 (hereafter
‘Feb–Aug11’), and the number from
the penultimate lowest value of the
Mg/Ca cycle to the stained layer
was attributed to the period July 2010
to February 2011 (hereafter ‘Jul10–
Feb11’). The average length of the
minor bands was calculated from the
distance measured for each period and
the corresponding observed number of
minor bands.

Back-scattered electron images

Fig. 2. Monitoring experiment and growth rate determination for Sporolithon
durum. (A) Rhodolith enclosure (~1 × 1 m) at Ricaudy Reef. Photograph taken
2 d after staining (February 2011). (B) Epoxy block sectioned across the long
axis of a monitored rhodolith (mostly white in colour), showing the branch-tips
analysed (black ticks with numbers). (C) Close up of the R1-4 branch tip,
showing the Mg/Ca variations recorded by LA-ICPMS. The pink Alizarin red
S stain layer (arrow) corresponds to February 2011. The top of the branch is
August 2011 and the following lowest Mg/Ca peak was attributed to July
2010. Minor bands are indicated by square brackets

rate could be obtained. The distance from the pink
Alizarin-stained layer to the surface layer of each
branch tip was attributed to the growth during the
28 wk monitored period (February to August 2011).
Annual growth rates were determined using the
outermost Mg/Ca cycle recorded along each branch
that was measured by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS — see
e.g. Eggins et al. 1998) with a 30 µm resolution corresponding to a sub-monthly sampling. Based on the
observed covariance between Mg/Ca variations and
seawater temperature in coralline algae (e.g. Halfar
et al. 2000, Kamenos et al. 2008, Hetzinger et al.
2009), we were able to link the lowest Mg/Ca values
to the months with the lowest temperature of the
last 13 mo (July 2010 and August 2011). The distance
corresponding to this 13 mo period for each branch
was then linearly transformed to obtain 12 mo, i.e.
annual growth rates.

To characterise the growth pattern of
Sporolithon durum at the cellular level,
we used a Cameca SX100 electron
microprobe at the Research School of
Earth Sciences (RSES) of the Australian
National University (ANU) to obtain
back-scattered electron (BSE) images.
The BSE images were captured from a
1 µm polished, carbon coated thin section of a rhodolith branch.

Chronology and extension rate of
entire nodules
The sample preparation for the BSA, MSA and SSA
rhodoliths followed the same method described
above for the analysis of the monitored specimens.
As no obvious mark of cessation of growth (i.e. green
algal levels or sign of breakage) was observed in any
of the rhodolith thick sections, we considered the
organisms to have grown continuously throughout
their living period.

Radiocarbon dating
Samples (10 mg) of rhodolith carbonate skeleton
were obtained by drilling along 2 branches situated
on the long (BSA_L; Fig. 3A) and short (BSA_S) axes
of the BSA nodule. Every hole (1 to 2 mm in diameter)
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was drilled with a 2 to 3 mm step from top to bottom
along the branches. Radiocarbon measurements
were carried out at the ANU, using the single stage
accelerator mass spectrometer facility (Fallon et al.
2010). The CO2 was liberated from the carbonate
samples by addition of phosphoric acid to vacuumsealed blood vials; the CO2 was then reduced to
graphite using an Fe-catalyst in the presence of
hydrogen (Vogel et al. 1987). IAEA C-1 marble (14C
free) was used for background subtraction. Results
are presented in percent Modern Carbon (pMC). The
data analysis software AnalySeries (Paillard et al.
1996) was used to fit the pMC values to the calibrated
pMC curve obtained by Fallon et al. (2003) for a
coralline sponge from Vanuatu, following the atomic
bomb curve from the 1950s. Similarities in the
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oceanography of the Vanuatu and New Caledonia
regions, both located at the northwestern edge of the
South Pacific gyre, likely produced similar trends in
the variations of the oceanic 14C enrichment in the
area after the atomic bomb tests, thus making the
calibration of Fallon et al. (2003) suitable to our study.
This fitting method, which does not require any
reservoir effect correction, is commonly used to
establish age models for modern (i.e. post 1950) samples, when the sampling resolution is sufficient (e.g.
see Frantz et al. 2000 for a rhodolith).
Due to the relatively large amount of carbonate
material needed to perform the radiocarbon analysis,
in conjunction with the generally slow growth rate of
coralline red algae, the sampling technique is likely
to be responsible for an uncertainty close to 1 to 2 yr
on every date. The analytical errors on the pMC values averaged 0.3%. This, in combination with the
small pMC variations recorded after the bomb spike
for the Vanuatu sponge (Fallon et al. 2003), leads to
an additional date uncertainty of a couple of years
based on the curve-fitting process. Overall, we estimated the age uncertainty of each radiocarbon date
to be >1 yr but to not exceed 5 yr.

Band counting and Mg/Ca cycles

Fig. 3. Age model for the BSA1 branch. (A) BSA1 branch
showing the location of the BSA_L radiocarbon samples
(numbered holes: 1 to 10), the LA-ICPMS track (black line)
and the estimated annual increments (dotted lines) determined by the combination of Mg/Ca cycles and major
growth band counting. (B) Close up of the specimen in
(A) showing the determination of annual increments using
both Mg/Ca cycles and major growth bands, as well as the
corresponding years

The radiocarbon chronology for the BSA rhodolith
was compared to an independent chronological approach mainly based on the determination of the seasonal Mg/Ca cycles along each branch (Fig. 3), as
previously used for various species of coralline red
algae (e.g. Hetzinger et al. 2009, 2011, Gamboa et al.
2010). With the aid of the AnalySeries software (Paillard et al. 1996), we used the low points in Mg/Ca
cycles as anchor points that were matched to the
coolest months of successive years in the sea surface
temperature (SST) record. The distance between 2
anchor points determines reported annual extension
rates.
Using a 30 µm diameter spot for the LA-ICPMS
analysis of rhodoliths, we achieved a sub-monthly
resolution. However, despite efforts to cut a sampling
surface exactly parallel to the main axis of growth,
the 3-dimensional complexity of the branches’ structure at high resolution may lead to bands that appear
compressed or stretched. This, in addition to other
potential factors influencing seasonal and subseasonal Mg/Ca distribution and variability in the
analysed Sporolithon durum rhodoliths (full details
will be reported in a separate communication; Darrenougue et al. unpubl.), sometimes prevented us from
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distinguishing clear minima in the Mg/Ca variations.
In such cases, the identification of major, annual
bands on the high-resolution photographs confirmed
the boundaries of the seasonal cycles. It must be
noted that the major, annual banding was not always
clear (e.g. Fig. 3B); however, using both the major
banding and the major Mg/Ca cycles enabled us to
compensate for the uncertainty of either method. As
a result, we estimated the age uncertainty of this
model to be <1 yr.

Environmental dataset
Météo France and the Institut de Recherche pour le
Développement (IRD) provided monthly records of
local SST, global solar radiation, rainfall and wind
strength for the period 1960 to 2011. The Direction
des Mines et de l’Energie de Nouvelle Calédonie
provided the annual mining production data the for
duration of the mining activity in the Coulée region.

RESULTS
Monitored rhodoliths
Measured growth from the Alizarin stain to the surface of each of the 43 branch tips ranged from 0.146
and 0.894 mm with a mean ± SD of 0.452 ± 0.176 mm
(Table S1). This corresponds to a growth range of
33 and 80%, respectively, of the total Jul10–Feb11
growth period, with an average of 65 ± 12%. With the
exception of a few branches (mainly belonging to the
R2 rhodolith), the greatest rhodolith growth in the
last 13 mo occurred during Feb–Aug11 (Fig. 4). Both
the linear and logarithmic fits between measurements of the latter 2 periods displayed highly significant correlation coefficients (r2 = 0.72 and r2 =
0.82, respectively; p < 0.0001), indicating covariance
between the proportion of growth occurring in Feb–
Aug11 and annual extension rates.
The asymmetrical seasonal growth pattern recorded for Sporolithon durum and the patterns of the
studied environmental parameters do not correspond, as the latter globally displayed no significant
differences (within error) between Jul10–Feb11 and
Feb–Aug11 (Fig. 5).
The number of minor, sub-annual bands for the
Feb–Aug11 period ranged from 3 (R2-2, R2-4, R4-1
and R5-2) to 14 (R1-2 and R1-5), half of which fell
within 6 and 12 (Table S1). The length (mean ± SD) of
the minor bands occurring between February and

Fig. 4. Relationship between the rhodolith growth measured
for the February to August 2011 (Feb–Aug11) growth period
and the fraction of that growth over the July 2010 to August
2011 (Jul10–Aug11) period. d: individual measurements,
s: means for each rhodolith. Linear (red) and logarithmic
(blue) fits and equations are also displayed along with the
respective correlation coefficients

August 2011 was 0.049 ± 0.009 mm, and individual
values ranged between 0.030 and 0.070 mm, for the
R5-1 and R1-7 branches, respectively. For the Jul10–
Feb11 period, fewer minor bands were generally
observed than for Feb–Aug11. Typically, 3 to 9 bands
occurred in each branch. These minor bands also appeared to be slightly shorter, with a length of 0.039 ±
0.007 mm and a range of 0.023 (R7-5) to 0.054 mm
(R1-1; Table S1).
The close-up optical image, as well as its corresponding scanning electron microscopy image,
showed that the minor, sub-annual bands were composed of alternating cells with different lengths and
degrees of calcification. One or more cell rows can
form a sub-annual band (Fig. 6).
The measured extension rates for the year 2010 to
2011 are reported in Table S1, with the distribution
and summary statistics presented in Fig. 7 (n = 43).
Extension rates ranged from 0.267 to 1.053 mm yr−1
and averaged 0.622 ± 0.170 mm yr−1, with 50% of the
values occurring between 0.493 and 0.720 mm yr−1.

Entire rhodolith specimens
Radiocarbon dating
Radiocarbon results for the BSA_L and BSA_S
branches are presented in Fig. 8 and Table 1. pMC
values (mean ± SD) for the BSA_L branch showed a
steady decrease from 114.9 ± 0.3 in the sample nearest to the start of growth, to 109.1 ± 0.4 at the top
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Fig. 6. (A) Optical image and (B) corresponding back scattered electron (BSE) image of a portion of a rhodolith branch
where the minor banding is clearly visible (dashed lines) and
consists of the alternation of small, heavily calcified cell
layers and longer, less calcified ones. Also note the general
trend from small, heavily calcified cells at the bottom of the
BSE image towards longer, less calcified cells at the top of the
image, which constitutes the major banding pattern. The
growth direction of the specimen is from the bottom to the
top of the images
Fig. 5. Environmental parameters recorded either at the
study site (in situ temperature: IST) or for the nearby
Nouméa station (global radiation, rainfall anomaly and wind
speed; data from Météo France) and rhodolith extension
between July 2010 and August 2011. Bold lines: averages for
the 2 periods Jul10–Feb11 and Feb11–Aug11. Thin lines
and markers: monthly mean data. Shaded areas: ±1 SD
(based on monthly mean data for environmental variables,
and on measurements of 43 branches during the 2 periods)

of the branch. pMC values for the BSA_S branch
increased sharply from 103.8 ± 0.3 to 113.9 ± 0.3 close
to the centre of the rhodolith, then, as for BSA_L,
steadily decreased to a value of 107.7 ± 0.3 near the
top of the branch. The sharp increase and then slow
decrease in the BSA_S branch pMC values matches
the evolution of the atomic bomb spike in the South
Pacific region, from the late 1950s to the early 1970s,
also recorded in corals (e.g. Toggweiler et al. 1991,
Guilderson et al. 2000) and sponges (Fallon et al.
2003). The BSA_L pMC values did not record this
sharp increase, and therefore, the oldest radiocarbon
date was considered to be younger than 1970.
The radiocarbon chronology gave an oldest date
of ~1972 for the BSA_L branch (long axis) and of

~1963 for the BSA_S branch (short axis) of the same
specimen (Fig. 8). This age difference can be explained by the difference in sampling locations, as, unlike for the BSA_S branch, the BSA_L branch was not
sampled down to the absolute centre of the rhodolith.
Regardless, considering the different branch lengths,
these 2 series of dates imply distinct extension rates.
The average annual extension rate along the long
axis (BSA_L) was 0.8 mm yr−1, whereas along the
short axis, it was 0.5 mm yr−1.

Mg/Ca cycles and major growth bands
The radiocarbon chronology established for the
BSA specimen was supported by the Mg/Ca cycles
and major-band counting approach. The oldest record for the BSA rhodolith was 1963 for the BSA1
branch (corresponding to the BSA_L branch). The 2
other branches of the BSA specimen dated to 1965 for
BSA2, corresponding to the BSA_S branch, and 1964
for BSA3. The agreement between these dates indicates an age of ~46 yr for the BSA rhodolith. Mg/Ca
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Fig. 7. Distribution plot and cumulative probability plot of annual growth
recorded for the monitored rhodoliths. The blue histogram shows the
number of branch tips with annual
extension sorted in bins of 0.1 mm,
from 0.2−0.3 to 1.0−1.1 mm. The step
plot (red line) displays the cumulative
distribution function of the extension
rates versus the cumulative probability measured from the 43 tips.
The white box at the bottom of the
bar chart illustrates the statistical
moments of the series (table at right):
the edges of the box are the 25 and
75% quartiles, the line inside the box
is the median value and the blue diamond represents the mean (vertical
diagonal; not shown) and the lower
and upper 95% mean values (left and
right corners)

Fig. 8. Radiocarbon age model for 2
branches (BSA_L and BSA_S) of the BSA
rhodolith based on a previously age-calibrated coralline sponge from Vanuatu (Fallon et al. 2003). The horizontal error bars
on the rhodolith’s radiocarbon data correspond to the size of the sampled material (1
to 2 mm along the branch, corresponding
to 1 to 4 yr intervals — see ‘Materials and
methods’). pMC: percent modern carbon

cycles and major-band counting gave an age of 48 yr
for the MSA1 branch and 49 yr for the SSA1 branch,
with an oldest date of 1962.
The annual extension rates for the BSA, MSA and
SSA rhodoliths, measured along 5 branches for the
period 1963 to 2010, ranged from 0.19 to 1.24 mm yr−1
with a mean ± SD of 0.64 ± 0.23 mm yr−1 (n = 227;
Table S2 in the supplement). For each branch, annual
extension rates (in mm yr−1) averaged over their
respective living period were 0.78 ± 0.25 (BSA1),
0.50 ± 0.19 (BSA2), 0.66 ± 0.25 (BSA3), 0.66 ± 0.20
(MSA) and 0.61 ± 0.19 (SSA1; Table 2).
Annual extension rates varied widely among the 5
measured branches (Fig. 9, Table 3), with only the
BSA1−SSA1 pair showing a significant, albeit weak,

correlation at the 95% confidence interval (r = 0.34;
p = 0.02). Despite this, a slightly decreasing trend
appeared in the average extension rates over the last
5 decades, and the early 1970s also displayed shorter
annual extension rates for most of the branches
(Fig. 9).
No significant correlation at the 95% confidence
interval (p > 0.05 for all correlations) was observed
between the annual data of Sporolithon durum
annual extension rates and any of the environmental parameters recorded in Nouméa for the
period 1964 to 2008 (Fig. 10). However, shorter
extension rates in the early 1970s are contemporaneous with the peak of mining activity in the
Coulée region.
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DISCUSSION
Seasonal growth pattern in Sporolithon durum
The monitoring experiment revealed a general
asymmetric seasonal growth pattern in S. durum,
with higher overall growth measured during the
Table 1. Radiocarbon results for rhodolith branch BSA_L
(long axis) and BSA_S (short axis). Distance values are presented as center ± radius of the sampling hole and pMC values are mean ± SD. Calibrated dates were determined using
the AnalySeries computer program (Paillard et al. 1996).
Typical uncertainty on calibrated dates is <5 yr (see ‘Materials
and methods’ for details)
Sample
no.

Distance from Percent modern Calibrated
top (mm)
carbon (pMC)
date

BSA_L
1
2
3
4
5
6
7
8
9
10

2.9 ± 0.7
11.7 ± 0.9
14.7 ± 1.5
19.6 ± 0.9
21.2 ± 0.8
23.2 ± 0.7
25.5 ± 0.6
28.0 ± 0.6
28.9 ± 0.6
30.7 ± 0.6

109.1 ± 0.4
109.6 ± 0.3
110.8 ± 0.3
112.7 ± 0.3
113.2 ± 0.3
112.6 ± 0.3
113.4 ± 0.3
112.9 ± 0.3
114.0 ± 0.3
114.9 ± 0.3

2007
1996
1991
1986
1984
1981
1978
1975
1974
1972

BSA_S
1
2
3
4
5
6
7
8
9
10

2.4 ± 0.8
4.6 ± 0.9
7.1 ± 0.4
9.9 ± 0.9
13.7 ± 1.0
16.0 ± 0.7
18.3 ± 0.6
21.0 ± 0.6
23.1 ± 0.7
25.6 ± 1.0

107.7 ± 0.3
107.7 ± 0.3
109.6 ± 0.3
110.8 ± 0.3
111.5 ± 0.3
112.8 ± 0.3
113.9 ± 0.3
101.8 ± 0.3
103.2 ± 0.3
103.8 ± 0.3

2009
2005
1995
1990
1981
1976
1972
1965
1964
1963
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Feb–Aug11 period, associated with greater minorband widths. Consequently, for Jul10–Feb11, slower
overall growth was observed as well as narrower
minor bands. This is consistent with previous studies
reporting that during faster (slower) growth periods,
the cells formed by coralline red algae are generally
longer (shorter), albeit presenting less (more) heavily
calcified walls. It is this seasonal contrast in the cell
length and calcification that forms the recognisable
major, annual banding in various species of coralline
Table 2. Annual extension rates (mean ± SD) measured for 5
different rhodolith branches over the period 1963 to 2011
using the combination of major growth banding and Mg/Ca
cycles. n: number of years for each branch. See Table S2 in
the supplement for full dataset
Branch

n

Annual extension
rate (mm yr−1)

BSA1
BSA2
BSA3
MSA1
SSA1

45
43
44
47
48

0.75 ± 0.29
0.49 ± 0.19
0.66 ± 0.25
0.66 ± 0.20
0.62 ± 0.21

Table 3. Correlation matrix for extension rate variations for
the period 1964 to 2008, between each rhodolith branch
analysed. None of the correlations are significant at the
95% level (p > 0.05), except for *p = 0.02
r

BSA1

BSA2

BSA3

MSA1

BSA2
BSA3
MSA1
SSA1

0.23
0.21
0.02
0.34*

0.24
–0.20
0.25

0.14
0.00

–0.12

Fig. 9. Annual extension rates along 5 rhodolith branches (thin lines) for the period 1963 to 2010. Mean extension rate curve
for the period 1964 to 2008 (thick red line), ±1 SD (shaded area) and the slightly decreasing trend line for the record (thin red
line) are also displayed. For branch codes, refer to ‘Materials and methods’
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be attributed to tidal cycles. Tidal cycles
have never been observed in coralline red
algal growth, but as they are intrinsically
related to lunar cycles (i.e. half a lunar
cycle), this is not a surprising result. Furthermore, 14 d growth patterns clearly
appear in other marine organisms such
as bivalve molluscs (e.g. Pannella 1976,
Schöne et al. 2003, Hallmann et al. 2011)
and brachiopods (Hughes et al. 1988). However, the fact that this pattern appears
clearly in only 2 of our samples merits cautious interpretation. In addition, for Jul10–
Feb11, the maximum number of minor
bands was 9. This excludes 14 d cycles, yet
the highest observed frequency was also
sub-monthly. One explanation for the absence of a 14 d pattern may reside in missing growth information due to the sampling
process associated with the complex structure of the rhodolith branches or a regular
overturning of the rhodoliths (see discussion below). However, if the observations
accurately reflect the rhodolith growth
pattern, they may reveal a temporally undetermined shift in the banding periodicity,
from monthly to every 14 d. It is plausible
that during times of slow growth, minor
banding is only observable every lunar
cycle, whereas when growth conditions are
more favourable, a tidally-influenced patFig. 10. Comparison between the annual variations of the average
tern may prevail. To our knowledge, such a
rhodolith extension rates recorded for the period 1964 to 2008 at the
Ricaudy Reef and various local environmental parameters measured for
shift in the periodicity of growth increments
the Nouméa meteorological station (data from Météo France). Trend
has thus far never been reported for any
lines of each parameter for the studied period are displayed. Global solar
marine organism; however, the inconsisradiation data is only available since 1986 at the site. Annual mining protency of our observations calls for a future
duction in the Coulée River region during the period 1960 to 1981 is also
shown. SST: sea surface temperature
monitoring study of Sporolithon durum at a
sub-monthly frequency to more rigorously
assess this hypothesis.
red algae (e.g. Moberly 1968, Basso 1994, 1995,
The growth pattern that produces the annual,
Halfar et al. 2000, Blake & Maggs 2003, Kamenos &
major banding in Sporolithon durum is repeated at
Law 2010, Burdett et al. 2011).
the sub-seasonal level to also form the minor banding
The number of minor growth bands occurring dur(Fig. 6). One to a few layers of each type of cells (i.e.
ing the Feb–Aug11 period was > 7, in most cases. For
short, heavily calcified and long, less calcified)
this 28 wk period, 7 minor bands could represent
appears to be part of the minor banding. Hence, sinmonthly (or lunar) cycles. Lunar cycles in the growth
gle rows of cells might be formed as frequently as
pattern have been proposed to occur in various spesub-weekly. However, the variability of this pattern
cies of coralline red algae (e.g. Moberly 1968, Halfar
precludes the determination of consistent periodicity
et al. 2000, Blake & Maggs 2003). In our study, minor
for the deposition of a single row of cells.
banding consistently occurred at a higher frequency.
In summary, it appears that, unlike for bivalve molThe maximum number of minor bands for the 28 wk,
luscs (Pannella 1976, Schöne et al. 2003, Hallmann et
Feb–Aug11 period was 14 (for R1-2 and R1-5), which
al. 2011) or some brachiopods (Hughes et al. 1988),
corresponds to a 2 wk frequency and could therefore
the sub-seasonal, minor banding observed in this

Foster (2001)
Worldwide (depth < 20 m)
Various rhodolith-forming species

Hydrolithon reinboldii
Sporolithon durum

Phymatholithon calcareum

Clathromorphum compactum

Clathromorphum nereostratum

Lithothamnion sp.

Lithothamnion glaciale

Gulf of California (Mexico)

Lithothamnion crassiusculum

~0.4

Radiocarbon dating
ARS
Mg/Ca, δ18O
Mg/Ca, δ18O
ARS, Mg/Ca, major banding
Mg/Ca, major banding
Mg/Ca, major banding
Radiocarbon dating
Major banding, U/Th dating
Mg/Ca
ARS
Mg/Ca
ARS, Mg/Ca, major banding
ARS
Monthly, in situ growth measurements
ARS
ARS, radiocarbon dating, Mg/Ca,
major banding
Literature review

Frantz et al. (2000)
Rivera (1999)
Halfar et al. (2000)
Halfar et al. (2000)
Kamenos et al. (2008)
Schäfer et al. (2011)
Schäfer et al. (2011)
Frantz et al. (2005)
Halfar et al. (2007)
Chave & Wheeler (1965)
Halfar et al. (2008)
Halfar et al. (2011a)
Kamenos et al. (2008)
Blake & Maggs (2003)
Adey & McKibbin (1970)
Payri (1997)
This study
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0.6 ± 0.1
0.63
0.25−0.45
Newfoundland (Canada)
0.25−0.45
Loch Sween (Scotland)
0.15−0.17
Gulf of Panama (Panama)
0.16
Gulf of Chiriquí (Panama)
0.17
Aleutian Islands (USA)
0.30 ± 0.03
0.35 (0.19−0.65)
Gulf of Maine (USA)
~0.5
0.42 ± 0.08
Newfoundland, Quebec (Canada)
0.30 ± 0.08
Isle of Arran (Scotland)
0.13−0.19
Strangford Lough (N Ireland)
0.92
Ria de Vigo (Spain)
~0.9
Tahiti (French Polynesia)
0.37
Nouméa (New Caledonia)
0.6 ± 0.2

Source
Chronological method
Growth/extension
(mm yr−1)

Thus far, the only previous dating of
S. durum specimens was reported by
Goldberg & Heine (2008) for rhodoliths
from Rottnest Island (Western Australia).
Although these authors could not determine extension rates, their radiocarbon
results estimated a maximum age for 3
specimens, ranging from 73 to 83 mm in
diameter, to be 56 yr old (post 1950, for a
collection in 2006), which is consistent
with our findings.
The consistent annual extension rate
(mean ± SD) of 0.6 ± 0.2 mm yr−1 indicated
by both the in situ monitoring and the
chronological approaches (n = 270) suggests that the presence of the enclosure
had no significant effect on rhodolith
growth, and that the observed extension
rate value is typical of the Sporolithon
durum community at the Ricaudy Reef.
This extension rate is of the same order as
previously reported values for other
coralline red algal species (Table 4), albeit
slightly higher than the global average for
rhodoliths (~0.4 mm yr−1) reported by Foster (2001). To summarise Table 4, various
species of Lithothamnion show annual extension rates ranging from 0.2 to 0.6 mm
yr−1 according to study location or chronological approach (Rivera 1999, Frantz et al.
2000, Halfar et al. 2000, Kamenos et al.
2008, Schäfer et al. 2011). In colder areas,
regardless of the studied species, annual
extension rates are generally lower (Chave
& Wheeler 1965, Halfar et al. 2000, 2007,
2008, 2011a,b, Kamenos et al. 2008). We
mainly attribute this to the temperature
difference between these regions and the
tropical waters of New Caledonia. However, environmental factors cannot always
explain the differences (or similarities) in
the extension rates of various species of
coralline red algae; rather, it appears that
an internal, species-specific effect sometimes prevails. For instance, the same extension rates have been reported for Phy-

Location

Sporolithon durum ages and annual
extension rates

Species

study for Sporolithon durum is too variable
to be considered a useful chronological tool.

Table 4. Annual growth or extension rates (mean ± SD or range where applicable; check source for detail) reported in the literature for various modern species of coralline red
algae across the world. For each study, the technique used to determine the growth is indicated. ARS: Alizarin red stain monitoring; Mg/Ca: measurements of annual, cyclic
variations in Mg composition; δ18O: measurements of annual, cyclic variations in oxygen isotopic composition; Major banding: counting of annual, major band patterns
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matholithon calcareum from a temperate (Spain;
Adey & McKibbin 1970) and a cold-water environment (Northern Ireland; Blake & Maggs 2003). Conversely, Hydrolithon onkodes (Payri 1997) and S.
durum (this study) present very different extension
rates in a shallow tropical environment (Table 4).

Controls on the Sporolithon durum
extension rate variations
Results from the monitoring experiment and from
the chronological approach indicate extension rates
for S. durum that can considerably vary for any given
year, at different levels. The ellipsoidal shape of the
S. durum rhodoliths may facilitate the overturning of
the specimens about the long axis of growth. This
would result in the parts at the opposite ends of the
long axis of the nodule being more prone to remain
under optimal living conditions throughout the
growth period, whereas the remaining algal surface
would periodically face the substratum. Although
coralline red algae have been shown to have the ability to survive and continue to grow in a shaded environment for relatively long periods (e.g. Scoffin et al.
1985, Freiwald & Henrich 1994, Bulleri 2006, Underwood 2006, Basso et al. 2009), Dethier & Steneck
(2001) showed that growth rates in the shade are
generally lower than those recorded in direct light. In
our case, lateral accretion of the nodules would be
favoured most of the time, resulting in extension
rates being greater parallel to the long axis of the
rhodoliths relative to the short axis (see BSA_L/BSA1
versus BSA_S/BSA2). Therefore, irregular overturning of the nodules could play a significant role in
explaining the variability in extension rates observed
within the same rhodolith specimen. Episodic burial
into the sediment might also slacken the rhodolith
growth for variable periods of times, without necessarily stopping it (e.g. Freiwald & Henrich 1994). This
could account for some of the inter-rhodolith variability. Genetic variability resulting in individualised responses to the environment might also contribute to
the inter-rhodolith variability.
The complex branch structure and 3-dimensional
growth pattern of the rhodoliths may also provide a
potential explanation for the reported extension rate
variability along a single Sporolithon durum branch.
It has been recognised that the sectioning process of
a rhodolith branch could lead to the measurement
of slightly shorter or longer extension rates than the
actual linear extension rate of the organism along its
axis of main growth (e.g. Halfar et al. 2000, 2011a,

Burdett et al. 2011, our study). Using attached forms
of coralline red algae could reduce this type of variability (Halfar et al. 2000, 2011a). Unfortunately, no
attached form of S. durum has been encountered
at the Ricaudy site (N. Darrenougue and C. Payri
pers. obs.).
Despite the significant variability in extension rates
reported for Sporolithon durum in this study, overall,
common trends in the growth pattern still stand out.
At the seasonal level, it was unexpected that highest
rhodolith growth consistently takes place between
the months of February and August, which corresponds to the austral summer−fall−winter. Indeed,
other studies of coralline red algae have generally
presented higher growth rates during the spring−
summer period (e.g. Moberly 1968, Halfar et al.
2008). Spring and summer in New Caledonia are also
the most favourable seasons for phytoplanktonic
algal blooms (Rodier & LeBorgne 2008) and benthic
primary production (Clavier & Garrigue 1999). Ambient seawater temperature does not explain the contrasted seasonal growth pattern of S. durum, as the
IST at the monitoring site between the Jul10–Feb11
and the Feb–Aug11 periods remained virtually constant (Fig. 5). Seasonal contrast in global solar radiation at the site can also be ruled out in the explanation of the growth pattern observed here (Fig. 5). A
potential factor on slower growth in spring is the
record of higher wind velocity (Fig. 5) that may contribute to an increased resuspension of particles in
the water column (e.g. Ouillon et al. 2010), leading to
a reduced light penetration through the water column. Internal biological factors are also likely to play
a large role in the control of the seasonal growth pattern of S. durum; however, their determination was
beyond the scope of this study.
The absence of a correlation between the annual
variations of the average extension rate recorded for
the rhodoliths and the local environmental parameters for the period 1964 to 2008 (Fig. 10) was to be expected due to the high variability of extension rates
displayed by the analysed branches. However, in the
longer-term trends, it appears that the slight decrease
in rhodolith extension rate during the early 1970s
might be related to a period of intense mining production in the Coulée River region starting in the
early 1960s and ending in 1981 (Fernandez et al.
2006). This period of highest mining production (up to
3000 tons of extracted material per year; Fig. 10) was
also coeval, to some extent, with increased rainfall
over Nouméa. Debenay & Fernandez (2009) determined a drastic change in the depositional regime
in western Sainte Marie Bay (Fig. 1) concordant with
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the intense mining activities in the Coulée River
basin, likely caused by higher sedimentation rates.
We suggest that an increased sediment load from the
Coulée River into the lagoon might also explain the
observed reduction of rhodolith growth during the
mining activities due to higher turbidity of the lagoon
waters leading to an effective reduction of the light
penetration through the water column. However, S.
durum show higher, more stable extension rates only
a few years after the perturbation, when the sediment
load transported by the Coulée River is likely to have
remained high (Fernandez et al. 2006), suggesting
the ability of S. durum to overcome periods of reduced irradiance (as previously suggested for other
coralline red algal species, e.g. Wilson et al. 2004).
The slight decrease in average Sporolithon durum
extension rates over the last 5 decades might result
from stress caused by the slight temperature rise
(Fig. 10); however, this is in contradiction with several studies showing that higher temperatures, as
well as increased light intensity as observed here
with the solar radiation (Fig. 10), have a positive
effect, if any, on coralline red algal calcification and
growth (Kamenos & Law 2010, Dethier & Steneck
2001). The observed decrease in extension rates may
also reflect an ontogenic effect in S. durum. Coralline
red algae are thought not to suffer from any ontogenic effect (e.g. Halfar et al. 2007, 2011a, Wanamaker et al. 2011, Williams et al. 2011); however,
from our observations, such an effect that results in
extension rates being slower as the organism ages
cannot be ruled out for S. durum. In addition, the
increasing trend of wind strength recorded over
Nouméa might have contributed to stronger winddriven currents in the lagoon, thus favouring more
sediment resuspension. The gradually increasing
amount of particles in the water column may have
reduced light availability for the rhodoliths, leading
to a slight decrease in extension rates over the studied period. This is consistent with the propositions for
the seasonal growth pattern observed in S. durum.
This effect could also have been amplified by increased terrigenous inputs into the lagoon resulting
from slightly increasing rainfall recorded over the
studied period (Fig. 10).
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corresponds to the alternation of higher extension
rates during the austral summer−fall−winter period,
and lower extension rates during the winter−spring−
summer months. This seasonal contrast is associated
with a respectively longer and shorter, sub-seasonal,
minor banding. Minor bands, composed of 2 to several individual cell layers, were clearly observed and
appeared to have a maximum periodicity of 14 d.
However, as this 14 d periodicity could not be characterised in the majority of the analysed branches,
especially during periods of slower growth, we consider the minor bands in S. durum rhodoliths to be
too variable to represent a reliable chronological tool.
Typical extension rates (mean ± SD) for the Sporolithon durum community were 0.6 ± 0.2 mm yr−1,
which is in good agreement with reports for other
coralline red algal species in the literature. Extension
rates of S. durum rhodoliths present a considerable
variability for any given year. However, common,
longer-term trends in the inter-annual variations
could be distinguished and related to environmental
factors. Intense mining activities that occurred in the
Coulée River basin until 1981 and peaked in the early
1970s appear to have had an adverse effect on
rhodolith growth that lasted several years before recovery to higher, more stable extension rates. Although the slight decrease in rhodolith extension rate
observed over the last 5 decades potentially reflects
an ontogenic effect, it may also have been enhanced
by a gradual reduction of light penetration in the lagoon waters caused by an increase in current-driven
sediment resuspension and/or terrigenous inputs. No
influence of the seawater temperature on the pattern
or rate of extension in the S. durum rhodoliths was
observed at any of the studied scales.
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