
BGD
10, 14115–14140, 2013

Polar coralline algal
CaCO3-production

rates

S. Teichert and
A. Freiwald

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 10, 14115–14140, 2013
www.biogeosciences-discuss.net/10/14115/2013/
doi:10.5194/bgd-10-14115-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science
O

pen A
ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Polar coralline algal CaCO3-production
rates correspond to intensity and
duration of the solar radiation
S. Teichert1 and A. Freiwald2

1GeoZentrum Nordbayern, Section Palaeontology, Erlangen, Germany
2Senckenberg am Meer, Section Marine Geology, Wilhelmshaven, Germany

Received: 5 July 2013 – Accepted: 13 August 2013 – Published: 26 August 2013

Correspondence to: S. Teichert (sebastian.teichert@gzn.uni-erlangen.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

14115

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/14115/2013/bgd-10-14115-2013-print.pdf
http://www.biogeosciences-discuss.net/10/14115/2013/bgd-10-14115-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 14115–14140, 2013

Polar coralline algal
CaCO3-production

rates

S. Teichert and
A. Freiwald

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

In this study we present a comparative quantification of CaCO3 production rates
by rhodolith-forming coralline red algal communities situated in high polar latitudes
and assess which environmental parameters control these productions rates. The
present rhodoliths act as ecosystem engineers and their carbonate skeletons pro-5

vide an important ecological niche to a variety of benthic organisms. The set-
tings are distributed along the coasts of the Svalbard archipelago, being Floskjeret
(78◦18′ N) in Isfjorden, Krossfjorden (79◦08′ N) at the eastern coast of Haakon VII Land,
Mosselbukta (79◦53′ N) at the eastern coast of Mosselhalvøya, and Nordkappbukta
(80◦31′ N) at the northern coast of Nordaustlandet. All sites feature Arctic climate and10

strong seasonality.
The algal CaCO3 production rates were calculated from fuchsine stained an-

nual growth increments exhibited by the rhodoliths and range from 100.9 g (CaCO3)
m−2 yr−1 at Nordkappbukta to 200.3 g (CaCO3) m−2 yr−1 at Floskjeret. The rates cor-
relate to various environmental parameters with geographical latitude being the most15

significant (negative correlation, R2 = 0.95, p < 0.05), followed by the duration of the
polar night (negative correlation, R2 = 0.93, p < 0.05), the duration of the sea ice cover
(negative correlation, R2 = 0.87, p = 0.07), and the annual mean temperature (positive
correlation, R2 = 0.48, p < 0.05).

This points out sufficient light incidence to be the main control of the growth of the ex-20

amined coralline red algal rhodolith communities, while temperature is less important.
Thus, the ongoing global change with its rising temperatures will most likely result in
impaired conditions for the algal, because the concomitant increased global runoff will
decrease water transparency and hence light incidence at the four offshore sites. Re-
garding the aforementioned role of the rhodoliths as ecosystem engineers, the impact25

on the associated organisms will presumably also be negative.
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1 Introduction

Coralline red algae are the most consistently and heavily calcified group of the red
algae, and as such have been elevated to ordinal status (Corallinales Silva and Jo-
hansen, 1986). Their calcification process involves high magnesium calcite precip-
itation within the cell walls (Bosence, 1991). They can also form rhodoliths, free-5

living structures composed mostly (> 50 vol.-%) of non-geniculate coralline red algae
(Bosence, 1983), and those are widely distributed in marine habitats (Foster, 2001),
having an excellent fossil record since the Hauterivian leastwise (Arias et al., 1995),
probably earlier (e.g., Schlagintweit, 2004; Bucur et al., 2009). Rhodoliths and coralline
red algae are known as important carbonate producers from tropical (Chisholm, 2000)10

over temperate (Martin et al., 2006) to subpolar environments (Freiwald and Henrich,
1994) and can also act as ecosystem engineers sensu Jones et al. (1994), i.e. they
form microhabitats by their own skeletal growth.

This skeletal growth directly depends on the CaCO3 production rates of the algae,
a factor whose significant controls still remain unclear. A variety of methods has been15

applied to calculate coralline red algal growth-rates and CaCO3 production rates, such
as in situ growth experiments on living thalli (Adey and McKibbin, 1970; Payri, 1997;
Steller et al., 2007), counting of presumed annual growth increments in relation to
weight (Bosence, 1980; Freiwald and Henrich, 1994), using Mg/Ca ratios relative to
growth increments (Halfar et al., 2000; Schäfer et al., 2011), alizarin- (Bosence and20

Wilson, 2003; Foster et al., 2007) or calcofluor white-staining (Maytone, 2010), and
high-resolution analysis of 14C values to identify pre- and post-bomb spike periods of
skeletal growth (Frantz et al., 2000). These completely different approaches and the
handling of miscellaneous coralline red algal species from different water depths and
biogeographical zones (Table 1) make it nearly impossible to compare the results. In25

this study, the CaCO3 production rates of four coralline red algal communities, con-
sisting mainly of Lithothamnion glaciale Kjellman, 1883, are based on the counting of
fuchsine stained annual growth increments in relation to weight and density of the calci-
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fying structures, the so-called protuberances. This approach, standardised for all sites,
makes it possible to compare the particular CaCO3 production rates in order to test the
controlling factors for their significance. Once identified, these factors can be consid-
ered in the mirror of the ongoing global change, so the future impact on the coralline
red algae and the associated organisms can be estimated.5

2 Materials and methods

2.1 Rhodolith and coralline red algal sampling

Samples and data were obtained from 31 July to 17 August 2006 during the MSM
02/03 expedition of RV Maria S. Merian (Lherminier et al., 2009), heading around the
Svalbard archipelago in an interdisciplinary approach and including the investigation of10

four sites dominated by coralline red algae and rhodoliths (Fig. 1). All sites are char-
acterized by similar physical and biological environmental conditions, and the actual
thriving of the coralline red algae is obvious. For a thorough description of the investi-
gations at the coralline red algal and rhodolith beds and the associated environment,
please refer to Teichert et al. (2012) for Nordkappbukta and to Teichert et al. (2013)15

for Floskjeret, Krossfjorden, and Mosselbukta. Rhodoliths and coralline red algae were
collected using the following approach.

The seabed at each site was mapped using a Kongsberg EM 1002 multibeam echo
sounder controlled with the software package SIS. The multibeam raw data were pro-
cessed using the software packages Neptune and Cfloor, including the production of20

digital terrain models. These models were used to create suitable dive tracks for the
manned submersible JAGO, which carried out the visual inspection and video doc-
umentation of the seafloor and the sampling of the rhodolith and coralline red algal
communities with a hydraulic manipulator arm. Additionally, a dredge with an opening
of 100 cm width and 40 cm height and a net of 0.5 cm mesh size was used for sampling.25

Samples were collected from one site at Floskjeret (757; Fig. 2a), three sites at Kross-
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fjorden (637, 644, 652; Fig. 2b), one site at Mosselbukta (684; Fig. 2c), and three sites
at Nordkappbukta (701, 711, 714; Fig. 2d). One sample from Nordkappbukta (714) was
collected in significantly shallower waters in order to check the influence of water depth
on the annual carbonate production.

2.2 Sample preparation and calculation of CaCO3 production rates5

Coralline algal genera and species were determined using thin sections, histological
slices, and samples for the scanning electron microscope (SEM, Tescan Vega\\XMU).
Identification of thalli of Lithothamnion glaciale Kjellman, 1883 was based on Adey
(1964, 1966, 1970), Adey et al. (2005), Irvine and Chamberlain (1994), and Kjell-
man (1883; 1885, containing the original account of L. glaciale). Collected rhodoliths10

were assorted and only monospecific rhodoliths composed of Lithothamnion glaciale
(Fig. 3a) were included to the calculation of the annual CaCO3 production (Floskjeret,
n = 17; Krossfjorden, n = 48; Mosselbukta, n = 27; Nordkappbukta, n = 75 (containing
a control group from shallower waters, station 714, n = 37)). The upper, living surfaces
(i.e. the part where CaCO3 production occurs) of the sufficient rhodoliths together with15

a 5 cm scale were photographed with a Zeiss 50 mm Macro mounted on a Nikon D200
DSLR and the software Nikon Capture Control. The software Olympus analySIS FIVE
was used to calibrate the images with the 5 cm scale in order to measure the area
of the living surface and to count the protuberances (i.e. the main spots of CaCO3

production; Fig. 3b). The resulting median numbers of protuberances per area [nm−2]20

were checked for coherence using Levene’s test for homogeneity of variance based on
means (one-way ANOVA).

Five protuberances each of randomly selected rhodoliths were cut off, longitudinal
measured using a Hazet digital calliper, dried in a Memmert 700 cabinet desiccator
at 40 ◦C for 48 h, and weighed using a Mettler Toledo AB204-S classic precision bal-25

ance. Processed protuberances were embedded using Araldit BY 158 resin (100 parts)
and Aradur 21 hardener (28 parts), longitudinal cut using a water-cooled low speed
diamond saw, and wet polished with SiC powder (220, 400, and 800 graining). Pol-
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ished sections were etched with 0.1 n HCl for 3 s and stained with fuchsine solution
(1 g fuchsine in 100 mL ethanol 50 %) for 10 s to amplify the annual growth increments
(Fig. 3c). Growth increments per protuberance were counted using a Zeiss Stemi 2000
stereo microscope. If growth increments could not be distinguished clearly, the annual
forming conceptacles (i.e. the chambers containing spores; Fig. 3a, c) were used as5

a substitute. Increment numbers were plotted against the weight of the whole protu-
berance to check if growth succession was linear using reduced major axis algorithm
and Levene’s test for homogeneity of variance based on means (one-way ANOVA).
Subsequent increment counting led to the mean amount of produced CaCO3 per pro-
tuberance per year [g (CaCO3) yr−1] which was checked for significance using Levene’s10

test for homogeneity of variance based on means (one-way ANOVA). Together with the
calculated number of protuberances per square metre, the annual carbonate produc-
tion per square metre per year [g (CaCO3) m−2 yr−1] was calculated by multiplication of
the values.

The resulting CaCO3 production rates (excluding the shallow water control group15

from Nordkappbukta) were plotted against the physical parameters water depth, sea-
water calcite saturation, annual mean temperature, duration of sea ice cover, geograph-
ical latitude, and duration of the polar night at each site. The results were checked for
correlations using reduced major axis algorithm and Levene’s test for homogeneity of
variance based on means (one-way ANOVA). Correlating factors were checked for their20

relative influence on CaCO3 production rates using multiple linear regression analysis.
All calculations were carried out using the palaeontological statistics software package
PAST (Hammer et al., 2001).
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3 Results

3.1 Seafloor and rhodolith bed properties

The seafloor at each site mainly consists of moraine gravels (probably Late Weich-
selian; Ottesen et al., 2007) and dropstones. In this glaciogenic environment, the
rhodolith and coralline red algal communities appear as a dominating feature. The prop-5

erties of these communities slightly vary along the different dive tracks, but show the
same overall pattern. Initial growth of coralline red algae starts at c. 78 m water depth
and with further shallowing, the development of the coralline red algae continuously
increases, i.e. the protuberances are bigger and grow denser, and the first rhodoliths
appear. With further flattening, the coverage with coralline red algae and rhodoliths10

strongly increases up to 100 % (with varying percentages of coralline red algae and
rhodoliths).

The coralline red algal and rhodolith communities of Floskjeret and Nordkappbukta
are composed of Lithothamnion glaciale Kjellman, 1883 and Phymatolithon tenue
(Rosenvinge) Düwel and Wegeberg, 1996. The coralline algal rhodolith communities of15

Krossfjorden and Mosselbukta are composed of L. glaciale only. At Floskjeret, Kross-
fjorden, and Mosselbukta, L. glaciale grows as unattached rhodoliths and also attached
to cobbles. At Nordkappbukta, L. glaciale additionally grows attached to bedrock.
Rhodoliths are more or less spherical to ovoidal to more irregular in form, consist
largely of knobby protuberances (branches), and are nucleated or hollow. Attached20

thalli produce short (up to 19 mm) warty or knobby protuberances of varying diameter
from a crustose base. Thalli of P. tenue grow attached to cobbles or, in the case of
Nordkappbukta, even to bedrock, and occur intermixed with L. glaciale.
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3.2 CaCO3 production rates

The median numbers of protuberances per square metre at each site calculated from
protuberance counting on the digitally measured rhodolith surfaces are compiled in
Table 2.

Age estimation using increment counting together with the determined weight of5

each protuberance led to the annual mean production of CaCO3 per protuberance.
The annual weight increase is linear (Fig. 4; Table 2) so variably old protuberances can
be used for calculation purposes.

The assumption of an annual banding pattern was confirmed by the distribution of
the reproductive conceptacles in the protuberances of L. glaciale. These conceptacles10

contain the spores of the plants and form annually (Jackson, 2003). The longitudinal,
fuchsine-stained protuberance sections clearly exhibited that the pattern of the con-
ceptacle distribution parallels the light-dark banding pattern of the growth increments
(Fig. 3c). This light-dark banding pattern resembles the progression from heavily calci-
fied, bright summer bands (i.e. there is little pore cavity to bind the fuchsine staining)15

to less calcified, dark winter bands (i.e. there is more pore cavity to bind the fuchsine
staining).

The combination of both values, protuberances per square metre and CaCO3 pro-
duction per protuberance per year, led to the annual CaCO3 production rate of each
rhodolith community in g (CaCO3) m−2 yr−1 (Table 3). Plotting these values against the20

possibly influencing parameters showed that correlations for water depth and seawater
calcite saturation are not significant (Fig. 5a, b). Significant correlations are evident for
the annual mean temperature, the geographical latitude, the duration of the polar night,
and the duration of sea ice cover (Fig. 5c–f). Multiple linear regression analysis showed
that geographical latitude and duration of the polar night are the main controls, followed25

by the duration of sea ice cover, while the annual mean temperature is less influential
(Table 4).
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4 Discussion

As stated before, a comparison of the Svalbard CaCO3 production rates with data
from other surveys is not reasonable due to different taxa from various water depths,
analysed by various methods. On these grounds, our study yields an opportunity to
show the influence of different parameters on rhodolith CaCO3 production rates from5

different populations.
The four sites are well comparable with regard to their arctic environment, influenced

by the warm West Spitsbergen Current, the cold East Spitsbergen Current, sea ice for-
mation, annual melt water discharge, and a strong seasonality of the light levels (Har-
land, 1997; Svendsen et al., 2002; Sapota et al., 2009). Teichert et al. (2012, 2013)10

also showed obvious similarities between the populations, with Lithothamnion glaciale
as the dominating photoautotrophic organism at water depths around 45 m, appearing
as encrustations or rhodoliths. The colonised substrate is mainly made up by glacio-
genic debris and dropstones and grazing organisms like chitons and echinoids are
present at all sites, presumably contributing to keep the rhodoliths free from epibionts15

(Steneck, 1986). The rhodoliths also act as bioengineers sensu Jones et al. (1994)
and provide microenvironments for the benthic organisms, which therefore depend on
substantial rhodolith growth.

To gain data on the annual rhodolith CaCO3 production, a simple method was used,
enabling the analysis of large sample sizes. This analysis bases on the assumptions20

that (1) the growth increments counted in the protuberances of L. glaciale are annual,
as already supposed by Freiwald and Henrich (1994), and that (2) the increase in
weight with age is linear, so specimens of different ages can be compared. Assumption
(1) is confirmed by the distribution of the spore-containing conceptacles, which parallel
the growth increments as explained above, and assumption (2) is confirmed by the25

findings shown in Fig. 4, indicating a significantly linear weight increase with age.
The calculated CaCO3 production rates (Table 3) significantly differ between the

sites, suggesting that they are influenced by physical parameters, since the coralline
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red algae all belong to the same species and share similar biotic communities in terms
of organisms associated to the coralline red algae. The other constant for all sites is
water depth, except for station 714 in 27 m water depth, with a relatively high CaCO3
production due to increased irradiance levels. Because of that, site 714 was excluded
from the coherence plots in Fig. 5. For the remaining sites, the following parameters5

were considered: Geographical latitude, mean duration of sea ice cover, duration of the
polar night, annual mean temperature, water depth, and calcite saturation of the water
column (Table 3).

Geographical latitude, mean duration of sea ice cover, and duration of the polar night
are directly linked to irradiance, the obviously most important feature for coralline red10

algae (Kain and Norton, 1990), and show significant correlations (Fig. 5d–f). Due to
Earth’s axis decline, the angle of solar radiation flattens and the duration of the polar
night prolongs with increasing geographical latitude, leading to decreased radiation in-
tensity and a shortened growth period towards higher latitudes. This is directly reflected
in the CaCO3 production rates, because biomineralisation takes place only during the15

growth period (Bosence, 1991), also resulting in the incremental banding pattern, start-
ing with heavily calcified cell rows at the beginning of the growth period and grading
into less calcified cell rows towards the end of the growth period (see also Fig. 3c).
The same applies for the mean duration of the sea ice cover, which reduces the light
transmitted through the water column to a minimum. Despite the high correlation in our20

data, this has to be considered conservative, because the AMSR-E Sea Ice database
only provides information for the last ten years, while the oldest examined protuber-
ances expose maximum ages of > 90 yr (Fig. 4, stations 711, 701). Nevertheless, the
influence of geographical parameters linked to irradiance on the rhodolith CaCO3 pro-
duction rates is significant and multiple linear regression analysis (Table 4) shows that25

these are the most important controls. The reason why the importance of the geograph-
ical latitude slightly superimposes the duration of the polar night is that this duration is
a function of geographical latitude, which additionally holds the feature of a flattened
angle of light incidence.
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Another correlating parameter is the annual mean temperature (Fig. 5c). Regarding
coralline red algae, the optimum temperature varies geographically and with species,
but the general pattern shows an increase in growth rate to a maximum that is near
the top of the tolerated range (Kain and Norton, 1990). This is directly reflected in
our calculations, with CaCO3 production rates decreasing linear with the annual mean5

temperature, so rising temperatures as a response to global warming could apparently
lead to an increased algal growth rate.

By contrast, water depth and calcite saturation do not seem to influence the CaCO3
production rates (Fig. 5a, b). For water depth, this is easy to explain, because all depths
are nearly the same, ranging in the dysphotic zone (Teichert et al., 2012, 2013), so it10

is superimposed by the effects above. The pretended correlation with the carbonate
saturation is rather confusing. Regarding the regression line in Fig. 5b, CaCO3 produc-
tion rates seems to increase with decreasing calcite saturation, which is not meaningful
because coralline red algae are heavily calcifying organisms. Nevertheless, Alexander-
sson (1977) and Okazaki et al. (1982) state that coralline red algae induce a microenvi-15

ronment suitable for CaCO3 precipitation by metabolic excretion of alginic acid, so the
degree of carbonate saturation is of minor importance as long as ΩCal ≥ 1. Hence, as
for water depth, the effect of the calcite saturation may be superimposed by the other
parameters.

Though, in case of calcite undersaturation (ΩCal < 1), the impact would be signifi-20

cant as Martin et al. (2008) showed experimentally for acidificated seawater that led
to a strong reduction in coralline red algal cover. With respect to the ongoing climate
change, one can say that it will have distinctive impacts on the rhodolith communi-
ties. There will be no change in the angle of light incidence and the duration of the
polar night, because these are subject to astronomic parameters. A development that25

already can be observed is the reduced sea ice formation due to increased tempera-
tures (Shapiro et al., 2003). On the one hand, this may result in a prolonged growth
period and, together with risen temperatures, would favour the coralline red algae, but
it is more likely that climate warming will lead to global runoff increase (Labat et al.,
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2004). This would confront the coralline red algae with an increased amount of fine
sediments in the water column and consequently light transmission decrease. Addi-
tionally, it has been shown experimentally that smothering of coralline red algae with
fine sediments is likely to lead to a dieback of the algal thalli (Wilson et al., 2004). Since
multiple regression analysis (Table 4) shows that the geographical parameters linked to5

irradiance are most influential on coralline red algae while temperature is rather subor-
dinated, the positive effects of increased temperatures on the CaCO3 production rates
will most likely be outranged by the decreased light incidence.

5 Conclusions

Our study shows that light is the most important physical parameter influencing the10

rhodolith communities at Svalbard, followed by the annual mean temperature. While
the angle of solar incidence and the duration of the polar night will not be subject to
global change, increased weathering due to rising temperatures will likely result in re-
duced rhodolith CaCO3 production rates. Because the rhodolith act as bioengineering
organisms and are inhabited by a variety of benthic taxa, changes will presumably15

expand on the whole prevailing ecosystem.
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Table 1. Compiled annual carbonate production rates of coralline red algae per square metre
per year.

Locality Lat. Depth Species CaCO3 production Reference
[◦] [m] [g (CaCO3) m−2 yr−1]

Gulf of Chiriquı́, Panama 07.60◦ N 12–53 Lithothamnion sp. 81.09 Schäfer et al. (2011)
Gulf of Panama, Panama 08.00◦ N 3–26 Lithothamnion sp. 23.38 Schäfer et al. (2011)
Mannin Bay, Ireland 53.46◦ N < 10 Lithothamnion corallioides 29–164 Bosence (1980)
Mannin Bay, Ireland 53.46◦ N < 10 Phymatolithon calcareum 79–249 Bosence (1980)
Mannin Bay, Ireland 53.46◦ N < 10 Lithothamnion corallioides 212–1197 Bosence and Wilson (2003)
Bay of Brest, France 48.35◦ N 0–10 Lithothamnion corallioides 876 Potin et al. (1990)
Bay of Brest, France 48.33◦ N 1–10 Lithothamnion corallioides 150–3000 Martin et al. (2006)
Storvoll Reef, Norway 70.00◦ N 7 Lithothamnion cf. glaciale 895–1432 Freiwald and Henrich (1994)
Straumen Bioherm, Norway 69.67◦ N 18–20 Lithothamnion cf. glaciale 420–630 Freiwald and Henrich (1994)
Manorbier, GB 51.64◦ N < 1 Lithophyllum incrustans 378.96 Edyvean and Ford (1987)
West Angle Bay, GB 51.69◦ N < 1 Lithophyllum incrustans 59.76 Edyvean and Ford (1987)
Lizard Island, Australia 14.67◦ S 0 Hydrolithon onkodes 10 300 Chisholm (2000)
Lizard Island, Australia 14.67◦ S 18 Neogoniolithon conicum 1500 Chisholm (2000)
Arvoredo Island, Brazil 27.25◦ S 7–20 Lithophyllum sp. 55.0–136.3 Gherardi (2004)
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Table 2. Sampling sites from south to north together with the number of rhodoliths used for
analysis. Protuberance counting together with digital image analysis led to the median number
of protuberances per square metre rhodolith surface. Annual growth increment counting led
to the mean CaCO3 production per protuberance per year, calculated from the number of the
annual growth increments in relation to protuberance weight. Levene’s test shows levels of
significance.

Locality Site Samples Protuberances/surface [nm−2] Weight/annual growth increment [mgn−2]

code # [n] Median Min Max Levene’s test Mean Min Max Levene’s test

FK 757 17 35 239 14 454 55 636 p < 0.01 5.86 3.00 11.18 p < 0.001
KF 652 2 55 302 51 248 55 302 p < 0.001 3.07 2.25 3.93 p < 0.01
KF 637 31 71 096 30 446 141 810 p < 0.001 2.55 1.43 4.21 p < 0.001
KF 644 15 59 673 22 903 105 201 p < 0.05 2.84 1.82 4.24 p < 0.001
MB 684 27 28 499 19 380 60 094 p < 0.001 4.20 2.17 8.41 p < 0.001
NKB 714 37 30 740 9953 65 088 p < 0.001 5.13 2.59 9.64 p < 0.001
NKB 711 28 21 404 8946 46 883 p < 0.01 4.92 2.54 8.32 p < 0.001
NKB 701 10 22 179 11 967 40 903 p = 0.121 4.55 1.55 8.57 p < 0.001
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Table 3. Annual carbonate production rates per square metre per year at each site, calculated
from the mean weight per annual growth increment and the median number of protuberances
per rhodolith surface, together with the possibly influencing parameters, being depth [m] =
water depth in metres; lat. [◦ N] = geographical latitude in decimal degrees; polar night [d] =
duration of the polar night in days, data from USNO Sun Rise Tables; sea ice [mo] = mean
duration of sea ice cover in months, data from Svendsen et al. (2002); Nilsen et al. (2008);
Spreen et al. (2008); AMSR-E Sea Ice Maps; AMT [◦C] = annual mean temperature in degree
Celsius, data from LEVITUS 94; ΩCal = calcite saturation of the seawater, data from Teichert
et al. (2012, 2013); note increased CaCO3 production rate in combination with deviating water
depth at NKB #714.

Locality Site Annual CaCO3 Depth Lat. Polar Sea AMT ΩCal

code # production [gm−2 yr−1] [m] [◦ N] night [d] ice [mo] [◦C]

FK 757 200.3 45 78.3113 113 4 1.5 1.44
KF 652 169.8 47 79.0618 117 6 0.7 2.67
KF 637 181.5 50 79.0985 118 6 0.7 1.45
KF 644 181.5 41 79.0986 118 6 0.7 1.45
MB 684 119.8 44 79.8946 122 7 0.7 2.59
NKB 714 157.7 27 80.5251 126 10 0.5 2.86
NKB 711 105.3 45 80.5293 126 10 0.5 2.86
NKB 701 100.9 38 80.5335 126 10 0.5 2.86
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Deviating water depth? Unclear
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Table 4. Multiple linear regression analysis showing the relative influence of geographical lat-
itude, duration of the polar night, duration of sea ice cover, and annual mean temperature
(independent variables) on the annual CaCO3 production rate (dependent variable).

Multiple R2: 0.99935
ANOVA
F = 763.78 p < 0.005

Variable p R2

Annual CaCO3 production rate < 0.05
Geographical latitude < 0.05 0.95302
Duration of the polar night < 0.05 0.92871
Duration of sea ice cover = 0.066 0.86575
Annual mean temperature < 0.05 0.4802
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Fig. 1. The Svalbard archipelago with the four investigation sites (yellow stars); the water
masses most influential on the local climate are the warm West Spitsbergen Current (WSC,
red) and the cold East Spitsbergen Current (ESC, blue).
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Fig. 2. The sampling sites in order from south to north being Floskjeret in Isfjorden (A), Kross-
fjorden at the eastern coast of Haakon VII Land (B), Mosselbukta at the eastern coast of Mos-
selhalvøya (C), and Nordkappbukta at the northern coast of Nordaustlandet (D); yellow dots
indicate the coralline red algal and rhodolith sampling sites; note the different water depth
scales; topographic map extracts are used with courtesy of the Norwegian Polar Institute.
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Fig. 3. Monospecific rhodolith consisting of Lithothamnion glaciale Kjellman, 1883 with distinct
protuberances (green circles) and visible conceptacles (green arrows) that contain the spores
(A), the protuberances are the main spots of CaCO3 production in the coralline red algal tis-
sue (B), annual growth increments divided in heavily calcified, bright summer bands and less
calcified, dark winter bands, the distribution of the annual forming conceptacles (green arrows)
parallels the increment pattern (C).
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Further evidence is required for this reconstruction. The picture does not provide sufficient details and higher magnification of growth zones,.
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Fig. 4. Scatter plots indicating the linear CaCO3 accretion within the protuberances using re-
duced major axis algorithm and Levene’s test for homogeneity of variance based on means
(one-way ANOVA).
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Fig. 5. Correlations between the annual CaCO3 production rates [g (CaCO3) m−2 yr−1] and
physical parameters using reduced major axis algorithm and Levene’s test for homogeneity
of variance based on means (one-way ANOVA), showing no significance for water depth (A)
and calcite saturation of the seawater (B), but for the annual mean temperature (C), the ge-
ographical latitude (D), the duration of the polar night (E), and the duration of sea ice cover
(F).
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This inverse correlation is very surprising and remains unexlained. From the statistical point of view it seems significant contrarily to what is indicated in the caption and in the text


