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Abstract

The Mediterranean Sea is considered a “hot-spot” for climate change, being char-
acterized by oligotrophic to ultra-oligotrophic waters and rapidly changing carbonate
chemistry. Coccolithophores are considered a dominant phytoplankton group in these
waters. As a marine calcifying organism they are expected to respond to the ongo-
ing changes in seawater CO, systems parameters. However, very few studies have
covered the entire Mediterranean physiochemical gradients from the Strait of Gibral-
tar to the Eastern Mediterranean Levantine Basin. We provide here an updated state
of knowledge of the coccolithophore distribution in the Mediterranean Sea and relate
this to a broad set of in situ measured environmental variables. Samples were taken
during the Meteor (M84/3) oceanographic cruise in April 2011, between 0—100 m water
depth from 28 stations. Total diatom, dinoflagellate and silicoflagellate cell concentra-
tions are also presented. Our results highlight the importance of seawater carbonate
chemistry, especially COg_, in unraveling the distribution of heterococcolithophores, the
most abundant coccolithophore life phase. Holo- and hetero-coccolithophores respond
differently to environmental factors. For instance, changes in heterococcolithophore as-
semblages were best linked to the combination of [CO§'], pH, and salinity (o = 0.57)
although salinity might be not functionally related to coccolithophore assemblage dis-
tribution. Holococcolithophores, on the other hand, were preferentially distributed and
showed higher species diversity in oligotrophic areas (Best fit, p = 0.32 for nutrients),
thriving in nutrient depleted waters. Clustering of heterococcolithophores revealed
three groups of species sharing more than 65 % similarities. These clusters could be
assigned to the eastern and western basins, and deeper layers (below 50 m), respec-
tively. In addition, the species Gephyrocapsa oceanica, G. muellerae and Emiliania
huxleyi morphotype B/C are spatially distributed together and trace the influx of At-
lantic waters into the Mediterranean Sea. The results of the present work emphasize
the importance of considering holo- and hetero-coccolithophores separately when an-
alyzing changes in species assemblages and diversity. Our findings clearly show that

614

OSD
11, 613-653, 2014

Coccolithophore
distribution in the
Mediterranean Sea

A. M. Oviedo et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-print.pdf
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

coccolithophores are a dominant phytoplankton group in the entire Mediterranean Sea;
they have life stages that are expected to respond differently to the variability in sea-
water carbonate chemistry and nutrient concentrations.

1 Introduction

Marine phytoplankton constitutes about 1-2 % of the global biomass among primary
producers (Falkowski, 1994); however, it contributes to ~46 % of the primary pro-
duction in a global scale (Field et al., 1998). Coccolithophores represent ~ 10% of
global phytoplankton biomass (Tyrrell and Young, 2009). They play an important role
in biogeochemical cycles, contributing to both the organic and inorganic carbon pumps
through photosynthesis and calcification, being calcification the main process control-
ling PIC : POC (rain ratio). For instance, in the eastern Mediterranean Sea, they are the
main contributor to the inorganic carbon pump (CaCOj production and flux) throughout
the year (Knappertsbusch, 1993; Ziveri et al., 2000; Malinverno et al., 2003).

Most studies looking at coccolithophore assemblages and distribution take into ac-
count parameters such as nutrients, PAR, temperature, salinity, oxygen (i.e. Young,
1994; Ziveri et al., 1995; Hagino et al., 2000; Takahashi and Okada, 2000; Haidar and
Thierstein, 2001; Cortés et al., 2001; Ignatiades et al., 2009). Only recently, param-
eters related to the seawater carbonate system have been considered due to their
importance for calcification and the ongoing and projected changes directly related
to the rapidly increasing atmospheric pCO,. Carbonate chemistry parameters have
been suggested as drivers of: coccosphere morphology modification in field samples
(Beaufort et al., 2008; Triantaphyllou et al., 2010; Beaufort et al., 2011), of Emiliania
huxleyi blooms (Merico et al., 2006) and of changes in coccolithophore assemblage
composition (Charalampopoulou et al., 2011). Although it is not clear why coccol-
ithophores calcify, calcification is a key physiological energy spending process (Brand,
1994; Balch, 2004) that changes the carbonate chemistry of their surrounding media.
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Therefore, the availability of the necessary resources for carrying out calcification
should facilitate coccolithophore’s growth in the ocean.

The Mediterranean Sea provides an ideal ground to explore the factors controlling
coccolithophore distribution because of the well known large gradient in physicochemi-
cal parameters. It has a negative fresh-water balance with evaporation exciting precip-
itation and surface water temperature, salinity, TA, Co§‘ increase towards the eastern
basin. The Mediterranean Sea is one of the most nutrient-poor regions of the global
ocean (Dugdale and Wilkerson, 1988), with a trophic status ranging from mesotrophic
in the northwest to extremely oligotrophic in the east (Krom et al., 1991; Berman et al.,
1984; Berland et al., 1988; Yacobi et al., 1995; Psarra et al., 2000). The spatial diversi-
fication of the phytoplankton community structure along an east—west transect shows
that dinoflagellates and coccolithophores dominate in the eastern basin and diatoms in
the western basin (Ignatiades et al., 2009). Ocean acidification, warming and changes
in nutrient availability are expected to significantly alter primary production rates, as
well as the overall plankton community structure. Studies on coccolithophores distri-
bution in the Mediterranean Sea are mostly regional (Dimiza et al., 2008; Malinverno
et al., 2003), loosing part of the above mention gradients. Additionally, when a west to
east transect was sampled (Knappertsbusch, 1993; Ignatiades et al., 2009) carbonate
chemistry parameters were not. Thus comparisons between the different basins are
scarce and the influence of carbonate chemistry parameters on actual coccolithophore
assemblages remains therefore uncertain.

The present work investigates the regional and vertical distribution of living coccol-
ithophores in the Mediterranean Sea with respect to in situ measured environmental
parameters and with attention to those of the carbonate chemistry. It provides an up-
to-date state of the coccolithophore assemblage’s composition and distribution in the
Mediterranean Sea, with a basin resolution that has not been assessed before, and
along physical and chemical gradients.
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2 Material and methods
2.1 Hydrography and phytoplankton

A detailed water sampling was conducted during the M84-3 cruise from 6 to 28
April 2011 on board the R/V Meteor (Tanhua, 2013; Tanhua et al., 2013a). Here we
investigate a subset of 81 samples from 28 stations collected between 0 and 100 m
water depth. Figure 1 shows the location of all sampled stations during the cruise tra-
jectory. Samples were taken using a SeaBird carousel (24 Niskin bottles) Rossette
connected to a SeaBird SBE911 plus CTD-O, sensor. Samples collected at < 1 m wa-
ter depth were obtained by filling a 5L plastic container with surface water. Sampling
depths and the bottle data can be found in: http://cdiac.ornl.gov/ftp/oceans/CLIVAR/
Met_84_3_Med_Sea/.

Between 1.5 and 4.5L of water were gently filtered onto acetate cellulose mem-
branes (Millipore, 0.45um pore size, 47 mm diameter). Membrane filters were oven
dried at 40°C for ~12h and stored in sealed Petri dishes. A portion of each filter
was placed on aluminum stubs and gold coated using an EMITECH K550X sputter
coater. The quantification and identification of the main phytoplankton groups and coc-
colithophore species were performed by JEOL-JSM 6300 and ZEISS-EVO MA10 scan-
ning electron microscopes (SEM). 5—15 mm transects on the filter, corresponding to an
average of 2.3mL of seawater were observed at 3000X and phytoplankton groups
quantified as coccolithophores, diatoms, dinoflagellates and silicoflagellates. Coccol-
ithophore species were identified, and their absolute and relative abundances counted.
In samples with very few coccospheres a larger filter portion was observed in order to
quantify a minimum of 100 cells (a maximum number of 420 cells were counted). Lower
(C,) and upper (Cyy) confidence intervals at 95 % significance were estimated follow-
ing Bollmann et al. (2002). For a 100 cell count these were: C| = 82, C; = 102 and for
a 420 cell count: C| =382, C, = 422. Cell densities (number of cell L seawater) were
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calculated. Emiliania huxleyi was sub-classified into morphotypes according to Young
et al. (2003).

For each sample the Shannon—Wiener diversity index (H') was calculated for hetero-
coccolithophores and holococcolithophores. These two groups were treated separately
because they represent two different stages of a coccolithophore’s life cycle, and tax-
onomy between the two does not always account for it.

2.2 Environmental parameters

A detailed protocol of all measured environmental variables can be found in Tanhua
et al. (2013a). In situ salinity, temperature and oxygen data were determined by CTD
(described in Sect. 2.1). Overall data accuracies were: 0.002°C for temperature and
0.003 for salinity. Macronutrients (phosphate and nitrate and silicate concentrations)
were measured on-board with a QuAAtro auto-analyzer from SEAL analytics. The fol-
lowing protocols from SEAL analytics were followed: NO; (Method No. Q-068-05 Rev.
4), PO;3 (Method No. Q-031-04 Rev. 2) and Si (Method No. Q-066-05 Rev. 3). The
nutrient analytical error was determined on 5—7 sample replicates taken at selected
stations. The error is: for nitrate 0.08 umol kg_1, phosphate 0.007 pumol kg_1 and sili-
cate 0.10 pmol kg‘1.

The carbonate system was characterized by measuring dissolved inorganic carbon
(DIC), pH and total alkalinity (TA). DIC content was measured coulometrically using
a SOMMA (Single-Operator Multi-Metabolic Analyzer) system. The precision of the
analysis is £0.6 umol kg‘1 and the accuracy is 2.5 umol kg‘1. pH was measured by
double-wavelength spectrophotometry, and it is reported at 25°C on the total scale.
The reproducibility of the pH measurements was 0.0012. TA was analyzed following
a double end point potentiometric technique. The precision of the TA measurements
was 0.1 umolkg_1. More details about the CO, analysis and quality control are pre-
sented in Alvarez et al. (2013). Using as input conditions atmospheric pressure and
25°C and as output conditions in situ temperature and pressure, we calculated the
in situ conditions for other CO, related variables from pH and total alkalinity (TA) for
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the first 100 m water column. Calculations were performed using the program CO2Sys
(Lewis and Wallace, 1998). Equilibrium constants of Mehrbach et al. (1973) refitted by
Dickson and Millero (1987) were chosen, Alvarez et al. (2013). Input temperature and
pressure were 25 °C and 0 dbar respectively.

A characterization of the upper 100 m environmental parameters is shown in Fig. 2;
the profiles for the complete water column at a higher spatial horizontal resolution and
a full description of the physicochemical setting are presented in Tanhua et al. (2013b);
Alvarez et al. (2013) in this OS special issue.

2.3 Statistical analyses

The E-PRIMERV.5 package was used for the following analyses: (1) the BIOENV rou-
tine, which computes a rank correlation between the elements of similarity matrices
for environmental parameters and biological data, was run to detect the combined
changes in environmental parameters and species distribution among stations. The
routine examines all possible combinations of environmental variables and gives the
“pbest fit” (highest Spearman rank correlation coefficient, p) of environmental variables
explaining changes in biological communities. This test was performed for all hetero-
coccolithophore and holococcolithophore species contributing > 2 % to the total as-
semblage of each group. Before running the routine, we checked for mutual correlation
among environmental variables and selected a subset of them for this routine. These
were: salinity, temperature, oxygen, pH, partial pressure of carbon dioxide (pCO,), and
the concentrations of bicarbonate ion (HCO;), carbonate ion (00;2), nitrate+nitrite
and phosphate. (2) Hierarchical Cluster Analyses by group average. These were per-
formed for heterococcolithophore and holococcolithophore species. Emiliania huxleyi
morphotype A was removed of the data set used to run the cluster analyses. This was
done to emphasize our results on overall community composition and not on E. hux-
leyi that largely dominated the assemblages in our samples. When clusters among
species were detected, pair wise Spearman correlations were performed using the
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software SPSSv18 to assess the environmental parameters influencing changes in
each species abundance.

For the analyses performed by E-PRIMER software, the biological data was trans-
formed in logarithmic scale log (1 + x) to avoid overemphasizing the dominant species.
Environmental data were standardized (-mean-STD) to bring data into a compara-
ble scale. Similarity matrices were created for biological and environmental data. For
the biological data the Bray—Curtis similarity coefficient was used to examine similarity
between each sample’s pair. Euclidean distances were used to create the environ-
mental data matrix. Pair wise Spearman correlations were performed on the basis of
non-transformed non-standardized data.

3 Results
3.1 Main phytoplankton community

The overall total phytoplankton cell density, including diatoms, dinoflagellates, sili-
coflagellates and coccolithophores, was increasing westwards the Mediterranean Sea,
with maximum densities at Gibraltar Strait. This is in agreement with the satellite-
derived chlorophyll a concentration at a date approximating the sampling period
(Fig. 1). Coccolithophores were the most abundant phytoplankton group during the
sampling, relative to diatoms, dinoflagellates and silicoflagellates. They were present
in great numbers in all the main Mediterranean basins and accounted for 68 to 99 % of
phytoplankton. Dinoflagellates reached only an average of 2 % (maximum of 5 %). Di-
atoms, although present in all studied basins, displayed low concentrations in the east-
ern Mediterranean. They were on average 6 % (maximum 25 %) of total phytoplankton.
Silicoflagellates (Dictyocha spp.) accounted in average for 1 % of phytoplankton (max-
imum 9 %). Figure 3 shows the distribution of the first three phytoplankton groups in
the Mediterranean transect. A species present mostly at low cell densities was the
xanthophyta Meringosphaera mediterranea.
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3.2 Heterococcolithophores and holococcolithophores

A total of 70 coccolithophore species in heterococcolithophore life stage and 45 in
the holococcolithophore stage were recorded (see Appendix A). The majority of the
quantified cells were in the heterococcolithophore phase. The species Emiliania huxleyi
largely dominated the coccolithophore counts in all stations except for station # 319 (at
the center of the Tyrrhenian basin), where Corisphaera gracilis and Rabdosphaera
clavigera were the dominant species.

The results from the Spearman’s rank correlation based routine (BIOENV) suggest
that the heterococcolithophore distribution was best linked to a combination of CO?’,
pH, and salinity with o = 0.566 (Table 1). Holococcolithophores were preferentially dis-
tributed in low nutrient—high pH seawaters. (o = 0.328, Table 2) and were almost absent
at 100 m.

Single Spearman correlations for the species that were clustered together reveal that
their distribution can be better explained by seawater carbonate chemistry parameters;
for instance, species that were mostly abundant at eastern stations thrived in waters
with higher [Cog‘] and pH and in the surface. Some of these species were negatively
correlated to phosphate concentrations and only D. tubifer showed a high positive cor-
relation with temperature. Finally, F profunda and G. flabellatus were correlated to
[NO5 + NO,] and negatively with temperature. Table 3 shows these results.

When clustering all the species within the heterococcolithophore life stage, 3 groups
were identified sharing more than 65 % similarities. Figure 4 presents the results of fur-
ther clustering the species with high similarities. The distribution of these species along
the east—west transect (stations with black labels in Fig. 1) that includes the stations
in the Levantine, lonian (excluding 307—309), Tyrrhenian (excluding 319), Algerian, Al-
borean and Gibraltar regions shows that the three groups are distinctively distributed in
the Mediterranean Sea (Figs. 5, 6 and 7). The first group comprises species that were
more abundant in the eastern stations: U. tenuis, D. tubifera, P. vandelii, S. pulchra,
R. clavigera, and S. protrudens (R. xyphos was very close to this cluster but similarity
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was less than 60 %). P. vandelii however was patchily distributed all along the tran-
sect. The second group includes E. huxleyi Type B/C and the Gephyrocapsa species:
G. ericsonii, G. muellerae and G. oceanica. A third group was formed by Florisphaera
profunda and Gladiolithus flabellatus, being closely related to A. robusta and H. carteri
(the last two with similarities below 60 %). The species in the latter group were almost
restricted to depths below 50 m, with higher abundances at 100 m, and were patchily
present from the Algerian to the Levantine basins. Clustering analysis for the holococ-
colith phase did not reveal any pattern in the species composition among the different
samples.

In the first 50m water column, heterococcolithophore and holococcolithophore
species diversity index (H') changed slightly in the W—E transect. Although correlations
between H' and the longitude of the sample sites (° E) were rather weak, the trend was
opposite for the two life stages. For instance, heterococcolithophore diversity tended to
decrease towards the east (o = —0.35, p = 0.004) while holococcolithophore species
diversity tended to increase W-E (o = 0.41; p = 0.001) (Fig. 8). H' index at 100 m was
often zero for both groups being on average 0.3 for holococcolithophores, that are
mostly present at surface, and 1.3 for heterococcolithophores.

From the five morphotypes proposed by Young et al., 2003 (A, B, B/C, C, and R) only
morphotypes A and B/C were observed in Mediterranean waters. The latter restricted
to the western region.

4 Discussion
4.1 Main phytoplankton community

Although picoplankton can seasonally dominate phytoplankton assemblages in the
Mediterranean Sea (Decembrini et al., 2009; Yacobi et al., 1995), previous studies
have often suggested that coccolithophores are one of the most abundant phytoplank-
ton groups in this sea, in both, eastern (e.g. Gotsis-Skretas et al., 1999; Malinverno
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et al., 2003; Ignatiades et al., 1995, 2009; Rabitti et al., 1994; Ziveri et al., 2000), and
western basins (e.g Barlow et al., 1997; Barcena et al., 2004). We present a quantita-
tive analysis of the abundance of different phytoplankton groups at a basin scale. This
study documents the dominance of coccolithophores in the phytoplankton community
(Fig. 3), including the ultra-oligotrophic eastern region where nutrients concentrations
fell below detection limits. Dinoflagellates, although present in all studied basins at
low concentrations, were more abundant in the Aegean stations, at Sardinia channel
(<3x 108 cells L'1) and at Gibraltar (< 1 x 10* cells L'1). Similar concentrations have
been reported in previous studies (e.g. Ignatiades et al., 2009). Silicoflagellates were
almost absent at 100 m and more abundant at surface waters of the Tyrrhenian Sea,
with cell densities up to 6.7 x 103 cellsL™". Diatoms were preferentially distributed in
the higher nutrients, colder, less saline and with lower [CO%"] waters of the western

Mediterranean Sea at maximum cell density of 1.6 x 103 cellsL™ (Fig. 3). Even though
only reached at the Gibraltar Strait, the highest cell density of coccolithophores was
1-2 orders of magnitude higher than for the other phytoplankton groups. According
to the so called Margalef’s Mandala (Margalef, 1978) phytoplankton succession would
depend on nutrient concentrations and turbulence. Temporal changes in phytoplankton
abundances are also often referred as light—nutrients controlled features (Sverdrup,
1953). In this study, however, the dominance of coccolithophores over other phyto-
plankton groups was clear in all the basins, including the Gibraltar strait, where nitrate
and phosphate were available and silicate concentrations were above the half satu-
ration constant for diatoms (Ks_Si: 3.46-4.97 uM, Leblanc et al., 2003; 3.9 £ 5.0 uM,
Sarthou et al., 2005; or 0.8—2.3 uM, Nelson et al., 1976) and we could have expected
the community to be dominated by fast growing phytoplankton. In the interior of the
Mediterranean [Si] was probably too low (often below 1.0 pmol kg‘1) to support large
diatom populations, except for the deeper layers (100 m) of the lonian and Levantine
basin which ranged from 0.8—1.4 umol kg_1. Egge and Aksnes (1992) observed that
at Si values lower than 0.6 uM Emiliania huxleyi outcompeted the otherwise dominant
Skeletonema costatum. For the dataset here presented, nutrients variability alone does
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not explain the dominance of coccolithophores during April 2011, at least not directly.
However, a threshold in nutrient concentrations, below which coccolithophores would
perform better than other groups in a competitive scenario; would affect their popula-
tions. A possible phosphate limitation for other phytoplankton groups (notice the high
N/P ratios in both the eastern and western basins as well as in the Gibraltar Strait)
cannot be ruled out of explaining coccolithophore dominance over other groups. Turbu-
lence does not account for it neither, since coccolithophores dominated in regions were
water density was homogeneous thought the first 100m as well as in regions where
isoclines can be distinguished (e.g. see salinity and temperature profiles from Fig. 2).
We suggest that the relative success of coccolithophores over diatoms, dinoflagellates
and silicoflagellates during April 2011 in all Mediterranean Sea basins, can be due
to a combination of environmental parameters rather than nutrients and turbulence
alone. For instance, heterococcolithophore distribution was related to carbonate sys-
tem parameters (Table 1) as we will discuss in the following section, where alternative
explanations are also discussed.

4.2 Heterococcolithophores and holococcolithophores

Coccolithophores have a heteromorphic life cycle with diploid cells producing hetero-
coccoliths and haploid cells producing holococcoliths. Nothing is know about the effects
of the ongoing climate change and ocean acidification on this life stage and the impacts
on their distribution. Carbonate chemistry parameters are only recently sampled and
considered when looking in general at coccolithophore assemblages and distribution.
Although it is not conclusive why coccolithophores calcify, calcification is an energy
consuming process for coccolithophores (Brand, 1994; Balch, 2004), maintained by
natural selection through millions of years. It is therefore plausibly that the availability of
the necessary resources for carrying out calcification should facilitate coccolithophore’s
growth in the ocean. In this context, it is important to understand how marine calcifying
organisms could respond to the rapidly accumulation of atmospheric pCO, and their
interaction with ocean’s carbonate chemistry (Kroeker et al., 2013). It has been shown
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in culture experiments that during calcification, Emiliania huxleyi, the most abundant
living coccolithophores, utilized seawater cog‘, resulting in particulate inorganic car-
bon; while during photosynthesis, they consume CO, and produce particulate organic
carbon (for details see Zeebe and Wolf-Gladrow, 2001). Even further, coccolithophore
sensitivity to CO, is different among species and strains (Langer et al., 2006, 2009).
These differences, as pointed out by Rost et al. (2008) could imply that changes in
the carbonate system might have profound effects on phytoplankton species assem-
blages and succession. Finally, the carbonate system parameters might be critical, but
under-looked, to solve the coccolithophore distribution patterns.

Our findings documented that during the time of the M84/3 cruise heterococcol-
ithophore distribution was best linked to [COg‘], pH, and salinity (o0 = 0.566; Table 1).
The single abiotic parameter that best grouped heterococcolithophore assemblages
in a manner consistent with the sampling locations was [Cog']. Nevertheless, the ro-
bustness of the relationships described by correlations and the causal mechanisms
behind them should be pursued by other ways (e.g. by experiments, theoretical analy-
sis) (Austin, 2002 and references therein).

Although coccolithophores preferentially use HCO, for their intracellular calcification

within a calcifying vesicle (Mackinder et al., 2010) at alkaline pH values Cog_ is the ma-
jor carbon source for CaCOg and we can assume the uptake of both HCO;and Cog‘

(Ziveri et al., 2012). In the Mediterranean Sea, CO§' increases gradually towards the
east. Thus, it is possible that those species thriving in the eastern basins utilize compar-
atively more CO?' than those that prosper in the western Mediterranean. Using a com-
pilation from world-wide plankton samples and sediments spanning the last 40k years,
Beaufort et al. (2011) recorded significant correlations between coccolith mass be-
longing to the family Noelaerhabdaceae (genera Emiliania, Gephyrocapsa and Retic-
ulofenestra) with [Cog'] and [HCO§]. They argue that differentially calcified species
are distributed in the ocean according to the ocean’s carbonate chemistry. Modeling
studies also highlighted the importance of [cog‘] for coccolithophore distribution, as
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observed by Merico et al. (2006); Emiliania huxleyi blooms in the Baltic Sea coincide
with periods of high [CO5 .

Changes in pH are concomitant with changes in the ratio between bicarbonate and
carbonate ions. This makes difficult to disentangle which parameter of the carbonate
system could affect coccolithophore populations. Under laboratory culture conditions,
Emiliania huxleyi calcification is sensitive to low pH and bicarbonate, while photosyn-
thesis and growth is sensitive to low pCO, (Balch et al., 2013) and the coccolith mor-
phogenesis in Calcidiscus leptoporus is hampered by pCO, and no other parameter of
the carbonate chemistry (Langer and Bode, 2011). How will these responses translate
to a community scale in the ocean? Charalampopoulou et al. (2011) found that the coc-
colithophore species distribution between the North Sea and the Atlantic Ocean related
to pH and irradiance. In this study, pCO,, one of the parameters considered to run the
BIOENV routine, was not part of the best fitting variables to explain coccolithophore
distribution patterns. This might be an indication that, during the time of the study there
was no evident pCO, limitation of photosynthesis in the observed species. Mimicking
the experimental design of the above mentioned culture experiments into a mesocosm
scale could help elucidating how will the different effects of carbonate chemistry modi-
fication on coccolithophore’s physiology and morphology shape the community.

Salinity, even if one of the environmental variables that optimized the best fitting
combination of variables explaining the biological data, might not be crucial in con-
trolling heterococcolithophore distribution since experimental evidence (Brand, 1984)
indicates strain specific differences that allow Emiliania huxleyi to survive at a wide
salinity range. E. huxleyi has been found in oceanographic regions characterized by
very diferent salinities (reviewed by Tyrrell et al., 2008). Furthermore, heterococcol-
ithophores isolated from the Mediterranean Sea (CODENET collection) were main-
tained at salinities of 32—33 with non-observed adverse effects (Probert and Houdan,
2004). Overall, we suggest Cog_ and pH as functionally related important variables in
explaining heterococcolithophore distribution in the Mediterranean Sea.

626

OSD
11, 613-653, 2014

Coccolithophore
distribution in the
Mediterranean Sea

A. M. Oviedo et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-print.pdf
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

In contrast to what was shown for heterococcolithophores, cog‘ appears not to be
relevant to holococcolithophore distribution. Instead, they were preferentially distributed
in low nutrient — high pH seawaters (o = 0.328, Table 2) typical of the surface (upper
50 m) Mediterranean waters but almost absent at deeper depths (100 m). Although con-
sidering the two life stages as single species of a homogeneous group, Ignatiades et al.
(2009) hypothesized NO, and POj‘ as factors that could be controlling their distribu-
tion form the Gulf of Lions to the Levantine basin. It should be noticed that in this study
phytoplankton cell counts were performed using an inverted microscope, a method that
is alleged to underestimate coccolithophore counts, especially of the smaller and low-
calcified species (O’Brien et al., 2013; Bollmann et al., 2002). Holococcolithophores
were, in general present in all samples collected in Mediterranean surface waters but
almost absent at 100 m. Higher abundances in very oligotrophic waters of the Mediter-
ranean Sea have been reported before (Kleijne, 1991, 1992). Cros and Estrada (2013),
reported on the environmental preferences of the holococcolithophores being upper
photic zone, nutrient depleted waters. They linked the observed segregation to a differ-
entiation of ecological niches. Dimiza et al. (2008) observed that holococcolithophores
around the Andros Island were more abundant in surface waters together with some
heterococcolithophore species such as Rabdosphaera clavigera. The lower p obtained
in the BIOENV analysis for holococcolithophores (Table 3) might be due to the lack, in
the statistical analysis, of an important parameter (e.g. irradiance, zooplankton grazing)
not measured during this study.

Another feature that was different between the coccolithophore life stages is the de-
velopment of species assemblages. Holococcolithophore species did not form different
assemblages along the Mediterranean Sea (no species clustering with high similarities
in abundance and distribution). Interestingly, during this haploid life stage the differ-
ent species seem to behave as a homogeneous group, exploiting a similar ecologi-
cal niche. On the contrary, three heterococcolithophore clusters were identified whose
species shared more than 65 % similarities (Fig. 4). The first group comprises species
that were more abundant in the eastern stations: U. tenuis, D. tubifera, P vandelii, S.
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pulchra, R. clavigera, and S. protrudens. The second group includes E. huxleyi Type
B/C and the Gephyrocapsa species: G. ericsonii, G. muellerae and G. oceanica. A third
group was formed by Florisphaera profunda and Gladiolithus flabellatus. Most of the
species in these clusters have been found to share an ecological niche in other studies:
U. tenuis, D. tubifera, S. pulchra and R. clavigera have been considered typical in olig-
otrophic warm waters and/or surface water species (Okada and Honjo, 1973; Okada
and Mcintyre, 1977, 1979; Nishida, 1979; Ziveri et al., 2000; Haidar and Thierstein,
2001; Malinverno et al., 2003; Ziveri et al., 2004 for Syracosphaera spp.; Triantaphyllou
et al., 2004). The gephyrocapside species have been considered typical of eutrophic
areas (Kleijne et al., 1989; Broerse et al., 2000) with lower density, lower salinity and
higher temperature (Takahashi and Okada, 2000; Knappertsbusch, 1993). Finally, F.
profunda and G. flabellatus are widely recognized depth euphotic zone species, often
living below the 100 m depth (Okada and Honjo, 1973; Boeckel et al., 2006); and are
controlled by the dynamics of the nutricline and thermocline (Molfino and Mclntyre,
1990; Triantaphyllou et al., 2004). Both species were an important component below
the 50 m; with highest abundances around 100 m, where fluorescence data (not shown)
locate the deep chlorophyll maximum. The positive correlation with [NO5+NO,] support
the previous observations. However, the negative correlation with temperature obtained
reflects the fact that nutrients are generally linked to deep mixing and colder waters,
not a negative effect on the species. For instance, higher abundances of F. profunda
have been observed in sediments underneath relatively warmer and stratified surface
waters with a deep nutricline (Boeckel et al., 2006).

The clustering of coccolithophore species resembles those proposed by Young
(1994): umbelliform group such as Umbellosphaera tenuis, found in nutrient-depleted
waters; a second group of placolith-bearing cells such as Emiliania huxleyi or Gephyro-
capsa spp. found in coastal or mid-ocean upwelling regions and a last group, composed
of floriform cells, such as Florisphaera profunda, associated with deep photic-zone as-
semblages in low to mid-latitudes. We would add in his first group the Rabdolith bear-
ing species as well as some syrocosphaera species widely associated to oligotrophic
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(Ziveri et al., 2004) surface waters (Malinverno et al., 2003) and cluster them together
in our study. As Balch (2004) suggested when referring to this species grouping pro-
posed by Young, “it is likely that the three groups of coccolithophores show differences
in their growth strategies which ultimately would relate to their natural abundance”.

Heterococcolithophores and holococcolithophores also displayed opposite trends in
species diversity (Fig. 8). However the weak correlation obtained between the diversity
index H' and the longitude of the sample site should be notice. Giving the taxonomical
problems between the two life stages (see Sect. 2.1) considering the two as a single
group would lead to the overestimation of the number of species, affecting H'. Future
work on the topic discriminating between the two life stages would be necessary in
order to clarify the trends here suggested.

Overall, distribution patterns and their relation with environmental parameters are dif-
ferent between the holo- and hetero-coccolithophore life phases. This is probably the
result of a different physiology and reveals that the two phases are exploiting different
ecological niches. Differences in the morphology and ecology of the two life phases en-
able the species to survive under a wider range of environmental conditions and could
imply a wider distribution range or its seasonal lasting. For instance, blooms of Emil-
iania huxleyi in heterococcolith phase can end by viral attacks (Martinez et al., 2007;
Vardi et al., 2012) to which the haploid phase (i.e. holococcolithophores) can resist
(Frada et al., 2008, 2012): therefore, the occurrence of haploid individuals would serve
as new starting point in case of viral attack to the heterococcolith phase. Another factor
that could have affected the results here presented is zooplankton grazing: although
generally, zooplankton grazing does not drive E. huxleyi blooms to an end (Nejstgaard
et al., 1997), their effect on smaller populations could be more important. Possibly
important factors that were not addressed in our study are zooplankton grazing and
irradiance. Therefore, their contribution to the control of the observed distribution of
holo- and heterococcolith life phase cannot be ruled out.

Atlantic waters (AW), with a winter salinity around 36.515 (Rohling, 2009), enter the
Mediterranean Sea through the Gibraltar Strait. In its eastwards pathway, the surface

629

OSD
11, 613-653, 2014

Coccolithophore
distribution in the
Mediterranean Sea

A. M. Oviedo et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-print.pdf
http://www.ocean-sci-discuss.net/11/613/2014/osd-11-613-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

water increases in salinity, TA, temperature and decreases in nutrient concentrations.
The modified Atlantic waters (MAW) in the western Mediterranean mainly follows a cy-
clonic circulation starting along the North African coast eastwards, as the Algerian
current. The main part of it flows into the Tyrrhenian Sea (Tanhua et al., 2013b and
references therein). Therefore, if there are species that arrive within AW (but whose
optimal environment is not typical of eastern Mediterranean waters), the Tyrrhenian
Sea could still host them.

During April 2011, the distribution of the species Gephyrocapsa oceanica, G.
muellerae and the morphotype B/C of the species Emiliania huxleyi was highly and
negatively correlated with salinity. We have argued that salinity constrain to coccol-
ithophore distribution is not critical. A high correlation with this parameter might just
reflect the carry-over of a different species assemblage in a different water mass.
Gephyrocapsa oceanica, G. muellerae and the morphotype B/C of the species Emil-
iania huxleyi were mostly present until, ~ 10° E, after the Sardinian channel and in the
Tyrrhenian Sea. They are all present in Atlantic waters (Ziveri et al., 2004; Mclintyre
and Bé, 1967) and have been reported before for western Mediterranean waters (e.qg.
Cros and Fortufo, 2002; Knappertsbusch, 1993 the latter only for Gephyrocapsa spp).
The morphotype B/C of E. huxleyi has been associated to cold (Hagino et al., 2005;
Mohan et al., 2008), nutrient-rich (> 10 umol nitrate kg'1) waters with low calcite sat-
uration states. These characteristics can be found in Atlantic waters but are lost very
soon in the Mediterranean Sea. Knappertsbusch (1993) related G. oceanica to surface
Atlantic waters’ influence given the highly negative correlation with salinity. Here we
propose Gephyrocapsa oceanica, G. muellerae and Emiliania huxleyi morphotype B/C
as tracers for AW influx into the Mediterranean.

5 Conclusions

Our results highlight the importance of seawater carbonate chemistry, especially
[CO?'], in unraveling the distribution of heterococcolithophores, the most abundant
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coccolithophore life stage. In contrast, holococcolithophore distribution was mainly
linked to oligotrophic conditions. This correlation can be due to competitive advantages
under such conditions, but this hypothesis remains to be tested.

Environmental parameters that drive the observed patterns in distribution and as-
semblage composition of the haploid and diploid life phases of coccolithophores (holo
and hetero-coccolithophore) differ. Our results emphasize the importance of consider-
ing holo- and hetero-coccolithophores separately when analyzing changes in species
assemblages and diversity, and the impacts of acidification on coccolithophores.

The actual distribution of the species Gephyrocapsa oceanica, G. muellerae and
Emiliania huxleyi morphotype B/C could serve as tracers for AW influx into the Mediter-
ranean.
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Table 1. Rho values (p) for the best Spearman’s rank correlations for all possible combinations
between the environmental parameters explaining patterns in heterococcolithophores assem-
blages. On the left, the number of variables taken into account; on the right, description of the
variables and the highest p values for the rank correlations at a given number of variables. In
the first row, the p value for each variable is shown in decreasing order of contribution to explain
changes in the biological data. Only p > 0.2 are shown.

Number of  Variables (o)
variables

1 CO¥ (0.551); pH(0.498); pCO, (0.397); POZ™  (0.358); NO; +NO; (0.328); Salinity (0.310); O, (0.226);

2 COZ™  salinity  (0.563)

3 €02~ pH, Salinity (0.566)

4 COZ™  pH, POY", Salinity (0.565)

5 CO%™  pH, pCO,, PO, Salinity (0.539)

6 COZ™  pH, pCO,, PO, Salinity, Temperature (0.517)

7 COZ™  pH, pCO,, PO, Salinity, O,, Temperature (0.507)
8 Al (0.491)
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Table 2. Rho values (o) for the best Spearman’s rank correlations for all possible combinations
between the environmental parameters explaining patterns in holococcolithophores assem-
blages. Only p > 0.2 are shown. Description as in Table 1.

Number of  Variables (o)

variables

1 NO; +NO, (0.275); POY  (0.236); pH (0.214); pCO,  (0.204);
2 NO; +NO, pH (0.327)

3 NO;+NO; PO;",  pH (0.328)

4 NO; +NO, pH,0,, Salinity  (0.311)

5 NO; +NO, PO3",  pH,0, Salinity (0.311)

6 NO; +NO, PO,  pH, pCO,, Oy, Salinity (0.299)

’ NOjz +NO, POi‘, pH, pCO,, O,, Salinity, = Temperature (0.283)
8 Al (0.275)
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analysis is also shown (N). Significance levels were 0.000 in all cases. 7]
S
Species Varible (r, N) Preferential depth  Distribution ;)U Title Page
E. huxleyi Type B/C ~ Salinity (-0.691;81),  CO?" (-0.685; 73), pH (-0.616;73)  0-100m w o
G. ericsonii Salinity (-0.805; 81), cog‘ (-0690; 73), pH (-0.576; 73) Above 50 m w -
G. oceanica CO2™ (-0.833; 73), Salinity (~0.803; 81), pH (-0.731;73)  0-100m w = .
G. muellerae CO2™ (-0.835; 73), Salinity (~0.830; 81), pH (-0.707;73)  0-100m w o
U. tenuis CO% (0.626; 73), pH (0.605; 73), POZ™ (-0.551;74) Above 50m E o
R. clavigera COZ™ (0.727; 73), pH (0.701; 73), POS (-0.546;74) Above 50m E é
D. tubifer pH (0.600; 73), Temperature (0.597; 81), Co§* (0.541; 73) Above 50m E g' g g
S. pulchra pH (0.551; 73), CO%™ (0.528; 73), POY (-0.399;74) 0-100m E Ry
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F. profunda NO; + NO; (0.637; 81), Temperature (-0.553; 81), pH (-0.468; 73) Below 50 m W-E -
G. flabellatus NO; + NO; (0.583; 81), Temperature (-0.522; 81), O, (-0.481;73) Below 50 m W-E —_
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Table A1. Coccolithophore species list. Heterococcolithophores.

Family Calciosoleniaceae
[1] Anoplosolenia brasiliensis
[2] Calciosolenia murrayi

Family Coccolithaceae

[3] Calcidiscus leptoporus
[4] Hayaster perplexus

[5] Pleurochrysis carterae
[6] Umbilicosphaera sibogae
[7] U. sibogae

[8] U. hulburtiana

Family Helicosphaeraceae
[9] Helicosphaera carteri
[10] H. pavimentum

Family Noelaerhabdaceae
[11] Emiliania huxleyi

[12] Gephyrocapsa ericsonii
[13] G. ornata

[14] G. oceanica

[15] G. muellerae

[16] Reticulofenestra parvula

Family Papposphaeraceae
[17] Papposphaera lepida
Family Pontosphaeraceae
[18] Pontosphaera japonica
[19] Scyphosphaera apsteinii

Family Rhabdoaphaeraceae
[20] Acanthoica biscayensis
[21] A. quattrospina

[22] Algirosphaera cucullata
[23] Algiropsphaera robusta
[24] Anacanthoica acanthos
[25] C. lecaliae

[26] Discosphaera tubifer
[27] Palusphaera vandeli
[28] Rhabdosphaera clavigera
[29] R. clavigera

[30] R. xiphos

Kamptner, 1937
(Lohmann, 1919); Deflandre, 1952
Gran, 1912

Poche, 1913

(Murray and Blackman, 1898); Loeblich and Tappan, 1978
(Bramlette and Riedel, 1954); Bukry, 1973

(Braarud and Fagerland, 1946); Christensen, 1978
(Weber-Van Bosse, 1901); Gaarder, 1970

(Kamptner, 1963; ex Kleijne, 1993) Geisen in Saez et al., 2003
Gaarder, 1970

Black, 1971
(Wallich, 1877) Kamptner, 1954
Okada and Mcintire, 1977

Jerkovic, 1970

(Lohmann, 1902) Hay and Mohler, in Hay et al., 1967 var. huxleyi
Mclintire and Be’, 1967

Heimdal, 1973

Kamptner, 1943

Bréhéret, 1978

(Okada and Mclntyre, 1977) Biekart, 1989

Jordan and Young, 1990
Tangen, 1972

Lemmermann, 1908
(Takayama, 1967) Nishida, 1971
Lohmann, 1902

Ostenfeld, 1899

Kleijne, 1992

Lohmann, 1903

(Lecal-Schlauder, 1951) Young, Probert and Kleijne, 2003
(Lohmann, 1902) Norris, 1984

(Schiller, 1925) Deflandre, 1952

Kleijne, 1992

(Murray and Blackman, 1898) Ostenfeld, 1900

Lecal, 1965

Murray and Blackman, 1898 var. clavigera

(Lohmann, 1902) Kleijne and Jordan, 1990 var. stylifera
(Deflandre and Fert, 1954); Norris, 1984
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Table A1. Continued.

Family Syracosphaeraceae
[31] Alisphaera capulata

[32] A. extentata

[33] A. gaudi

[34] A. unicornis

[35] Calciopappus caudatus
[36] C. rigidus

[37] Coronosphaera binodata
[38] C. mediterranea

[39] Michaelsarsia adriaticus
[40] M. elegans

[41] Ophiaster formosus
[42] Ophiaster hydroideus
[43] Syracosphaera ampliora
[44] S. anthos

[45] S. bannockii

[46] S. borealis

[47] S. corolla

[48] S. delicata

[49] S.dilatata

[50] S. histrica

[51] S. lamina

[52] S. marginoporata

[53] S. molischii

[54] S. nana

[55] S. nodosa

[56] S. noroitica

[57]1 S. ossa

[58] S. pirus

[59] S. prolongata

[60] S. protrudens

[61] S. pulchra

[62] S. rotula

[63] Syracosphaera sp. type D
[64] S. tumularis

[65] Syracospahaera sp.

Family Umbellosphaeroideae
[66] Umbellosphaera tenuis
[67] F. profunda

[68] Gladiolithus flabellatus
[69] Polycrater galapagensis
[70] Ceratolithus cristatus

Lemmermann, 1908

Heimdal, in Heimdal and Gaarder, 1981

(Kamptner, 1941) Kleijne, R. W. Jordan, Heimdal, Samtleben, A. H. L. Chamberlain and Cros, 2002
(Kamptner, 1941) Kleijne, Jordan, Heimdal, Samtleben, Chamberlain and Cros, 2002
Okada and Mclntire, 1977

Gaarder and Ramsfjell, 1954

Heimdal, 1981

(Kamptner, 1927) Gaarder, in Gaarder and Heimdal, 1977
(Lohmann, 1902) Gaarder, in Gaarder and Heimdal, 1977
(Schiller, 1914) Manton et al., 1984

Gran, 1912, emend. Manton et al., 1984

Gran, 1912

Gran, 1912

Okada and Mclntire, 1977

(Lohmann, 1912) Jordan and Young, 1990

(Borsetti and Cati, 1976) Cros et al., 2000

Okada and Mclntire, 1977

(Lecal, 1966)

Cros et al., 2000

(Heimdal, in Heimdal and Gaarder, 1981) Jordan, Kleijne and Heimdal, 1993
Kamptner, 1941

Lecal-Schlauder, 1951

Knappertsbusch, 1993

Schiller, 1925

(Kamptner, 1941); Okada and Mclntyre, 1977

Kamptner, 1941

Knappertsbusch, 1993

(Lecal, 1966); Loeblich and Tappan, 1968

Halldal and Markali, 1955

Gran, 1912, ex Lohmann, 1913

Okada and Mclntyre, 1977

Lohmann, 1902

Okada and Mclntire, 1977

sensu Kleijne, 1993

Sanchez-Suérez, 1990

Kleijne, 1993

(Kamptner, 1937); Paasche, in Markali and Paasche, 1955
Okada and Honjo, 1973

(Halldal and Markali, 1955) Jordan and Green, 1994
Manton and Oates, 1980

Norris, 1965
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Table A2. Coccolithophore species list. Holococcolithophores.

[1] Acanthoica quattrospina

HOL = sp. aff Sphaerocalyptra

[2] Anthosphaera fragaria

[3] A. lafourcadii

[4] A. periperforata

[5] Anthosphaera sp. Type A

[6] Anthosphaera sp. Type C

[7] Calcidiscus leptoporus HOL

[8] C. leptoporus ssp. quadriperforatus HOL
[9] Calicasphaera concava

[10] Calyptrolithina divergens

[11] C. divergens f. tuberosa

[12] C. multipora

[13] Calyptrolithophora papillifera

[14] Calyptrosphaera cialdii

[15] C. dentata

[16] C. heimdalae

[17] C. sphaeroidea

[18] Coccolithus pelagicus

ssp. braarudii HOL = Crystallolithus braarudii
[19] Corisphaera gracilis

[20] C. strigilis

[21] C. tyrrheniensis

[22] Corisphaera sp.

[23] Coronosphaera mediterranea

HOL gracillima-type = Calyptrolithophora gracillima

Cros et al., 2000

Kamptner, 1937, emend. Kleijne, 1991

(Lecal, 1967); Kleijne, 1991

Kleijne, 1991

Cros and Fortuno, 2002

Cros and Fortuno, 2002

(Murray and Blackman, 1898) Loeblich and Tappan, 1978
Kamptner (1937) Geisen et al., 2002

Kleijne, 1991

(Halldal and Markali, 1955) Heimdal, 1982

(Heimdal, in Heimdal and Gaarder, 1980) Heimdal, 1982
(Gaarder, in Heimdal and Gaarder, 1980) Norris, 1985
(Halldal, 1953) Heimdal, in Heimdal and Gaarder, 1980
Borsetti and Cati, 1976

Kleijne, 1991

Norris, 1985

Schiller, 1913

Gaarder, 1962

Kamptner, 1937

Gaarder, 1962

Kleijne, 1991

Kleijne, 1991

(Kamptner, 1941) Heimdal in Heimdal and Gaarder, 1980
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Table A2. Continued.

[24] Coronosphaera mediterranea

HOL hellenica type = Zygosphaera hellenica
[25] Gliskolithus amitakarenae

[26] Helicosphaera carteri

HOL = Syracolithus catilliferus

[27] Helladosphaera cornifera

[28] Homozygosphaera arethusae

[29] H. spinosa

[30] H. triarcha

[31] Homozygosphaera vercellii

[32] Poricalyptra gaarderae

[33] Poritectolithus

[34] Sphaerocalyptra adenensis

[35] S. quadridentata

[36] Sphaerocalyptra

[37] Sphaerocalyptra

[38] Sphaerocalyptra

[39] Syracolithus schilleri

[40] Syracolithus sp. type A

[41] Syracosphaera anthos

HOL = Periphyllophora mirabilis

[42] Syracosphaera bannockii

HOL = Zygosphaera bannockii

[43] Syracosphaera pulchra

HOL oblonga type = Calyptrosphaera oblonga
[44] Syracosphaera pulchra

HOL pirus type = Calyptrosphaera pirus
[45] Zygosphaera amoena

Kamptner, 1937

Norris, 1985 orthog. Emend. Jordan and Green, 1994
(Kamptner, 1937) Deflandre, 1952

(Schiller, 1913) Kamptner, 1937
(Kamptner, 1941) Kleijne, 1991
(Kamptner, 1941) Deflandre, 1952
Halldal and Markalii, 1955

Borsetti and Cati, 1979

(Borsetti and Cati, 1967) Kleijne, 1991
sp. 2 of Cros and Fortufio, 2002
Kleijne, 1991

(Schiller, 1913) Deflandre, 1952

sp. 1 of Cros and Fortufio, 2002

sp. 3 of Cros and Fortufio, 2002

sp. 6 of Cros and Fortuio, 2002
(Kamptner, 1927) Loeblich and Tappan, 1963
Kleijne (1991)

(Schiller, 1925) Kamptner, 1937

(Borsetti and Cati, 1976) Heimdal, 1982
Lohmann, 1902
Kamptner, 1937

Kamptner, 1937
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Fig. 1. Sampling stations presented in this study collected during the M84-3 research cruise. g
Superimposed are the images of chlorophyll (mgCm™2) at an approximate date of the sampling _
period in the different basins. The transect shown in the following figures includes the stations

labeled in black. Back
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Fig. 4. Hierarchical cluster for the heterococcolithophores species that shared more than 65 %
similarity in their abundance and distribution patterns.
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Fig. 8. Shannon—-Weiner diversity index considering all samples until 50 m for heterococcol-
ithophores (blue) and holococcolithophores (green). Bands represent 1a confidence interval.
A higher index, or higher uncertainty in correctly guessing the “next species” that would be
sampled, is representative of a more diverse community.
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