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The current study aimed to assess changes in phytoplankton composition and productivity along an oligotrophic
gradient in relation to changes in sea surface temperature (SST). Phytoplanktonpigments, nutrients, and physical
water column properties were studied along a longitudinal transect in the Mediterranean Sea (MED) in May–
June 2013, covering its western (wMED) and eastern (eMED) basins. Pigments were used to determine phyto-
plankton taxonomic composition and taxon specific carbon fixation, whereas beam attenuation was used to cal-
culate particulate organic carbon (POC). Nitrate, phosphate, and silicate concentrations integrated over 0–125m
declined fromwMED to eMED (on average 13, 9, and 2 fold lower in eMED comparedwith wMED, respectively)
and correlated inversely with SST (16.2–23.0 °C) for the whole transect in the Mediterranean Sea.
N:P ratios in the euphotic zone averaged 5.6 and 3.1 for wMED and eMED respectively, suggesting that phyto-
plankton was nitrate limited. Average phytoplankton productivity and biomass were 4 and 2.5 fold higher in
the wMED than in the eMED, respectively. Relative abundances of diatoms, prasinophytes, dinoflagellates, and
cryptophytes showed inverse correlations with SST and positive correlations with nutrient concentrations. In
contrast, pelagophytes, chlorophytes, euglenophytes, Synechoccocus and Prochlorococcus showed positive corre-
lations with SST and negative correlations with nutrient concentrations. Particulate organic carbon (POC) of the
upper 200m showed up to 3 fold higher concentrations in thewMED than in the eMED, and correlated positively
with chlorophyll concentrations, productivity, and nutrient concentrations, and inversely with SST. Inverse
correlations were observed for phytoplankton biomass and SST below 19 °C. SST above 19 °C as observed in
the eMED did not correlate with phytoplankton biomass and productivity, showing that in this temperature
range phytoplankton productivity is uncoupled from nutrient supply from deep water. This suggests different
responses of Mediterranean phytoplankton to changes in SST, depending on the temperature range.

© 2015 Published by Elsevier B.V.
1. Introduction

Temperature records of the Mediterranean Sea (MED) have shown
significant warming during the last decades (Malanotte-Rizzoli et al.,
2014). The changes in sea water temperature occur both at the surface
and at depth and are not uniformly distributed in the MED. Over the
past 25 years, the eastern basins experienced a mean temperature
increase of 0.77 °C, whereas the western basins warmed on average
by 0.54 °C (Macias et al., 2013). This warming trend has been explained
by variability in the Atlantic Multi decadal Oscillation (AMO) and by
anthropogenic forcing (Macias et al., 2013). The warming trend in the
MED and the oceans in general is expected to continue during this
Poll), p.g.boute@student.rug.nl
@rug.nl (A.G.J. Buma),
Rijkenberg).
century (Levitus et al., 2000). This raises questions about the effect of
ocean warming on marine productivity.

Typically, warming of the open ocean has been associated with an
increase in the strength of stratification (Behrenfeld et al., 2006). This
reduces exchange with nutrient rich deep waters and leads to nutrient
limitation in the surface waters. In addition, warming may lengthen
the period of stratification. Therefore, ocean warming is associated
with a decline in phytoplankton productivity, and with changes in phy-
toplankton composition in temperate and warm temperate sections of
the ocean (Behrenfeld et al., 2006; Polovina et al., 2008; Van de Poll
et al., 2013). However, the coupling of phytoplankton productivity and
abundance with stratification is less clear in oligotrophic oceanic re-
gions (Chaves et al., 2010). Nevertheless, strong inverse correlations
have been observed for sea surface temperature (SST) and remote sens-
ing resolved chlorophyll a (chl-a) in theMED, both on seasonal and lon-
ger time scales (Volpe et al., 2012). This suggests that the mechanism
described previously is indeed relevant for controlling Mediterranean
phytoplankton productivity. Therefore, SST may be a useful proxy for
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phytoplankton productivity as it incorporates information on nutrient
concentrations stratification strength, and the duration of stratification
(Agawin et al., 2000; Van de Poll et al., 2013), and can be monitored
by remote sensing.

Due to its semi enclosed status the Mediterranean Sea differs in
many aspects from the neighboring open ocean. Low density, nutrient
depleted Atlantic surface (~upper 200 m) waters enter the MED in the
Alboran Sea and gradually mix with Mediterranean waters, resulting
in increased surface density from west to east. At intermediate depth
(200–600 m), a reverse flow of more saline water masses from the
east Mediterranean Sea (eMED) exits via Gibraltar (Huertas et al.,
2012). Therefore, in contrast to the open ocean, salinity increases with
depth in the MED, thereby enhancing stratification. In addition to
salinity, surface temperature increase from west to east. Overall the
Mediterranean Sea has a negative nutrient budget, which is sensitive
to river and atmospheric influx (Huertas et al., 2012).

Reported high N:P ratios in the eastern basin suggested phosphate
limited productivity (Krom et al., 1991; Diaz et al., 2001) but this idea
was recently challenged (Tanaka et al., 2011). In contrast, the western
basins appear nitrate limited in spring but may develop phosphate lim-
itation during summer (Marty et al., 2002). Related to the gradient is
physical characteristics, the Mediterranean Sea is characterized by sea-
sonal phytoplankton blooms in the western basins (Marty et al., 2002),
whereas the eastern basins show less seasonal variability in phyto-
plankton production due to a deep nutricline for nitrate and phosphate
(Vidussi et al., 2001). Productivity estimates are higher in the wMED
than for the eMED (Uitz et al., 2012). Furthermore, the contribution of
small phytoplankton species increases from west to east in the MED
(Siokou-Frangou et al., 2010).

In the present study, we investigated the strength of the relation-
ships of SST with nutrient concentrations and phytoplankton biomass,
productivity, and taxonomic composition, and particulate organic
carbon along a longitudinal transect in the Mediterranean Sea. The
objective was to gain insight in the coupling of phytoplankton produc-
tivity, biomass, composition and SST, and the results are discussed in
the context of the changes in temperature in the Mediterranean Sea.

2. Methods

Presented datawere collected from 24 stations during a longitudinal
cruise in the Mediterranean Sea onboard RV Pelagia (GEOTRACES Med-
iterranean cruise, 64PE370,May, June 2013). The cruisewas executed in
a west to east direction and included stations in the Alboran Sea,
Algerian Basin, Sicily Channel, Ionian Sea and the Levantine Basin
(Fig. 1). We defined the Sicily Channel as the transition from the west
Mediterranean Sea (wMED: 10 stations) to the east Mediterranean
Fig. 1. Stations in the western and eastern basins during the GEOTRACES cr
Sea (eMED: 14 stations). Sampling was performed by a CTD rosette
system with 24 large volume Niskin bottles (25 L), Seabird 9+ CTD,
photosynthetically active radiation (PAR) (Satlantic), chlorophyll fluo-
rescence (Chelsea Aquatracka) and beam attenuation (Wetlabs C-star)
sensors. Phytoplankton and nutrients samples were taken in a
dedicated container.

2.1. Physical parameters

SST was calculated as the average temperature in the upper 10 m.
The depth of surface mixed layer was defined according to Levitus
et al. (2000), as the depth where the temperature is 0.5 °C below SST.
The strength of stratification was determined as the difference in
potential density (sigma theta) between the surface and 200 m.

2.2. Nutrient concentrations

Nutrient samples (dissolved inorganic phosphate, nitrate, nitrite,
and silicate) were filtered (0.2 μm Acrodisc) and measured onboard
using a Bran and Luebbe Quaatro autoanalizer. Depth integrated phos-
phate, nitrate, and silicate concentrations (0–125 m) were generated
by linear regression of nutrient concentration profiles in the upper
200 m (8–10 samples). Integration over the upper 125 m provides in-
formation of the proximity of the nutricline to the surface, and the
125 m depth interval also approximates the potential limit of the
euphotic zone. N:P ratios were calculated as (NOx−NO2) / PO4. N:P ra-
tios were averaged for samples from above the DCM and for samples
from the DCM to a depth of 150 m, as determined from chlorophyll-a
(chl-a) fluorescence profiles. This distinction was introduced due to
the varying responses of this parameter in the described depth interval.

2.3. Phytoplankton pigments

Seawater (5–10 L) from 4 depths (10–160 m) per station was
filtered through GF/F (Whatman) using 0.3 mbar vacuum. Filters were
snap frozen in liquid nitrogen and stored at−80 °C. For analysis, filters
were freeze dried for 48 h and pigments were extracted using 90%
acetone (v/v) for 48 h (4 °C, darkness). Pigments were separated by
High Performance Liquid Chromatography (HPLC, Waters 2695) with
a Zorbax Eclipse XDB-C8 column (3.5 μm particle size), using the
method of Van Heukelem and Thomas (2001) modified after Perl
(2009). Detection was based on retention time and diode array spec-
troscopy (Waters 996) at 436 nm. Pigments were manually quantified
using standards (DHI lab products) except for divinyl chlorophyll b,
which molar extinction coefficient was assumed identical to chl-b.
uise (RV Pelagia 64PE370) in the Mediterranean Sea (May, June 2013).
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2.4. CHEMTAX analysis of phytoplankton pigments

The absolute and relative abundance of phytoplankton groups
was assessed by CHEMTAX analysis of pigments (version 1.95,
Mackey et al., 1996). Pigments used in CHEMTAX were chlorophyll c2
chlorophyll c3, peridinine, 19 butanoloxy fucoxanthin, fucoxanthin,
neoxanthin, prasinoxanthin, 19 hexanoloxy fucoxanthin, alloxanthin,
zeaxanthin, lutein, divinyl chlorophyll b (dv chl-b), chlorophyll b,
divinyl chlorophyll a (dv chl-a), and chlorophyll a (chl-a). Sample clus-
tering according to Latasa et al. (2010) revealed four clusters. All wMED
samples grouped in a single bin. Three depth bins were observed for
eMED samples: top 50 m, deep chlorophyll maximum (DCM), and
below DCM. Samples from the top 50 m of the eMED were run with
high light acclimated initial ratios, while all other bins were run with
low light initial ratios (described in Van de Poll et al., 2013). Pigments
were partitioned among 12 groups: diatoms (chl-c2 and chl-c2 + chl-
c3 group), Prochlorococcus, Synechococcus, prasinophytes, chlorophytes,
euglenophytes, haptophytes (two groups with contrasting ratios),
pelagophytes, dinoflagellates, and cryptophytes. Results for haptophyte
and diatom subgroups were pooled. All pigments were allowed to vary
during CHEMTAX analysis (chl-a, dv chl-a: 100%, other pigments:
500%). Afterwards ratio optimization was performed by running
CHEMTAX 60 times with randomly varying (35%) initial ratios as
described in Wright et al. (2009).

2.5. Phytoplankton production

For the assessment of taxon specific phytoplankton production, a
bio-optical model (Van de Poll et al., 2013) was applied. This model
uses phytoplankton pigments, HPLC calibrated chl-a fluorescence pro-
files, SST (average CTD temperature 0–10 m), daily PAR (calculated
from 8 day average Modis PAR), and light attenuation for PAR (Kd)
(calculated from linear regression of Kd with surface chl-a data from
the North Atlantic, Van de Poll et al., 2013):

Kd m−1� � ¼ 0:0713 chl−a concentrationð Þ þ 0:048: ð1Þ

The model distinguishes productivity for Prochlorococcus,
Synechococcus, green algae (prasinophytes, chlorophytes, euglenophytes),
haptophytes (haptophytes, pelagophytes), and diatoms. Cryptophytes
and dinoflagellates showed low contributions to total chl-a (1–10%, see
below). Therefore, cryptophyte chl-a was assigned to the green algal
group, whereas dinoflagellate chl-a was assigned to the haptophyte
group. The model uses a linear correction for temperature on total pro-
duction. Assumptions were made on phytoplankton photoacclimation
state: Stations in the Mediterranean Sea were assumed high light
acclimated 10 m above the base of the DCM and low light acclimated in
the DCM. For each station productivity (Pzeu, mg C m−2 s−1) was
calculated over 1 m depth intervals for the euphotic zone (0.1% light
depth determined from Kd).

2.6. Particulate organic carbon (POC)

Particulate organic carbon (POC) was calculated based on beam at-
tenuation, which was converted to POC using a relationship obtained
in the North Atlantic (Gardner et al., 1993):

POC mg m−3� � ¼ 309:71 attenuation coefficientð Þ þ 0:46: ð2Þ

One meter binned depth intervals were integrated over the upper
200m. Pigmented phytoplankton organic carbon (phyto POC) was esti-
mated using fixed carbon to chlorophyll-a ratios (C: chl-a) applied to
the CHEMTAX taxonomic groups: dinoflagellates: 50, cryptophytes:
40, diatoms: 27, flagellates (haptophytes, pelagophytes): 45, green
algae (prasinophytes, chlorophytes, euglenophytes): 46, Synechococcus:
77, Prochlorococcus: 15. These values were based on published and
unpublished C:chl-a ratios from lab cultures (Kulk et al., 2011, 2012;
Van de Poll, unpublished). On average, this conversion agrees with
published C:chl-a ratios (~50, Brown et al., 1999).

2.7. Statistics

The strength of possible relationships between SST, nutrient concen-
trations in the upper 125 m (nitrate: N0–125 m, phosphate: P0–125 m, sil-
icate: Si0–125 m), and surface chl-a concentration (surface chl-a), chl-a
integrated over 200 m (chl-a 0–200 m), POC integrated over 200 m
(POC0–200 m), and calculated productivity in the euphotic zone (Pzeu)
were tested in a correlationmatrix. The Spearman's rank correlation co-
efficients were calculated using PAST 2.17 (Hammer et al., 2001) and
correlations were considered significant at p b 0.05. Correlations were
done for the full MED data set and separately for the western (wMED)
and eastern (eMED) basins. The changes in distribution of taxonomic
groups and their relationshipswith the abovewere tested using relative
contributions of taxonomic groups to chl-a to remove the effect of chl-a.
Because taxonomic composition was different for DCM and above DCM
samples (see below) contributions of taxonomic groups to chl-a were
tested separately for samples obtained above the DCM and samples
taken in the DCM (or below), based on the chl-a fluorescence profiles.
A single value (average of up to 3 samples) was used for each bin.
Correlations with relative contributions of taxonomic groups to chl-a
were performed for the Mediterranean Sea data set and for wMED
and eMED separately.

3. Results

3.1. Physical and chemical parameters

Sea surface temperature (SST: average temperature 0–10m) ranged
from 16.2 to 17.1 °C in thewMED, whereas this was 18.1–23.0 °C for the
eMED (Fig. 2). All stations were stratified with a thermocline (not
shown). The difference in potential density between surface and
200 m was on average 1.67 ± 0.29 kg m−3, with no significant differ-
ences (p: 0.07) between wMED and eMED stations (not shown). SST
and density differences showed no significant correlation. The surface
mixed layer (Fig. 2) was significantly (p b 0.001) deeper in the wMED
(42± 11m) as compared to the eMED (24± 9m). SST was on average
a good proxy for averagemixed layer temperature (r2: 0.999, predicting
this temperature within 0.2 °C). Depth of the surface mixed layer
correlated significantly with SST for the MED (r2: 0.87).

Concentrations of nitrate and phosphate integrated over the upper
125mdeclined from thewMED to the eMEDand showed less variability
in the latter (Fig. 2). On average, nitrate and phosphate concentrations
in the upper 125 m were a factor 13 and 8.6 lower in the eMED com-
pared to the wMED, respectively (Fig. 2). Concentrations of nitrate and
phosphate integrated over 125–500 m followed the concentrations in-
tegrated over the upper 125 m (r2: 0.77–0.81) (results not shown). Av-
erage nitrate and phosphate concentrations integrated over 125–500m
in the eMED were significantly (p b 0.0001) lower (32 and 43% of the
concentration in wMED). Average nitrate concentrations from surface
to DCM were 0.21 ± 0.18 mmol m−3 in the wMED and 0.01 ±
0.03 mmol m−3 in the eMED. Phosphate concentrations from the
surface to the DCM were 0.03 ± 0.01 mmol m−3 in the wMED and
0.01 ± 0.01 mmol m−3 in the eMED.

N:P ratios between the surface and the DCM showed no significant
longitudinal trend and were on average 5.6 ± 3.65 and 3.1 ± 4.4 for
the wMED and eMED, respectively. Between the DCM and 200 m
depth, N:P ratios were in average 28.0 ± 5.1 and 80.9 ± 53 for the
wMED and eMED, respectively (results not shown). These N:P values
showed an increasing trend in the wMED, whereas these values were
higher for the eMED without a clear spatial trend. Silicate concentra-
tions showed a less pronounced decline from west to east compared
to nitrate and phosphate concentrations, with average integrated



Fig. 2. A: Sea surface temperature (SST) andmixed layer depth (MLD) versus longitude in
the western (gray) and eastern basins (white). B: Nitrate concentration integrated over
the upper 125 m versus longitude. C: Inorganic phosphate concentrations integrated
over the upper 125 m versus longitude.

Fig. 3.A: Surface chlorophyll-a concentrations and depth integrated chlorophyll-a concen-
trations over 0–200 m versus longitude for stations in the western (gray) and eastern
(white) basins. B: Calculated productivity in the euphotic zone (Pzeu) versus longitude
for stations in thewestern (gray) and eastern (white) basins. C: Estimated POC concentra-
tions integrated over 0–200m and the ratio of phytoplankton POC (Phyto POC): total POC
(from 0 to 200m) versus longitude for stations in the western (gray) and eastern (white)
basins.
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concentrations of silicate (0–125 m) 50% lower in the eMED compared
to the wMED, respectively (results not shown). Surface silicate concen-
trations did not show differences among basins and were on average
0.70 ± 0.24 and 0.68 ± 0.14 mmol m−3 for wMED and eMED,
respectively.

3.2. Phytoplankton biomass

Surface chl-a concentrations showed an exponential decline with
increasing longitude (r2 0.85), with values ranging from 0.94 to
0.15 mg m−3 (Alboran Sea, Chanel of Sicily) for the wMED (average
0.4 ± 0.3 mgm−3) (Fig. 3). Surface chl-a in the eMED was significantly
(p b 0.001) lower and varied from 0.06 to 0.02mgm−3 (average 0.04±
0.01) with no spatial trend. Similarly, chl-a integrated over the first
200 m showed an exponential decline with longitude in the wMED
(average 50 ± 23 mg m−2), whereas the eMED showed less variability
(average 21 ± 3.6 mg m−2). The depth of the deep chlorophyll maxi-
mum (DCM) showed a linear decline with longitude in the wMED
from 20 to 66 m (average 44 ± 14 m). The DCM in the eMED (106 ±
16 m) was significantly deeper than in the wMED (p b 0.0001) and
showed less spatial variability (r2: 0.32) (Fig. 4). Overall, the depth of
the DCM showed a linear relationship with SST (r2: 0.82, results not
shown).

3.3. Phytoplankton taxonomic composition

Diatom contribution to chl-a was high in the Alboran Sea (up to 50%
of chl-a) and decreased eastward in the wMED to relatively stable, low
contributions in the eMED (Fig. 4). In the wMED diatoms were highest
in the DCM whereas this was reversed in the eMED (wMED: 15–20%
vs 16–3% above DCM and in DCMof the eMED) (Fig. 3). Highest relative
contributions of prasinophytes were observed in the wMED (up to 25%
of chl-a), declining towards low a contribution (1%) in the eMED. In con-
trast, chlorophytes were lowest in the wMED and increased in the
eMED, where chlorophytes comprised around 25% of total chl-a above
the DCM. Another chl-b containing group, the euglenophytes, showed
a similar distribution, with increasing surface concentrations towards
the eMED, reaching a contribution of 10% of the chl-a. The contribution
of euglenophytes to the DCM chl-a was low (3–6%). Haptophytes
showed a constant contribution to chl-a in the wMED and eMED of
22–32% of chl-a, both above and in the DCM. Pelagophytes increased



Fig. 4. a: Total chlorophyll-a concentration as a function of depth and longitude. Black dots indicate sampling depth. b–j: Total chlorophyll-a concentration of haptophytes (b), diatoms
(c), chlorophytes and euglenophytes (d), prasinophytes (e), pelagophytes (f), cryptophytes (g), Synechococcus (h), dinoflagellates (i), and Prochlorococcus (j).
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in their contribution to chl-a from wMED (4–7%) to eMED with a
maximum presence in the DCM of the eMED (13%). Peridinin con-
taining dinoflagellates were 8–6% of chl-a in the wMED and 3% in
that of the eMED. Cryptophytes were 5–4% of chl-a in the wMED and
1–2% in the eMED. Synechococcus contribution to chl-a above the DCM
increased from wMED (8%) to eMED (13%). The contribution of
Synechococcus in the DCMwas low (2–4%). In contrast, Prochlorococcus
contributed strongly to chl-a of the DCM of eMED (average 29%
with maximum values of 57%), but not in the DCM of the wMED
(2% of chl-a). Above DCM chl-a contributions of Prochlorococcus
were 1–2%.
3.4. Phytoplankton taxon specific productivity

Productivity in the euphotic zone (Pzeu) was on average higher for
the wMED (1340 ± 430 mg C m−2 d−1) than for the eMED (313 ±
110mgCm−2 d−1) (Fig. 3). Pzeu showed a linear declinewith longitude
in the MED (r2: 0.76) and in the wMED, but not in the eMED (Fig. 3).

The group representing prasinophytes, chlorophytes and
euglenophytes (with a minimal contribution of cryptophytes) repre-
sented 33–29% of Pzeu in wMED and eMED (Fig. 5). The haptophyte
group (including dinoflagellates) represented 36–33% of Pzeu in the
MED. Productivity of diatoms was higher in the wMED (on average



Fig. 5. A: Absolute productivity in the euphotic zone (Pzeu) calculated for Prochlorococcus
(group 1), Synechococcus (group 2), green algae (chlorophytes, euglenophytes, and
prasinophytes, group 3), haptophytes (haptophytes and pelagophytes, group 4) and
diatoms (group 5). B: relative contribution to productivity in the euphotic zone of
Prochlorococcus (group 1) Synechococcus (group 2), green algae (chlorophytes,
euglenophytes, and prasinophytes, group 3), haptophytes (haptophytes and pelagophytes,
group 4) and diatoms (group 5).

Table 1
Spearman rank correlation coefficients for sea surface temperature (SST) with depth inte-
grated nitrate (N(0–125 m)), phosphate (P(0–125 m)) and silicate (Si(0–125 m)) concentrations,
for the Mediterranean Sea (MED), western Mediterranean Sea (wMED), and eastern
Mediterranean Sea (eMED). Significant relationships are bold.

SST MED SST wMED SST eMED

N(0–125 m) −0.72 −0.38 0.18
P(0–125 m) −0.81 −0.65 −0.17
Si (0–125 m) −0.67 −0.52 0.27

Table 2
Spearman rank correlation coefficients for phytoplankton biomass (surface chl-a and
depth integrated chl-a (0–200 m)), depth integrated POC (0–200m), andwater columnpro-
ductivity (Pzeu), and SST, depth integrated (0–125 m) nitrate, phosphate, and silicate
concentrations (0–125 m), for the MED (A), wMED (B), and eMED (C). Significant
relationships are bold.

A: MED SST N(0–125 m) P(0–125 m) Si(0–125 m)

Surface chl-a −0.83 0.83 0.76 0.66
Chl-a (0–200 m) −0.81 0.84 0.76 0.76
POC (0–200 m) −0.84 0.75 0.73 0.64
Pzeu −0.76 0.87 0.69 0.70

B: wMED

Surface chl-a −0.75 0.39 0.78 0.39
Chl-a (0–200 m) −0.47 0.04 0.36 0.02
POC (0–200 m) −0.75 0.22 0.35 0.36
Pzeu −0.75 0.22 0.59 0.15

C: eMED

Surface chl-a −0.21 0.33 −0.15 0.21
Chl-a (0–200 m) −0.22 0.53 0.03 0.30
POC (0–200 m) −0.45 0.22 0.01 −0.26
Pzeu −0.10 0.61 −0.42 −0.02
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25% of Pzeu) than in the eMED (12% of Pzeu) reaching a 50% contribution
of Pzeu in the Alboran Sea. Productivity of Synechococcus (4–6%) and
Prochlorococcus (1–2%) represented a relatively small part of the
productivity in the wMED and eMED. When considering absolute
productivity, Synechococcus productivity declined 2 fold in the eMED
compared to the eMED (Fig. 5), whereas this was 4 fold for green
algae and haptophytes, and 9 fold for diatoms. Absolute productivity
of Prochlorococcus did not differ between wMED and eMED.

3.5. Estimated particulate organic carbon

Particulate organic carbon (POC) showed a similar patter as depth
integrated chl-a. Integrated POC (0–200 m) showed three fold variabil-
ity when comparing wMED and eMED. POC0–200 m correlated with sur-
face and depth integrated chl-a (r2: 0.77, r2: 0.76, respectively) andwith
estimated water column productivity (r2: 0.75). Estimating POC for
pigmented phytoplankton (phyto POC) from C:chl-a ratios showed
that the ratio phyto POC to total POC was lower in the surface samples
as compared to those from the DCM. In the DCM this ratio was on aver-
age 0.45 ± 0.2 in the wMED and 0.3 ± 0.07 in the eMED. Ratios above
the DCM were on average 0.3 ± 0.1 and 0.17 ± 0.06 in the wMED and
eMED, respectively (results not shown). Using these ratios phyto POC
was calculated from 1 m binned beam attenuation profiles down to
200 m. The ratio of phyto POC relative to total POC (0–200 m) declined
along with POC (0–200 m) from 0.4 in the Alboran Sea to 0.2 in the
Ionian and Levantine basin (Fig. 3).

3.6. Relationships between physical and biological measurements

Nitrate, phosphate and silicate integrated over the top 125m (N, P, Si
0–125 m) showed significant inverse relationships with SST (Table 1),
surface salinity and longitude for theMediterranean Sea. In accordance,
surface chl-a and chl-a and POC integrated over 0–200 m, showed sig-
nificant inverse relationships with SST, and positive relationships with
0–125m integrated nitrate, phosphate and silicate (Table 2). Productiv-
ity in the euphotic zone (Pzeu) also showed a significant inverse relation
with SST. When tested for the western and eastern basins separately,
significant inverse relationships were observed for wMED surface chl-
a and SST, whereas a positive relation was found for chl-a and phos-
phate concentrations in the upper 125 m. The eMED data set did not
show any significant relationshipswith SST, N, or Si 0–125 m. Correlations
between SST and nutrient concentrations, chl-a, and productivity were
stronger than correlations with average temperature above the DCM,
and average temperature below the mixed layer down to 200 m
(not shown).

The relative contributions to chl-a of the phytoplankton groups dis-
criminated by CHEMTAX were correlated with SST, silicate, nitrate, and
phosphate (integrated 0–125 m) (Table 3). The relative contributions
were separated into above DCM samples and DCM samples based on
the chl-a fluorescence profiles. This revealed groups with significant in-
verse relationships with SST (and positive relationships with nutrient
concentrations): diatoms, prasinophytes, dinoflagellates, cryptophytes,
and haptophytes (Table 3). Other groups (chlorophytes, euglenophytes,
pelagophytes, Prochlorococcus and Synechococcus) showed a positive
relationships with SST (and a negative relationship with nutrient
concentrations). Relationships with SST were significant in the wMED
but not in the eMED when tested separately (results not shown).

4. Discussion

Nutrients in theMediterranean Sea have theirmain origin in the low
density surface waters of the North Atlantic that enter through the
Gibraltar Strait. The Mediterranean nutrient budget is therefore highly
dependent on the nutrient concentrations of these Atlantic water
masses. Nutrient concentrations in the North East Atlantic showed



Table 3
Averages and correlations of relative contributions of phytoplankton taxonomic groups above DCM (above) and in the DCM for wMED and eMED stations. A: Averages and standard de-
viation of relative contributions of phytoplankton taxonomic groups ofwMED stations. B: Averages and standard deviation of relative contributions of phytoplankton taxonomic groups of
eMEDstations. Bold indicates significant differences betweenwMEDand eMEDcontributions for the respective depth interval. C: Spearman rank correlation coefficients for phytoplankton
taxonomic groups and SST for wMED and eMED combined. D: Spearman rank correlation coefficients phytoplankton taxonomic groups and depth integrated (0–125 m) nitrate
concentrations (N0–125 m) for wMED and eMED combined. Bold values are significant, ns: not significant.

Taxonomic group A: wMED B: eMED C: correlation SST D: correlation N(0–125 m)

Above DCM Above DCM Above DCM Above DCM

Diatoms 15 ± 7 21 ± 13 16 ± 3.0 2.0 ± 4.0 ns −0.66 ns 0.67
Haptophytes 25 ± 7 32 ± 11 30 ± 7 22 ± 7 ns −0.55 ns 0.67
Prasinophytes 10 ± 6 15 ± 5 0.4 ± 0.5 1 ± 3 −0.77 −0.75 0.83 0.77
Cryptophytes 5 ± 2 4 ± 1 1 ± 1 2 ± 1 −0.74 −0.75 0.80 0.60
Dinoflagellates 8 ± 4 6 ± 4 3 ± 2 3 ± 1 −0.50 −0.65 0.64 ns
Pelagophytes 4 ± 2 7 ± 3 8 ± 1 13 ± 3 0.78 0.85 −0.8 −0.7
Chlorophytes 20 ± 12 11 ± 8 25 ± 7 18 ± 7 0.41 0.51 ns −0.53
Euglenophytes 2 ± 2 3 ± 5 10 ± 5 6 ± 3 0.6 ns −0.65 −0.42
Synechococcus 8 ± 4 2 ± 2 13 ± 4 4 ± 4 0.46 ns −0.52 ns
Prochlorococcus 1 ± 0.7 2 ± 2 4 ± 5 29 ± 9 ns 0.78 ns −0.83
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strong inverse correlations with SST over a temperature range of
7–22 °C (Van de Poll et al., 2013). Changes in Atlantic SSTmay therefore
affect the nutrient budget for theMediterranean Sea at large, but that of
the wMED in particular. Evaluation of the effects of changing SST on
Mediterranean phytoplankton productivity should therefore include
the changes in SST of North East Atlantic water masses.

During the present cruise (May–June 2013), SST of Atlantic water
masses in the Gulf of Cadiz were approximately 1 °C higher than those
in the Alboran Sea, demonstrating the upwelling of relatively nutrient
rich water into the euphotic zone of this region. The injection of nutri-
ents leads to high productivity in the Alboran Sea, coinciding with ele-
vated abundance and productivity of diatoms. Mixing with warmer
and denserMediterraneanwater increases SSTwith longitude, resulting
in a steep gradient of nutrient concentrations in the Algerian Basin. The
data from the entireMediterranean Sea showed inverse relationships of
SST with nutrient concentrations, phytoplankton biomass, estimated
productivity and POC concentrations. However, separate analysis of
wMED and eMED revealed that this relationship is mostly driven by
the gradient in the wMED. In the eMED, SST did not significantly corre-
late with any of the above parameters, despite the broader temperature
gradient thatwas observed in this basin (wMED: 1.25 vs eMED: 4.92 °C)
and a larger number of observations (14 vs 10 stations). This suggests
strong coupling of SST with nutrient concentrations below a SST of
19 °C, with pronounced influence on phytoplankton productivity, bio-
mass and composition, similar to the relationship observed in the
North Atlantic (Van de Poll et al., 2013). In contrast, SST changes
above 19 °C in the eMED do not produce similar changes in nutrient
concentrations, phytoplankton productivity and composition. Turbu-
lence in the Northeast Atlantic ocean is confined to the surface mixed
layer and can penetrate deeper in the water column under weak strati-
fication (Mojica et al., 2015). In the current investigation, mixed layer
depth was significantly smaller in the eMED as compared to the
wMED. Therefore, the influence of turbulence generated at the surface
on nutrient concentrations can be expected to decline from the wMED
to the eMED. The suppression of turbulence results in nutrient depletion
near the surface by phytoplankton productivity. Nutrient concentra-
tions in the upper 125 and 500 m were lower for the eMED than for
the wMED stations. Density difference in the upper 200 m revealed
strong stratification but showed no relationship with SST and were
not significantly different for wMED and eMED stations. Furthermore,
large differences in mixed layer depth amplitude in winter are not re-
ported the wMED and eMED, which are in the range of 60–150 m
(D'Ortenzio et al., 2005). However, due to the lower nutrient concentra-
tions in the upper 500 m, seasonal dynamics of phytoplankton produc-
tivity will be smaller in the eMED as compared to the wMED. Increases
in SST above 19 °C appeared to exert aminimal effect on phytoplankton
productivity and biomass due to the deep nutricline and reduced
mixed layer depth in the eMED stations. Previously, temperature and
stratification strength did not show a relationship with phytoplankton
productivity and biomass in the oligotrophic North Pacific and North
Atlantic Ocean (Dave & Lozier, 2010; Lozier et al., 2011). Nevertheless,
remote sensing analysis revealed declining chl-a trends in most
oligotrophic regions with increasing SST (Signorini et al., 2015). It
should be noted that our data do not cover the higher SST range of the
Mediterranean sea and that of other oligotrophic oceans (24–28 °C).
The robustness of these relationships at higher SST and their applicabil-
ity to other oceanic regions therefore remains unknown.

Taxonomic composition determined from pigments correlated with
nutrient concentrations and SST in the wMED, whereas this was not
significant in the wMED. We observed taxonomic groups that inversely
correlated with SST i.e., diatoms, prasinophytes, cryptophytes, dinofla-
gellates, and to a lesser extent haptophytes. These taxonomic groups
also show positive relationships with nutrient concentrations (nitrate,
phosphate and silicate) in the upper 125 m. These groups are well
known phytoplankton components of the Atlantic Ocean under meso-
trophic conditions (Van de Poll et al., 2013). A contrasting response
was found for Synechococcus, chlorophytes, euglenophytes,
pelagophytes, and Prochlorococcus. These groups responded positively
to SST and inversely with nutrient concentrations. Although not directly
derivable from pigments, these groups are most likely in the pico and
nanophytoplankton size range (0.6–5 μm), which due to their small
size are competitive under nutrient limiting conditions (Raven, 1986;
Chisholm&Morel, 1991). Furthermore, picophytoplankton are less pro-
ductive as compared to lager groups such as diatoms (Claustre et al.,
2005; Kulk et al., 2011; Uitz et al., 2012). The current study suggests
that these groups are competitive under nutrient limiting conditions
but are out competed by the more productive groups when nutrients
concentrations are elevated.

Despite the oligotrophic character of the Mediterranean Sea, we
observed a low contribution of cyanobacteria to productivity
(Synechococcus, Prochlorococcus) based on pigments and CHEMTAX.
Synechococcus was present above the DCM in the eMED, whereas
Prochlorococcus was virtually undetectable in the surface waters of
the eMED. This contrasts with stations in the Gulf of Cadiz, where this
species contributed significantly to the surface biomass during this
cruise (results not shown). Moreover, Prochlorococcus is an important
component of the surface populations in the oligotrophic North Atlantic
and the oligotrophic gyres of the world's oceans (Johnson et al., 2006).
The near absence of this species in the surface waters of the eMED
was also observed in winter by Vidussi et al. (2001) and Denis et al.
(2010). In our study Prochlorococcus was abundant in the DCM of the
eMED, representing up to 57% of the chl-a. Typically, this was below
the 0.1% level for irradiance, resulting in a minimal contribution to
productivity.

The haptophyte pigment signature was a dominant group in wMED
and eMED, with declining trend in relative abundance in the DCM and a



543W.H. van de Poll et al. / Marine Chemistry 177 (2015) 536–544
semi constant presence in above DCM samples of thewMED and eMED.
This demonstrates the wide distribution range of this taxonomic
group under semi oligotrophic conditions, as was also observed in the
North Atlantic (Van de Poll et al., 2013). In the Mediterranean,
the chlorophyll-b containing algae (Prasinophycea, Chlorophycea,
Euglenophycea) also contributed strongly to total chl-a. This group rep-
resents a high diversity, prasinophytes are known to be an important
component during mixing events that inject new nutrients in surface
waters of oligotrophic sections of the oceans, whereas the chlorophytes
and euglenophytes appear to bemore successful under nutrient limiting
conditions. Diatoms show locally high contributions (Alboran sea up to
54%) with a low but continuous contribution of 6–3% in the eMED, in
agreement with previous documented diatom observations in the
eMED (Crombet et al., 2011). In addition, silicate showed relatively
constant concentrations in the euphotic zone of the wMED and eMED.
Although outnumbered by picoeukaryotes, diatoms may significant-
ly influence the export of organic matter to depth in the MED. Over-
all, the relationships between SST, nutrient concentrations and
phytoplankton groups suggest a strong role for nutrient limitation
in structuring phytoplankton composition. We observed N:P ratios
well below the Redfield ratio from the surface down to the DCM
(10–130 m) of the wMED and eMED, suggesting nitrate limitation
of phytoplankton production in the Mediterranean Sea during this
cruise.

It is well known that under nutrient depleted conditions phyto-
plankton productivity is tightly coupled to the food web (Reul et al.,
2014) and nutrient recycling via microbial activity (Moutin &
Raimbault, 2002). A rise in temperature may enhance the efficiency of
microbial activity, resulting in a faster turnover of Dissolved Organic
Carbon (DOC) and POC pools (Taucher & Oschlies, 2011). However,
this idea has not been confirmed by field or experimental data. In the
Mediterranean transect analyzed in this study depth integrated POC
correlated significantly with phytoplankton productivity and biomass.
However, POC displayed less variability between wMED and eMED
than chl-a phytoplankton biomass. Furthermore, the eMED and particu-
larly the surface waters of the eMED were characterized by a low
estimated phytoplankton POC: total POC ratio. Surface waters in oligo-
trophic oceans are known to be relatively high in DOC (Santinelli
et al., 2012). Elevated DOC has been linked to increased phytoplankton
mortality in the transparent upper layers of oligotrophic oceans, provid-
ing substrate for microbial activity (Agustí & Duarte, 2013). Together,
POC and DOC represent a considerable reservoir of nutrients that over
time can be released by microbial activity. Apart from regeneration of
nutrients by the microbial loop, other sources/processes influence nu-
trient supply of phytoplankton, such as cyclonic and anti-cyclonic
gyres (Vidussi et al., 2001), Sahara dust (Gallisai et al., 2014), and river-
ine nutrient influx (Severin et al., 2014). Without the dominant influ-
ence of temperature on nutrient concentrations, these processes may
become an increasingly important cause of local variability in produc-
tivity of oligotrophic waters such as those of the eMED. Although we
did not find a relationship between SST and phytoplankton biomass
and composition in the eMED, this does not imply that elevation of
SST above 19 °C does not affect phytoplankton. On the contrary, higher
temperatures can prolong the stratified season, thereby expanding the
area of the oligotrophic ocean on a temporal scale (Racault et al.,
2012). Furthermore, it must be stressed that the conditions during the
present spring–summer cruise do not cover the temperature spectrum
that can be experienced in the Mediterranean Sea (12–26 °C). Temper-
atures higher than 23 °C have been shown to increase growth rates in
Prochlorococcus (Moore et al., 1995; Kulk et al., 2012). Therefore, species
specific temperature optima can change phytoplankton community
composition and production, causing succession of phytoplankton
species independent of nutrient supply. In the current study effects of
temperature and nutrient concentration could not be separated. The
influence of temperatures above 19 °C on physiology of oligotrophic
phytoplankton and microbial activity deserve increased attention as
relationships between phytoplankton productivity and SST may differ
from those in the temperature range below 19 °C.

5. Conclusion

We showed that changes in the SST below 19 °C have a pronounced
influence on phytoplankton productivity, biomass and composition.
Macro nutrient concentrations of nitrate and phosphate showed inverse
correlations with SST in the longitudinal transect in the Mediterranean
Sea. This provides evidence for a strong link between surface tempera-
ture andphytoplankton biomass, productivity, and composition. Our re-
sults show that SST increases up to 19 °C as observed in the wMED and
eMED favor the transition to low biomass, low productivity oligotrophic
systems that are characterized by picophytoplankton and cyanobacteria
species. These changes can significantly affect export of carbon to the
oceans interior and higher trophic levels. In contrast, the relationship
of phytoplankton biomass and composition with SST were absent
when SST was above 19 °C. Presumably, these oligotrophic systems
are uncoupled from nutrient supply from deep colder water with a
tight coupling of phytoplankton productivity with the food web and
microbial loop. The response of phytoplankton productivity and compo-
sition at the higher temperature ranges (20–26 °C) are important issues
to address in future studies.
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