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INTRODUCTION

Quantifying the efficiency of the ocean’s biological
pump, which removes CO2 from surface waters and
sequesters carbon into deep waters (Falkowski et al.

2000), is still one of the priorities in oceanographic
science. The resulting decrease of CO2 in surface
 waters promotes the absorption of CO2 from the at-
mosphere (Sabine et al. 2004, Behrenfeld et al. 2006)
and mitigates the effects of global warming. Further-
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ABSTRACT: We investigated the impacts of climate change-associated abiotic factors on the species
composition and size structure of coastal phytoplankton communities. Surface coastal water
collected off the coast of Málaga (Spain) was incubated outdoors during a 7 d microcosm experi -
ment. The natural phytoplankton communities were exposed to high and low conditions of CO2,
 nutrients and light. During the first 2 d, a positive response to increased CO2 and nutrient concentra-
tion was observed in terms of abundance and chlorophyll in all size fractions (<2, 2 to 20, and
>20 µm). After 2 d, a trophic cascade effect was observed within the phytoplankton communities for
all treatments. The absence of mesozooplankton led to an increase in microzooplankton abundance,
which coincided with a decrease in the abundance of phytoplankton <6 µm equivalent spherical
dia meter (ESD). At the same time, an increased concentration of larger phytoplankton was ob -
served. Consequently, a diatom bloom dominated by Leptocylindrus danicus and Chaetoceros sp.
developed, peaking on Day 5 in the high-light treatment and on Day 6 in the low-light treatment.
The cascade effect was evident in both the smaller and the larger ranges of the size−abundance
spectra (SAS). Although this trophic interaction occurred in all treatments in a similar way, there
were still significant differences among treatments. Diatoms with cell sizes >20 µm ESD showed a
positive  response to the effects of increasing CO2 and nutrient concentration. These results high -
light the importance of trophic interactions other than abiotic factors such as CO2 and nutrient avail-
ability in shaping the size structure of Mediterranean phytoplankton. More specifically, this work
shows the  importance of trophic cascade effects in scaling the plankton SAS and should be consid-
ered in both enclosure  experiments and field measurements that deal with size distribution.
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more, one-third of the anthropogenic CO2 produced
since the industrial revolution has been absorbed by
the oceans (Sabine et al. 2004). However, most of the
anthropogenic CO2 remains above the permanent
thermocline and up to 30% remains in the upper
200 m of the water column (Sabine et al. 2004). This
leads to the acidification of the euphotic layer (Feely
et al. 2004, Sabine et al. 2004, Orr et al. 2005), which
can affect physiological processes (Sobrino et al.
2008) and the composition of the phyto plankton com-
munity (Tortell et al. 2002). Apart from acidification,
global warming may enhance strati fication, which re-
duces nutrient availability in the euphotic layer by
strengthening and shoaling of the thermocline (Boyd
& Doney 2002, Polovina et al. 2008). Accordingly,
phytoplankton may be exposed to increasing CO2

concen tra tions, low nutrient concentrations and ele-
vated irradiance in the surface waters of the open
oceans. In contrast, high nutrient inputs, both from
organic and inorganic origin, are expected for most of
the coastal areas where changes in land use and hy-
drological cycles modify the amount and nature of
continental inputs into the ocean (Duce et al. 2008).

Perturbation experiments with cultures in the labo-
ratory (Hoffmann et al. 2008) or with natural assem-
blages in the field (Boyd et al. 2007, Hare et al. 2007,
Feng et al. 2009, Riebesell et al. 2010) are suitable to
explore environmental control on phytoplankton.
However, the effect of increased CO2 on primary pro-
duction depends on the species (Tortell et al. 2002,
2008) and the synergistic effects of different environ-
mental factors. Synergistic effects in particular imply
major uncertainties about which phytoplankton spe-
cies will either benefit or suffer from global climate
change. Thus, realistic multivariate experimental
studies are necessary in order to improve the predic-
tions of changes in phytoplankton community compo-
sitions in the future (Boyd et al. 2010, Gao et al. 2012).
Apart from abiotic factors, trophic interactions and
size distribution of the organisms are key factors for
channelling energy and biomass through the pelagic
ecosystem (Hairston & Hairston 1993, Cury et al.
2003). On the other hand, future changes in the plank-
tonic composition due to global climate change could
also imply cascade effects (Stibor et al. 2004, Essing -
ton 2010), which could amplify the impact of commu-
nity shifts of phytoplankton caused by abiotic factors.

While most studies involving phytoplankton are
 focused on primary production, metabolic rates, CO2

 incorporation and species composition, few studies
address changes in size structure and trophic inter -
actions. However, cell size plays a key role in chan-
nelling material and energy through the food web

(microbial vs. classical food web) and in the effective-
ness of the biological pump (Legendre & Le Fèvre
1989, Legendre et al. 1993). The present study aims
to improve our understanding of the composition and
size structure of coastal phytoplankton communities
ex  posed to simultaneously changing environmental
factors.

In order to investigate the combined effect of CO2,
nutrients and light on natural phytoplankton assem-
blages, a 7 d outdoor microcosm experiment was car-
ried out in the framework of the 9th GAP workshop.
The experimental setting and the physical, chemical
and biological patterns are described in Neale et al.
(2014, this Theme Section), metabolic rates are
described in Mercado et al. (2014, this Theme Sec-
tion), and phytoplankton physiological responses are
described in Sobrino et al. (2014, this Theme Sec-
tion). In the present study, flow cytometry, fluoro -
spectrometry, flow cytometer and microscope (Flow-
CAM®, Fluid Imaging Technologies), micro scopy
and HPLC analysis were used to assess the composi-
tion, abundance and size structure of phytoplankton
groups within the experimental communities. The
results are discussed in the context of the complexi-
ties of interactions at the community level.

MATERIALS AND METHODS

Experimental set-up

The microcosm experiment was carried out in
24 low-density polyethylene UVR transparent ‘cubi -
tainers’, each filled with 20 l of coastal seawater.
Almost 900 l of surface (0 to 1 m) water was collected
at 10:00 h on 15 September 2012 (Day −1) about 2 km
off the coast of Málaga, and immediately transported
in the dark. The seawater was screened through a
200 µm mesh as it was collected to remove mesozoo-
plankton. Mesozooplankton are generally not well
represented in microcosm volumes of 20 l, and their
presence in the experiment would have caused un -
even grazing effects among the microcosm replicates
which would have ob scured statistical comparisons
of the results. After screening, the collected seawater
for the ex periment was mixed in a large container for
 homogeneity prior to taking initial samples (Day −1).
The cubitainers were then filled and transported to
the roof of the Spanish Institute of Oceanography site
in Fuengirola (36.54° N, 4.60° W), where they were
placed in large water baths. The next morning, just
before the application of the treatments, Day 0 sam-
ples were taken from the cubitainers. The tempera-
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ture of the water baths was maintained close to sea
surface temperature at the sampling site (20 to 22°C)
by a circulation system equipped with 3 Aqua-
Medic-Titan-500 coolers, and continuously measured
by HOBO Pendant UV temperature/light loggers.
Each of the 3 factors considered in the experiment,
carbon (C), light, (L), and nutrients (N), were applied
in high (H) and low (L) conditions. Their combination
led to a total of 8 treatments (Table 1), each with 3
replicates. Average pCO2 in the HC and LC treat-
ments corresponded to 1050 ± 70 and 453 ± 11 ppmv,
respectively. HN corresponded to tanks fertilized on
Day 0 with 3.0 µΜ NO3

− and 0.2 µM PO4
3−. On Day 2,

another pulse of PO4
3− was added in order to restore

the initial ratio (see details in Neale et al. 2014). LN
corresponded to natural nutrient availability in sam-
pled water on Day −1 (0.54 µΜ ΝΟ3

− and 0.14 µΜ
PO4

3−). Average mid-day photosynthetically active
radiation (PAR) in the microcosms was 539 and
232 µmol m−2 s−1 for HL and LL treatments, respec-
tively (Neale et al. 2014).

The experiment lasted 7 d in order to encompass a
timeperiodexpectedforacclimationto theexperimen-
tal conditions (Sobrino et al. 2005, 2008, 2009). Sam-
pling of the cubitainers was carried out between 09:00
and 09:30 h; the 8 treatments were sampled simultane-
ously by different persons while the replicates were
sampled successively (A, B, C). All cubi tainers were
sampled daily for flow cytometry, nutrient and fluoro-
spectrometer analysis, and on Days 0, 2, 4 and 6 for
microscope and FlowCAM analysis. At the end of the
experiment, samples were taken for variables requir-
ing large volumes, such as HPLC. For more details of
the experimental set-up, see Neale et al. (2014).

Flow cytometry

For the analysis of phytoplankton with cell sizes
<15 µm equivalent spherical diameter (ESD), un fixed

samples of each treatment were analyzed within 2 to
4 h after sampling using a FACScan flow cytometer.
The acquisition time was 60 s (0.644 ml) and the fol-
lowing instrument settings were used: forward scatter
(FSC) = E00, side scatter (SSC) = 271 mV, fluorescence
563 to 607 nm (Fl2) = 450 mV and fluorescence
>650 nm (Fl3) = 300 mV. In order to detect only fluo-
rescent particles, the threshold was set on the first
channel of Fl3. Although FSC is more frequently used
for size estimation by flow cytometry (Reul et al. 2002,
Rodrí guez et al. 2002), both FSC and SSC are related
to size (Volkmer & Heinemann 2011) and have been
used in oceanographic studies (Reul et al. 2002,
 Rodríguez et al. 1998). In this study, the SSC channel
signal was calibrated for size conversion with living
cultures before the start of the experiment, because
the SSC calibration (r2 = 0.989) showed a stronger
 relationship with cell size than the FSC calibration
(r2 = 0.909). To this end, 7 cultures with different sizes
(Fig. 1a) were passed through the flow cytometer, and
immediately afterwards, the cell size of 200 cells of
the culture was measured by image analysis under an
inverted microscope. The longest and shortest axes of
each cell were measured and cell volume was calcu-
lated assuming spherical shapes. To avoid movement
of the cells just before the measurements, a drop of
non-acidic Lugol’s iodine solution for microscopy was
added, and cell sizes were measured immediately af-
ter fixation in order to avoid fixing effects (Ohman &
Snyder 1991). When all measurements were com-
pleted, a linear regression was calculated between the
SSC signal and the cell size of the cultures (Fig. 1a).
Once acquired, the fluorescence and light scatter
 signals of each cell, phototrophic cell abundance
and size distribution was determined with Attractors
 Software and saved as a gated FSC-file. Afterwards,
size− abundance spectra (SAS) (see Blanco et al. 1994
for more details) were calculated automatically with
 custom software, where all cells were classified in
 octave-scaled size classes and the abundance in each
class was presented against the geometrical mean of
each size class in a log10 plot (Fig. 1b). After calcula-
tions of the SAS, the abundance and biovolume of
cells of sizes <15 µm ESD was calculated as the sum of
the abundance and the sum of the product of cell
 volume multiplied by the abundance in each size class.

FlowCAM

In order to count and measure the phytoplankton
with cell sizes between 15 and 100 µm ESD, 30 ml of
each experimental treatment was filtered through a
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Treatment Abbreviation

High CO2 High nutrient High light HC HN HL
High CO2 Low nutrient High light HC LN HL
High CO2 High nutrient Low light HC HN LL
High CO2 Low nutrient Low light HC LN LL
Low CO2 High nutrient High light LC HN HL
Low CO2 Low nutrient High light LC LN HL
Low CO2 High nutrient Low light LC HN LL
Low CO2 Low nutrient Low light LC LN LL

Table 1. The 8 combinations of CO2, nutrient and light treat-
ments used in the microcosm experiment
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100 µm mesh and immediately passed through the
FlowCAM equipped with a 100 µm flow cell and a
100-fold magnification (10× objective). In the fluo -
rescence triggered mode, digital images were only
taken of particles with red fluorescence emission
above a threshold of 400 (relative fluorescence in -
tensity). In all samples, flow rates were adjusted to
guarantee that no more than 1 particle appeared in
each frame. The imaged volume of the samples that
passed through the flow cell was 36%, thus all fluo-
rescence particles in 10.84 ml of each sample were
imaged  (analyzed). The analysis of each sample took
about 30 min. Once digital images and statistical in -
formation of all fluorescence particles were acquired,
each sample was reprocessed in order to eliminate
particles that did not correspond to phytoplankton.
Then, the abundance and cell volume (assuming
ESD, µm3) of each particle was used to obtain the
SAS, classifying the cells within an octave scale.
Finally, the calculated SAS (15 to 100 µm) were com-
bined with the flow cytometry SAS (0.7 to 15 µm) in
order to construct SAS between 0.7 and 100 µm
ESD (Fig. 1b). Further details concerning FlowCAM
abundance and size distribution measurements are
provided in Álvarez et al. (2012, 2014)

Fluorospectrometer

In order to measure the composition and size distri-
bution of phytoplankton, 20 ml of each sample was
analysed by a fluorospectrometer (FluoroProbe, BBE
Moldaenke) equipped with a workstation, which per-
mits the analysis of discrete samples.

The fluorospectrometer discriminated between the
main phytoplanktonic groups (i.e. diatoms and dino-

flagellates, blue-green algae, green algae and cryp-
tophytes) based on the relative fluorescence intensity
of chlorophyll a (chl a) at 680 nm, following sequen-
tial light excitation by 5 light-emitting diodes (LEDs)
emitting at 450, 525, 570, 590 and 610 nm (Beutler et
al. 2002, Leboulanger et al. 2011). Depending on the
accessory pigments, a set of characteristic finger-
prints can be detected and used for recognition of
these groups in natural phytoplankton samples.
Finally, the relative amount of each algal class pres-
ent in the sample was calculated and expressed in
terms of the equivalent amount of chl a (µg l−1). After
the fluorescence measurement, each sample was
screened and measured sequentially through 20 and
2 µm meshes, allowing the calculation of 3 size-frac-
tions: picophytoplankton (<2 µm), nano phyto plank -
ton (2 to 20 µm), and microphytoplankton (>20 µm).

The fluorescence in the picophytoplankton size
fraction was very low (see Fig. 5b) and algal classifi-
cation could not be resolved fluorometrically. Thus,
according to the upper size limit, this fraction is
referred to picophytoplankton chl a without differen-
tiation between varying phytoplankton groups.

Microscope analysis

Selected samples of each treatment were analysed
by microscope every second sampling day. Samples
were collected in 120 ml opal glass bottles and fixed
with acidic Lugol’s solution (3% final conc.) to be
analyzed using the Utermöhl technique (Utermöhl
1958). To this end, a volume of 25 to 50 ml was settled
in a chamber for 24 h and analyzed on a Nikon
Eclipse TS100 optical inverted microscope. A suffi-
cient number of fields (at least 2 transects) were
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counted at 200× magnification until at least 100 indi-
viduals of the most abundant species or genera were
registered (Ros & Miracle 1984). Small flagellates
were counted using 600× magnification. Further-
more, the bottom of the chamber was scanned at 40×
magnification in order to count the larger cells. This
procedure was additionally used to determine micro-
zooplankton (ciliate) abundance in all samples
 analysed. The smallest size limit for microscopic enu-
meration was established at 5 µm. Where possible,
phytoplankton organisms were identified at the
genus or species level following spe cies nomencla-
ture of Tomas (1997). Due to time constraints, micro-
scopic analysis (phytoplankton taxonomy and ciliate
abundance) was carried out for only 1 replicate of
each treatment.

HPLC

Samples for HPLC analysis were obtained from all
treatments on Day 6, filtered on 47 mm GF/F, snap
frozen in liquid nitrogen, stored at −80°C and ana-
lyzed according to Hooker et al. (2009). After analy-
sis, phytoplankton taxonomic composition was de -
termined using CHEMTAX (Mackey et al. 1996).
In short, 13 pigments (chl a, dv chl a, chl b, chl c2,
chl c3, peridinin, fucoxanthin, 19-butanoyloxyfuco -
xanthin, 19-hexanoyloxyfucoxanthin, neoxanthin, pra -
sinoxanthin, alloxanthin and zeaxanthin) were used
to distinguish 8 taxonomic groups (Synechococcus,
Prochlorococcus, haptophytes, diatoms, dinoflagel-
lates, cryptophytes, prasinophytes and pelagophytes).
Taxonomic composition was calculated using initial
pigment ratios for high-light acclimated phytoplank-
ton according to van de Poll et al. (2013). Contribu-
tions of the identified taxonomic groups to total chl a
were calculated.

Statistics

To discriminate among the effect of CO2, nutrients
and light, a repeated-measures ANOVA was carried
out on size fractionated diatoms and green algal chl a
concentrations (see Table 2). The relationships be -
tween variables presented in Figs. 1a, 2a,b, 6, 7b & 8
(see ‘Results’ section) were calculated by linear re -
gression analysis. Prior to statistical analysis, all
data were tested for normality (Kolmogorov-Smirnov)
and constant variance (Spearman rank correlation
between the absolute values of the residuals and the
observed value of the dependent variable).

RESULTS

Fluorospectrometer calibration

The applied fluorospectrometer fingerprint method
grouped diatoms and dinoflagellates in the same
group (‘diatoms & dinoflagellates’), but the micro-
scope analysis showed a low contribution of dinofla-
gellates to the total phytoplankton abundance >5 µm
during the whole experiment. The relative numerical
contribution of dinoflagellates was less than 11%
at Day −1 and less than 6% between Days 2 and 6.
In addition, the initial and final composition of the
phytoplankton community confirmed that diatoms
dominated the phytoplankton assemblages in the
>15 µm size range (see Appendix). Therefore, in this
study we refer to diatoms as only the fluorospectro -
meter chl a concentration corresponding to the dia -
tom & dinoflagellate fingerprint. In order to verify the
results of the fluorospectrometer, total and diatom-
related chl a concentration were compared with inde-
pendent chl a measurements.

The comparison of spectrophotometrically-derived
chl a and chl a concentrations after acetone extrac-
tion, as well as the comparison of total-chl a and
diatom-chl a concentrations estimated from fluoro-
spectrometer with HPLC measurements showed con-
sistent results (Fig. 2a). This demonstrated that the
fluorospectrometer provided comparable chl a and
phytoplankton composition data. This was addition-
ally confirmed by the significant positive relationship
between diatom abundance from microscope counts
and fluorospectrometer-determined diatom chl a
concentration (Fig. 2b).

Abundance, biovolume and size structure of cells
<15 µm

Although HN treatments showed higher abun-
dance and biovolume values of phytoplankton with
cell sizes <15 µm than LN treatments on the first sam-
pling day (Day 2), an important temporal pattern was
observed in all treatments (Fig. 3). Based on flow
cytometry, phytoplankton abundance <15 µm did not
vary between the beginning of the experiment and
Day 2, but decreased between Days 2 and 3 by a
 factor of 4.5 (from 45 000 cells ml−1 to less than 10 000
cells ml−1; Fig. 3a). In contrast, biovolume increased
by a factor of 4.3 from the initial value (1.3 × 106 µm3

ml−1 on Days −1 and 0) to Day 2 (4 to 6 × 106 µm3 ml−1)
and did not vary between Days 2 and 3 (Fig. 3b). On
Day 4, biovolume decreased by a factor of 2 (from 6 ×
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106 at Day 3 to <3 × 106 µm3 ml−1 at Day 4). Both (1)
the similar abundance and increasing biovolume
between Days 0 and 2 and (2) the decreasing abun-
dance and similar biovolume between Days 2 and
3 indicated changes in the size structure of phyto-
plankton <15 µm as depicted in Fig. 4.

In comparison to the initial phytoplankton commu-
nity (SAS of Days −1 and 0), the SAS at Day 2 can be
divided into 2 fractions: (1) cells <6 µm (referred in
this article to as ultraphytoplankton), which showed
a decreased SAS between Days 0 and 2, and (2) cells
with cell sizes >6 µm, which showed an increased
SAS between Days 0 and 2 (Fig. 4). The increased
abundance of cells with cell sizes >6 µm ESD corre-
sponded to the observed general increase of bio -
volume on Day 2 in all treatments. On Day 3, the
 biovolume remained similar to that of Day 2, but
abundance decreased to 10 000 cells ml−1 (Fig. 3).
This pattern can be explained by the decreasing
abundance of cells <6 µm on Day 3, while the abun-
dance of cells >6 µm showed similar abundance com-
pared with Day 2 (Fig. 4). Therefore, biovolume was
less affected by the change in phytoplankton size
structure than abundance (Fig. 3). Finally, on Day 4,
the mean SAS showed the lowest abundances of cells
<6 µm ESD, and cells with size >6 µm ESD decreased
but still remained above the initial values. After the
described initial changes between Days 0 and 4, the
SAS (<15 µm ESD) remained similar until Day 6.

Size-fractionated composition

The size fractionated fluorospectrometer measure-
ments (fluoroprobe) provided insight into the compo-
sition and size structure of the whole phytoplankton
community. The chl a concentration of the most
important groups in terms of fluorescence intensity
detectable with the applied fingerprint method—
green algae and diatoms (Fig. 5a)—increased from
the initial values (diatoms: 1 µg chl a l−1; green algae:
0.3 µg chl a l−1) up to 8 times for diatoms (8.5 µg chl a
l−1, treatment HC HN LL) and up to 10 times for
green algae (3.1 µg chl a l−1, treatment LC LN HL).
For diatoms, the LN treatments always showed the
lowest chl a concentration, especially in the LL treat-
ments. In both phytoplankton groups, highest chl a
concentrations were observed on Day 5, with the
maximum chl a concentration increasing between
Days 3 and 5 for diatoms and between Days 4 and
5 for green algae. The chl a concentration of both
phytoplankton groups decreased at Day 6, except
in the LL treatments (LC LN LL, HC LN LL and
HC HN LL).

The analysis of different size fractions showed an
initial value of picoplankton of 0.64 µg chl a l−1,
which increased in the HN treatments and decreased
in the LN treatments at Day 2 (Fig. 5b). After the
 initial response of picophytoplankton to the nutrient
treatment, the pico plankton chl a concentration de -

creased in all treatments between Days
2 and 3, reaching minimum values on
Day 4, similar to ultraphytoplankton
abundance and biovolume (Fig. 3).

The nanophytoplankton size fraction
(2 to 20 µm) (Fig. 5c,d) showed in -
creases in green algae and diatom chl a
concentrations between Days 0 and 5.
Diatoms especially showed a signifi-
cantly higher chl a concentration in
the HN treatments compared with the
LN treatments (Fig. 5d, Table 2a). The
nanophytoplankton fraction reached
highest diatom chl a concentration on
Day 5 and decreased on Day 6.

The microphytoplankton size fraction
(>20 µm) also increased from the initial
diatom chl a con centration (0.24 ±
0.12 µg chl a l−1) up to Day 5 in all treat-
ments. At Day 6, the chl a concentration
decreased in the HL treat ment and in -
creased in the LL treat ments, ex cept for
the LC LL HN treatment, suggesting
that these treatments were light-limited
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and that  succession in LL treatments was slower than
in HL  treatments.

The statistical analysis of the results revealed that
diatoms in the nano- and microphytoplankton size
range responded positively to nutrient enrichment
(Fig. 5d,f, Table 2, p < 0.01) and, in the case of
diatoms >20 µm, to variations in CO2 concentration
(Table 2, p < 0.05). Light had no significant effect on
diatom chl a  concentration during the experiment.
For diatoms with cell sizes >20 µm, the interaction
between C × N and C × L was  significant (Table 2, p <
0.05). In contrast to diatoms, picophytoplankton and
green algae showed no significant response to the
treatments. Time also significantly affected the
results (p < 0.001) in all groups and size fractions,
supporting the described time evolution during the
experiment. The significant interactions with time
are shown in Table 3. Picoplankton showed sig -
nificant interactions for T × N and T × C × L. No inter -
action for the 2 to 20 µm fractions were observed.
Green algae >20 µm showed significant interaction
for T × C × N and diatoms >20 µm showed significant
interactions for T × C, T × L and T × C × L.

Microscope analysis

Phytoplankton

The fluorospectrometer measurements showed a
considerable diatom bloom in all treatments, espe-
cially in the microphytoplankton size fraction. Five
diatom genera were identified by microscopy (Lepto-
cylindrus danicus, Chaetoceros sp., Guinardia stri-
ata, Nitzschia longissima, and Pseudo-nitzschia sp.).
These groups all increased significantly with in -
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creasing total diatom abundance (p < 0.05, Fig. 6a),
except for N. longissima. L. danicus and Chaetoceros
sp. were the most important groups from Day −1
(52 and 12%, respectively) to Day 6 (51 ± 13 and
28 ± 14%, respectively). Mean relative contribution
of both diatom species during the whole experi-
ment was 50 ± 10% for L. danicus and 27 ± 10% for
Chaetoceros sp.

Ciliates

Ciliate abundance increased in all treatments
between Days 0 and 4 (Fig.7a). Furthermore, a nega-
tive relationship between ciliate abundance and
picophytoplankton (p < 0.05), as well as between cil-
iate abundance and ultraphytoplankton (p < 0.05)
abundance was found (Fig. 7b).

Prokaryotic picophytoplankton

Different relationships were observed between
total diatom chl a and Synechococcus and Prochloro-
coccus abundance. Synechococcus abundance de -
creased exponentially from initial values (around
40 000 to 60 000 cells ml−1) to abundances around
100 cells ml−1 (treatment HC HN LL) as diatom chl a
concentration increased (Fig. 8). In contrast, Pro -
chlorococcus did not show any significant relation-

ship with diatom chl a concentrations, but abun-
dances diminished from 9000 ± 1615 cells ml−1 on
Day −1 to 2977 ± 1897 cells ml−1 on Day 0, and
dropped to around 1000 cells ml−1 during the rest of
the experiment.

Size structure and phytoplankton composition at
the end of the experiment

The phytoplankton community exhibited the largest
differences among the 8 treatments on Day 5. How-
ever, the experiment lasted until Day 6, and due to
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the limited water volume, several analyses were only
carried out on even experimental days. Thus, com-
plete SAS analysis was only available at Day 6 and
not Day 5.

At Day 6 the SAS showed a dome-like pattern with
highest abundance at around 6 µm ESD (log10 = 2.05,
Fig. 9a). This distribution does not fit with a linear
adjustment, which would allow the comparison of the
slope and intercept using ANCOVA. Furthermore,
the SAS on Day 6 were temporally decoupled from
the starting SAS on Days −1 and 0. Therefore, we
decided to compare the SAS of each sample with the
mean SAS of all samples at Day 6 (Fig. 9a, grey line).
To this end, we calculated the difference in terms of
abundance and biovolume in each size class with
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respect to the mean SAS at Day 6 (Fig. 9b and c,
respectively). In terms of abundance, the SAS
showed marked differences in the 6 to 12 µm ESD
size fraction in 3 replicates of different experimental
treatments (2 replicates of the HC HN HL treatment
and 1 replicate of the HC LN HL treatment). In addi-
tion, one of the replicates of the LC HN HL treatment
(denoted by LC HN HLa in Fig. 9b) showed a peak of
cells in the 12 to 26 µm size fraction. Moreover, the
delta abundance size distribution showed different
patterns between the 3 replicates of each treatment
(Fig. 9b). In terms of biovolume, the greatest variabil-
ity among the SAS was observed in the size classes
>6 µm (Fig. 9c). A marked difference in SAS was
observed in one of the replicates from the LC HN HL
(LC HN HLa) treatment, which showed a conspicu-
ous diatom bloom that affected the biovolume. This
SAS was not considered in the mean SAS calculation
(Fig. 9a). However, a classification of the SAS accord-
ing to delta bio volume was also not possible. It seems
that the size structure of each community diverged as
time progressed, and no common patterns among the
SAS of the same treatments were observed at the end
of the experiment.

Pigment signatures at the end of the experiment

In order to distinguish more phytoplankton groups
in terms of pigment signatures, HPLC analysis was
carried out on Day 6. The most important taxonomic
groups detected by HPLC measurements at Day 6
were diatoms > dinoflagellates > haptophytes, while
the remaining 5 identified classes (cryptophytes,
chrysophytes and  pelagophytes, Synechococus and
Pro chlo ro coccus) showed low values and almost no
differences among the treatments (data not shown).
In fact, a  statistical difference (p < 0.05) was only
found for the diatom concentrations, where the HC
HN LL treatment showed significantly higher diatom
concentration (6.60 µg l−1) than the other treatments.

DISCUSSION

Cascade effects in the enclosed community

The experimental setup comprised the whole
(auto  trophic and heterotrophic) community that can
pass through a <200 µm pore mesh. The changes in
the size structure showed increasing abundances of
cells >6 µm ESD and decreasing abundance of cells

<6 µm  ESD in all treatments. Since this pattern was
independent of the experimental treatment, we sug-
gest this to be due to cascade effects caused by the
removal of mesozooplankton. The increasing abun-
dance of cells of sizes >6 µm can be explained by
alleviation of top-down control, as the most important
grazers in this size range, cladocerans and copepods
(Bautista & Harris 1992, Liu et al. 2005, Souza et al.
2005, Mercado et al. 2007) were removed at the
beginning of the experiment. Furthermore, mesozoo-
plankton also prey on microzooplankton (Calbet &
Landry 1999, Calbet et al. 2012). The proportion of
microzooplankton in the copepod diet is highly vari-
able (Halvorsen et al. 2001) and depends mainly on
the phytoplankton and zooplankton size structure.
The in situ conditions of our experiment (chl a con-
centrations around 1 µg l−1) suggest that microzoo-
plankton was top-down controlled before the re -
moval of the mesozooplankton (Fessenden & Cowles
1994, Ohman & Runge 1994). Thus, our interpretation
is that: (1) In the natural en vironment, meso zoo -
plankton directly control phytoplankton >6 µm and
micro zooplankton, releasing pico phyto plankton from
the top-down control of microzooplankton, and (2) by
excluding mesozooplankton at the beginning of the
experiment, both the phytoplankton >6 µm and
microzooplankton responded to the lack of top-down
control. This resulted in an in creased abundance of
cells with sizes >6 µm (Day 2), and a decrease in ult-
raphytoplankton abundance (Day 3) due to the
increased grazing capacity of the recovered micro-
zooplankton (ciliates).

Concerning cascade effects of mesozooplankton,
Schlüter (1998) described high variability in growth
and grazing rates, estimated by a dilution technique
on 1 l pre-screened (200 µm) subsamples during a
mesocosm (6000 l) experiment. Because this variabil-
ity was not reflected in the biomass of the phyto-
plankton groups in the mesocosm, it was concluded
that processes such as sedimentation and grazing by
mesozooplankton are important loss processes that
are not considered in dilution experiments or in any
microphytoplankton enclosure experiment. Both pro-
cesses might also affect our microcosm experiment.
In fact, the importance of the trophic cascade in graz-
ing (dilution) experiments is approached by different
models (Calbet & Saiz 2013) and microcosm experi-
ments (Modigh & Franzè 2009). In field measure-
ments, the importance of mesozooplankton top-down
effects on food web structure and vertical carbon
transport was suggested by Hernández-León (2009).
Recently, Schmoker et al. (2013) reviewed micro-
plankton grazing data on a global scale and com-
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pared them with the mesozooplankton grazing data
of Calbet (2001). The global phytoplankton con-
sumption rate of microzooplankton was about 62.4%
of total primary production, 5 times higher than meso -
zooplankton grazing rates on phytoplankton (Schmoker
et al. 2013).

Phytoplankton blooms are traditionally explained
by bottom-up control, either due to external, internal
or recycled-nutrient pools (Sun et al. 2013). Other
approaches, such as the ‘loophole’ theory (Irigoien et
al. 2005), include the top-down control of microzoo-
plankton. According to the ‘loophole’ theory, the
blooms are also initiated by the lack of microzoo-
plankton top-down control. However, microzooplank -
ton in turn are top-down controlled by mesozoo-
plankton (Sommer et al. 2004). Consequently,
al though mesozooplankton are not the main con-
sumers of primary production (Schmoker et al. 2013),
they play a key role in structuring the planktonic
community <200 µm through cascade effects. Intense
upwelling processes, apart from nutrient input, may
disrupt trophic coupling at the mesozooplankton
level (Slaughter et al. 2006). Therefore, microphyto-
plankton proliferation during upwelling might be
due to synergistic effects of both (1) favorable bot-
tom-up conditions and (2) the relaxation of top-down
control. Furthermore, faster intrinsic nutrient up -
take and growth rate also provides an advantage to
diatoms (Malone 1980).

Size structure

Size scaling of phytoplankton through  size-
dependent growth rates (Sarthou et al. 2005), nutri-
ent quotas (Malone 1980) and light (Finkel 2001) are
factors that potentially shape the size structure of the
community based on bottom-up control (Irwin et al.
2006). However, our enclosure experiment showed
that predator−prey relationships and cascade effects
might be more important for scaling the plankton
SAS than previously thought. The increasing micro-
phytoplankton diatom fraction suggests that the
absence of top-down control of microphytoplankton
in the enclosures was the main driving force for the
microphytoplankton bloom. It is worth noting that
the absence of mesozooplankton af fected both ex -
tremes of the SAS. Picophytoplankton decreased by
increasing top-down control by microzooplankton,
and microphytoplankton increased due to the lack in
top-down control by mesozooplankton. The observa-
tion that the larger cell size fraction of the SAS
diverged among the microcosm as time progressed

indicates that the enclosed communities still present
a very complex system. Such systems are very sensi-
tive to initial conditions, especially to greater sized
micrograzers such as nauplii that could occur in large
(20 l) microcosms. In fact, some copepods were ob -
served in one of the microcosms (treatment LC LN LL
replicate b) when large sample volumes were filtered
at the end of the experiment (L. Yebra pers. comm.).

It is well known that upwelling leads to nutrient
input and phytoplankton blooms that flatten the
slopes in linear SAS (Reul et al. 2005, Rodríguez
et al. 1998). This is usually explained by higher
growth rates of diatoms (microphytoplankton) under
nutrient-rich conditions (Malone 1980) and positive
(ascending) vertical velocities (Rodríguez et al. 2001),
whereas picophytoplankton remains un changed. In
our enclosure experiments, microphytoplankton in -
creased and picophytoplankton de creased. A similar
pattern was described by Reul et al. (2008) in up -
welled nutrient-rich water in the northwestern part
of the Strait of Gibraltar, where SAS became flatter
due to both increasing nano phytoplankton and
decreasing picophytoplankton abundance, especially
Synechococcus and Prochloro coccus.

It is unlikely that under our experimental condi-
tions (22.2 ± 1.8°C), Synechococcus was tempera-
ture- (Murphy & Haugen 1985) or nutrient-limited
(Agawin 2000a,b). Consequently, the observed de -
crease in the abundance of Synechococcus and Pro -
 chlorococcus during the present experiment might
be due to micrograzing by nanoflagellates (Tsai et al.
2007, 2009) and ciliates (Christaki et al. 1999). The
fact that no significant relationship was found be -
tween Synechococcus abundance and their potential
grazer could indicate additional factors that lowered
the Synechococus abundance. A negative rela -
tionship between total diatom concentration and
prokary otic picophytoplankton abundance was ob -
served for Synechococcus, but not for Pro  chloro -
coccus (Fig. 8), suggesting allelo pathy as a possible
co-factor that should be investigated in the future.
Allelopathy can explain the coexistence of phyto-
plankton (Sarkar et al. 2006), species succession
(Legrand et al. 2003) and size structure if donor and
target species have different sizes (Granéli & Hansen
2006). In addition, lysis by virus and bacteria as well
as fungal infection are other factors that affect the
community structure and its size distribution, espe-
cially at the end of phytoplankton blooms (Brussaard
et al. 2013). Thus, apart from silicate limitation
(Neale et al. 2014), the cessation of diatoms at Day 6
(especially in the HC HN HL treatments) could also
be due to other factors.
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Temporal pattern

The overall temporal pattern in microcosms can be
summarized in 4 stages: 

(1) Initial acclimation and response to treatments
(between Days −1 and 2): similar abundances of
phytoplankton <15 µm, while biovolumes increased
between Days 0 and 2. The SAS revealed increased
abundances of cells >6 µm ESD, while ultraphyto-
plankton abundances remained similar.

(2) Grazing effects (Day 3): increased ciliate abun-
dance indicated greater grazing capacity of micro-
zooplankton that might be responsible for the signif-
icant decrease of ultraphytoplankton on Day 3.

(3) Nano−microphytoplankton diatom bloom (be -
tween Days 3 and 5): increasing diatom chl a concen-
trations in the nano- and, especially, microphyto-
plankton size-range de pict a diatom bloom of cells
that escaped micrograzing and were released from
top-down control by mesozooplankton. This bloom
was dominated by 2 diatoms species: Leptocylindrus
danicus and Chaetoceros sp.

(4) Post-bloom conditions (HL treatments on Day 6):
succession of the diatom bloom in the HL treatments
on Day 6 reached post-bloom conditions, while
growth in the LL treatment still continued.

Carbon, nutrient and light effects

Although the principal factor that affected the
phytoplankton composition and SAS in the enclo-
sures was a cascade effect caused by the removal
of mesozooplankton, some differences between the
treatments were detectable. The ANOVA indicated
that high CO2 concentrations and nutrient availabil-
ity, and the interactions between CO2 and nutrients
and CO2 and light significantly enhanced the growth
of diatoms >20 µm. Increasing nutrient availability
simulated the effects of fertilization of the euphotic
layer, as expected for future scenarios of global cli-
mate change in coastal waters due to changing land
use (Duce et al. 2008). In addition, increasing CO2

concentrations and shifts in the light environment are
expected worldwide in surface waters. The results of
our study suggest that diatoms >20 µm should bene-
fit from a global change-linked increase of CO2 and
nutrient availability in Mediterranean coastal area.
The interactions with time are due to the different
responses of the planktonic community to the treat-
ments as succession progresses through the temporal
pattern described previously. Note that changes in
these temporal patterns due to global change could
affect the temporal coupling in the food web.

Although the increased microphytoplankton con-
centration in the microcosm agreed with field studies
in areas with fertilizing processes close to the sam-
pling area, the Strait of Gibraltar (Gómez et al. 2000,
Echevarría et al. 2002, Macias et al. 2006) and the
upwelling area of the NW Alboran Sea (Ramírez et
al. 2005, Reul et al. 2005, Mercado et al. 2012), the
shape of the SAS and the magnitude of increasing
microphytoplankton were not representative of field
conditions. Apart from the mentioned cascade
effects, settling is also an important factor that shapes
SAS. According to size-dependent growth−loss rate
balance spectra (Reul et al. 2006), cells >30 µm ESD
would settle out of the enclosure assuming a 1 m mix-
ing layer depth, and cells >141 µm would settle out
from a 10 m mixing layer depth. Thus, according to
the near surface stratifications at 2 m depth and a
second stratification at 8 m at the sampling site
(Neale et al. 2014), these cells would settle out of the
surface stratified layer and dampen the diatom
bloom that occurred in the enclosures.

Considering the response of primary producers to
elevated CO2, a positive effect on growth is the pre-
vailing result in the literature, but neutral and nega-
tive effects have also been described (Gao et al. 2012
and references therein). Thus, the increasing diatom
concentration in the HC treatments in our study
agreed with the most frequently observed responses
in phytoplankton. However, synergistic effects such
as increasing stratification (which limits nutrient
availability offshore) and simultaneously increasing
CO2 availability (which enhance growth) complicate
predictions at a global scale (Gao et al. 2012), which
become even more complicated when biotic factors
are included.

Trimborn et al. (2013) described significant in -
creases in the growth of Chaetoceros debilis under
high CO2 conditions in Antarctic waters, but also
mentioned possible allelopathic effects of high Pseudo-
nitzschia subcurvata abundance on C. debilis during
competition experiments. Thus, while microcosm ex -
periments permit the measurement of physiological
parameters of plankton assemblages to different
environmental drivers (CO2, nutrients and light),
caution is advisable in extrapolating the experimen-
tal results to the natural environment in terms of
composition and size structure.

CONCLUSIONS

Microcosm experiments on natural assemblages
are necessary to simulate possible future scenarios of
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global climate change and the response of planktonic
communities. However, they are more suitable for
measurements on physiological responses of the
 surviving plankton assemblages to different environ-
mental factors (CO2, nutrients and light) than for pre-
dicting community composition and size structure,
especially if the experiments last for more than 48 h.

While numerous field studies focus on physical
(vertical velocities, density gradients, settling veloci-
ties) and bottom-up (nutrient availability) control of
the phytoplankton SAS, this experiment points to the
top-down control on SAS as an important factor in
shaping phytoplankton size structure. This should
therefore be included in SAS models and field
 studies. The complete SAS analysis revealed that
enclosed communities still present a very complex
system, and such systems are very sensitive to the
initial conditions.
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Appendix. (a) Example of the community aspect at the beginning of the experiment (seawater screened through 200 µm mesh)
acquired with the FlowCAM at Day –1, and (b) example of the community aspect at the end of the experiment at Day 6 

(replicate b of treatment HC HN LL)
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