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Abstract

The fine vertical distribution of phytoplankton groups within the deep chlorophyll maximum (DCM) was

studied in the NE Atlantic during summer stratification. A simple but unconventional sampling strategy

allowed examining the vertical structure with ca. 2 m resolution. The distribution of Prochlorococcus, Synecho-

coccus, chlorophytes, pelagophytes, small prymnesiophytes, coccolithophores, diatoms, and dinoflagellates

was investigated with a combination of pigment-markers, flow cytometry and optical and FISH microscopy.

All groups presented minimum abundances at the surface and a maximum in the DCM layer. The cell distri-

bution was not vertically symmetrical around the DCM peak and cells tended to accumulate in the upper

part of the DCM layer. The more symmetrical distribution of chlorophyll than cells around the DCM peak

was due to the increase of pigment per cell with depth. We found a vertical alignment of phytoplankton

groups within the DCM layer indicating preferences for different ecological niches in a layer with strong gra-

dients of light and nutrients. Prochlorococcus occupied the shallowest and diatoms the deepest layers. Dinofla-

gellates, Synechococcus and small prymnesiophytes preferred shallow DCM layers, and coccolithophores,

chlorophytes and pelagophytes showed a preference for deep layers. Cell size within groups changed with

depth in a pattern related to their mean size: the cell volume of the smallest group increased the most with

depth while the cell volume of the largest group decreased the most. The vertical alignment of phytoplank-

ton groups confirms that the DCM is not a homogeneous entity and indicates groups’ preferences for differ-

ent ecological niches within this layer.

The deep chlorophyll maximum (DCM) is a subsurface lay-

er enriched in chlorophyll (Chl) typical of stratified marine

and freshwater bodies. It might be the result of diverse pro-

cesses and may present different characteristics (Cullen 1982,

2015). In temperate areas, the DCM disappears in winter

when mixing takes place and reappears after the spring bloom,

when stratification is established. The dynamics of this kind of

DCM have been described in the literature (Estrada et al. 1993;

Mignot et al. 2014). Briefly, winter surface waters replete with

nutrients start stratifying after the air-water heat balance

becomes negative (Sverdrup 1953; Taylor and Ferrari 2011)

producing the spring bloom in temperate areas (although this

classical approach has been challenged by Behrenfeld 2010).

At this moment, the abundant phytoplankton accumulates

very close to the surface, limiting the irradiance immediately

below and inducing the synthesis of pigments by the deeper

phytoplankton and the formation of a shallow DCM that

might not correspond to a biomass maximum. However, this

is a very dynamic situation because phytoplankton quickly

(days-weeks) consume the nutrients from the well illuminated

layers becoming less abundant at surface and concentrating at

depth. This process originates a deeper DCM, coinciding with

the nutricline and usually corresponding to a phytoplankton

biomass maximum. Unless other vertical processes take place

(Vaillancourt et al. 2003; Liccardo et al. 2013), phytoplankton

keeps depleting the nutrients in the euphotic zone and thus

deepen the DCM. In conclusion, during a relatively long

period of the year, the DCM corresponds to a deep biomass

maximum (DBM) in temperate areas.
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It has been recognized that phytoplankton (Venrick 1988,

1999; Estrada et al. 2016) and heterotrophic bacterioplankton

(Sunagawa et al. 2015) communities at the DCM and in the

overlying mixed layer can be different, reflecting the different

environmental characteristics of these two major layers and

indicating that tens of meters in the vertical scale may make

a stronger difference than tens of km in the horizontal scale.

The DCM has routinely been considered a single entity and

most research does not increase the sampling effort at the

DCM. Under this view, the starting hypothesis would say

that the DCM is a homogeneous layer where all phytoplank-

ton groups are equally distributed. However, because the

DCM layer is located in strong and opposite gradients of

nutrients and irradiance, the main resources for phytoplank-

ton growth, it could be expected that different groups are

better adapted to the distinctive environmental conditions

within the DCM layer if the conditions persist. Few works

deal with the fine-scale structure of the DCM probably

because of the difficulties to obtain samples with high verti-

cal resolution. Special procedures have been designed to sam-

ple small-scale vertical structures of thin layers (Lunven et al.

2005) but they have not been yet extended and adapted to

study the fine structure of the open ocean DCM.

Here, we used a simple CTD procedure to obtain samples

every 2–3 m and tested the null hypothesis that the DCM is

a single, homogeneous ecological entity in which phyto-

plankton groups are equally distributed. To that aim, we

studied the vertical distribution of phytoplankton taxa with-

in the DCM layer in offshore waters of the north and north-

western Iberian peninsula, belonging to the biogeographic

North Atlantic Drift Province (Longhurst 1998). In this area,

winter mixing reaches ca. 200 m (Somavilla et al. 2011), well

below the nutricline, and the posterior re-stratification

beginning around March produces a marked spring bloom.

Summer is characterized by a progressive strengthening of

stratification, following the typical temporal pattern of the

North Atlantic (Lindemann and St. John 2014). Our study

was performed during the summer period of pronounced

thermal stratification characterized by the presence of a

marked DCM located between 22 m and 65 m depth at the

different profiles.

Material and methods

Samples were obtained during the two legs of the cruise

Indemares0710 at Avil�es Canyon (AC) and Galicia Bank (GB),

in the north and northwestern waters of the Iberian Peninsu-

la, respectively, in summer 2010 on board the R/V Thalassa

(Fig. 1). Cast location, sample parameters and characteristics

of the DCM layer are described in Table 1. The AC sampling

stations were located on the continental shelf, the slope, and

the abyssal plane. The GB stations were all located in an

open ocean area. The sampling equipment consisted of a

CTD profiler, a Fluorometer (WET labs, ECO-AFL) and a

24-bottle Niskin rosette. To obtain detailed profiles of the

DCM (deep chlorophyll maximum) the Niskin bottles were

closed every 8–12 s during the upcast at a constant ascent

rate of 0.25 m s21, i.e., every 2–3 m. The first sample below

the DCM was chosen on the basis of the downcast fluores-

cence profile. An additional surface water sample was collect-

ed. In the GB also an intermediate sample was collected in

the middle of the mixed layer. Because sampling was always

performed at night, irradiance measurements were not avail-

able. To reconstruct the irradiance profiles we assumed that

the depth of the DCM peak (ZDCM) was located at the 1%

surface irradiance (Navarro and Ruiz 2013; Mignot et al.

2014). An attenuation coefficient (KPAR) for each profile was

obtained as KPAR 5 2/ZDCM and the vertical irradiance profile

(as percentage of surface) estimated from Ez 5 E0 310ð2K z
PAR
Þ,

where ZDCM is the depth of the DCM, E0 and Ez are the per-

cent irradiances at surface (100%) and at depth z,

respectively.

Variables analyzed

For nutrient analysis, 8 mL of unfiltered sample were fro-

zen and kept at 2208C immediately after sampling. Inorgan-

ic nutrients were analyzed by standard nutrient techniques

with a SKALAR San Plus Autoanalyzer. Detection limits for

the different molecules were, in mmol m23: 0.02 (NO3), 0.01

(NO2), 0.013 (PO4), and 0.018 (SiO4).

For flow cytometry analysis, 1.8 mL of sample were fixed

with 1% paraformaldehyde plus 0.05% glutaraldehyde, flash

frozen in liquid nitrogen and kept at 2808C. The analysis

was performed with a FACSCalibur flow cytometer (BD Bio-

sciences) equipped with a laser emitting at 488 nm. The flow

rate was calibrated daily by weight to estimate cell concen-

trations. A solution of 1 lm fluorescent latex beads (ref.

F-13081, Molecular Probes) was added as an internal stan-

dard so that all cellular variables were related to fluorescent

beads values. Prochlorococcus and Synechococcus flow cytome-

try cell counts were converted to carbon (C) after estimating

their cell volume from the relative side scatter signal as

described in Calvo-D�ıaz and Mor�an (2006), and using the

average value of 237 fg C lm3 (Worden et al. 2004).

For CARD-FISH analysis of target groups of photosynthet-

ic picoeukaryotes, 45 mL of sample were prefiltered by 20

lm, fixed with 37% formaldehyde (4% final concentration),

filtered on 0.6 lm pore size Nucleopore filters (25 mm diam-

eter) and kept frozen. Group-specific oligonucleotide probes

were applied to target chlorophytes (CHLO02), small prym-

nesiophytes (PRYM02) and pelagophytes (PELA01 and

PELA1035). Concentrations were estimated from cell counts

under an epifluorescence microscope (Olympus BX61) at

1000X under UV (DAPI signal), blue light (Alexa 488 signal),

or green light (Alexa 594 signal) excitations. Cells were clas-

sified under the microscope in<2, 2-3, 3-4 and 4-5 lm diam-

eter bins. Cell volumes were converted to C from cell

volume estimates (Menden-Deuer and Lessard 2000). For

details on the CARD-FISH assay, counting process and bio-

mass estimates see Cabello et al. (2016).
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Samples for large (> 5 lm) phytoplankton community

composition were collected in brown glass bottles, preserved

with a hexamine buffered 19% formaldehyde solution (0.6%

final concentration) and kept in the dark until analysis

under an inverted microscope (Nikon Eclipse TE2000-S with-

out epifluorescence accessories) using the Uterm€ohl tech-

nique (Uterm€ohl 1958). The 95% confidence limit of the

cell counts was 6 20% (Lund et al. 1958; Sournia 1978).

Composition and abundance of coccolithophores, diatoms

and dinoflagellates were quantified. C from coccolitho-

phores was estimated from a value of 11 pg cell21, the C

content of the dominating Emiliania huxleyi species (Riebe-

sell et al. 2000). E. huxleyi and cf. Emiliania made up 90–

99.8% of the coccolithophores counts, with an average con-

tribution of 97.5%.

For HPLC analysis of pigments, 2 L of samples were vacu-

um (< 0.03 bar) filtered through 25 mm diameter Whatman

GF/F glass fiber filters. Filters were folded, blotted dry and

frozen in liquid nitrogen. After the cruise, samples were

transferred to a 2808C freezer. For pigment extraction, filters

were placed in 10 mL polypropylene tubes with 2.5 mL of

90% acetone containing trans-b-apo-8’-carotenal (Sigma) as

internal standard and stored at 2208C. After 24 h, the indi-

vidual 10 mL tubes were placed in a beaker filled with

crunched ice and sonicated with a Bandelin GM2070 sonica-

tor equipped with a MS73 tip. The tip was slightly

Fig. 1. Map of the sampling stations. Bathymetric isobaths represent 200 m, 2000 m, and 4000 m depths.

Table 1. Sample location, parameters analyzed and main characteristics of the DCM layer. Casts 48-73 are from AC (Avil�es Canyon)
and casts 75-101 are from GB (Galicia Bank).

Cast Coordinates (W, N) Date Parameters analyzed DCM depth (m) Chl a max (mg m23) DCM width (m)

48 06.2745, 43.7565 29 Jul FCM, HPLC, microscopy 32 1.59 11

52 06.2693, 44.0028 30 Jul FCM, HPLC, nutrients, FISH, microscopy 54 0.628 39

55 06.3852, 43.7555 31 Jul FCM, HPLC, nutrients 22 1.87 17

66 06.2718, 44.1720 02 Aug FCM, HPLC 59 0.411 65

68 05.7192, 43.8695 03 Aug FCM, HPLC, nutrients 41 1.38 8

73 05.6977, 44.0425 04 Aug FCM, HPLC, nutrients, FISH, microscopy 42 1.22 13

75 11.2572, 43.1665 07 Aug FCM, HPLC 54 0.417 32

80 12.3895, 43.1682 08 Aug FCM, HPLC, nutrients, FISH, microscopy 56 0.449 36

83 11.7078, 42.9993 09 Aug FCM, HPLC, nutrients, FISH, microscopy 52 0.507 27

88 12.1622, 42.8353 10 Aug FCM, HPLC, nutrients 65 0.616 26

92 11.4838, 42.8332 11 Aug FCM, HPLC 38 0.487 24

101 12.1630, 42.6675 13 Aug FCM, HPLC, nutrients 58 0.474 30
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introduced into the extract. The sonicator was set at 50%

power for 30 s with 8:2 on: off intervals. Before analysis,

extracts were cleared by filtration through Whatman GF/F

glass fiber filters by centrifugation at 3000 r.p.m. during 3–4

min, following the procedures of Wright and Mantoura

(1997). HPLC analysis was based on the method of Zapata

et al. (2000) with the following modifications in the gradi-

ent: 0’ 100%B, 2’ 10%B, 4’ 20%B, 17’ 38%B, 24’ 80%B, 36’

100%B 42’100%B. Solvent A was pyridine (0.05 mM,

pH 5 5.0) : methanol : acetonitrile (25 : 50 : 25) and solvent

B was methanol : acetonitrile : acetone (60 : 20 : 20). Organ-

ic solvents were from Carlo-Erba (HPLC grade), pyridine was

from Carlo-Erba (analysis grade) and water was 0.2 lm fil-

tered Milli-Q water (Millipore). The Agilent (Waldbronn,

Germany) series 1200 chromatographic system used con-

sisted of a G1311A quaternary pump, a G1367C autosampler

with a 100 lL capillary loop, a G1316B column thermostat,

and a G1315C diode array detector. An additional 2 mL loop

with 0.5 mm internal diameter was placed in the autosam-

pler between the needle seat and the Rheodyne changing

valve. The system was governed by Agilent Chemstation v.

B.04.03 software. A 150 3 4.6 mm, 3.5 um particle, Symme-

try C8 (Waters) column was used for analysis. A large vol-

ume (800 lL) injection procedure was performed to improve

the detection and quantification of pigments (Latasa 2014).

The first injection of the day was always discarded. Acetone

with internal standard was injected to correct for mistakes in

water content of the filter or extract evaporation. Coefficient

of variation of the acetone with internal standard was 1.8%.

Data treatment

All the data treatments are based on cell concentrations.

We gained statistical power deducing cell count profiles

from the distribution of pigment markers for those casts

where pigment concentration but not cell counts were avail-

able. We compared the cell counts of casts obtained by epi-

fluorescence (casts 52, 73, 80 and 83) and light microscopy

(cast 48, 52, 73, 80, and 83, Table 1) against the correspond-

ing pigment profiles analyzed by HPLC to obtain the pig-

ment per cell of each group at the different depths,

adjusting the changes in pigment per cell with irradiance.

Using these relationships we estimated cell counts from pig-

ment concentrations for the rest of the profiles. The pigment

markers peridinin, 19’hexanoyloxyfucoxanthin (19’hex-

fuco), 19’butanoyloxyfucoxanthin (19’but-fuco), and viola-

xanthin were related to dinoflagellates, prymnesiophytes,

pelagophytes, and chlorophytes, respectively. The relation-

ship between zeaxanthin and Synechococcus, and divinyl

chlorophyll a (DVChl a) and Prochlorococcus was investigated

only for photoacclimation purposes. Because fucoxanthin,

the pigment marker of diatoms, is also present in other

major groups interfering in the estimate of diatoms from

fucoxanthin, only counts from optical microscopy were

used.

As mentioned above, cell counts for chlorophytes, pelago-

phytes, small prymnesiophytes, dinoflagellates were calculat-

ed from pigment distribution after correcting for

photoacclimation for casts where counts were not available.

Photoacclimation was estimated as the change in pigment

marker per cell or per cell carbon with depth or irradiance

according to the equation:

Pigment per cell or C 5 Pmax2 Pminð Þeð2kacc EZ Þ1 Pmin;

where Pmax and Pmin were the adjusted maximum and mini-

mum concentration of pigment, kacc is the coefficient of

photoacclimation and Ez is the percent of surface irradiance

at depth z. Then, cell vertical distribution was estimated

dividing pigment concentration by pigment per cell at each

irradiance (depth) as:

Cell concentration 5 Pigment concentration x

ð Pmax2 Pminð Þeð2kacc EZ Þ1 PminÞ21:

Photoacclimation was taken into account for dinoflagellates,

small prymnesiophytes, and pelagophytes but for chloro-

phytes the average pigment content was used (which is the

same as using the pigment profiles directly converted to cell

counts) because the violaxanthin content per cell did not

change significantly with irradiance. Violaxanthin is not a

light harvesting pigment and at the depths sampled it is like-

ly that it did not react to the variations of irradiance at those

levels. In summary, we obtained direct cell counts for Syne-

chococcus, Prochlorococcus, coccolithophores and diatoms and

cell counts were complemented with cell concentrations

derived from pigment profiles for the rest of the groups.

The weighted mean depth (WMD)

We called the weighted mean depth (WMD) of a variable

the average depth weighted by the distribution of that vari-

able. Thus the WMD of Chl a 5 R (Depthi 3 Chl ai)/(RChl

ai), where Chl ai is the Chl a concentration at depth i. Like-

wise, we defined the WMD of each taxonomic group as

WMD of Group A 5 R (Depthi 3 Group Ai)/(RGroup Ai) -

WMD Chl a, where Group Ai is the cell concentration at

depth i. Because the DCM was located at different depths in

the 12 vertical profiles sampled, the term WMD Chl a is sub-

tracted to make the distribution of the groups relative to

that of Chl a. We estimated the WMD for each group within

the DCM layer, which excluded the surface sample and an

intermediate sample collected in the GB sampling.

Results

Water column

The physical conditions were more heterogeneous in the

AC (Avil�es Canyon) than in the GB (Galicia Bank) since sta-

tions from the AC included shelf, slope, and open ocean

areas, while the GB samples were exclusively from the open
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ocean (Fig. 1). In addition, the more heterogeneous stations

of the AC could be also due to the presence of hydrographic

displacement of the isopycnals because of tides and internal

waves, especially at stations close to the canyon (S�anchez

et al. 2014). In spite of the existence of these potentially dis-

ruptive mechanisms, especially in the AC area, the water col-

umn was always highly stratified but with a deeper, slightly

colder and saltier mixing layer in the GB (Fig. 2). There was

a marked DCM located at the upper part of the nitracline

(Fig. 2). Oxygen profiles displayed a maximum some meters

above the Chl a maximum in all DCMs examined in the AC,

and at the same depth of the Chl a maximum in all DCMs

from the GB (data not shown). Cell profiles indicated that

the DCM was also a deep biomass maximum (Fig. 3). Profiles

of CTD fluorescence and extracted Chl a agreed well (Fig. 2,

r 5 0.88). The depths of the DCM peaks were located

between 22 m and 59 m in the AC, and 38 m and 65 m in

the GB (Table 1). The Chl a maxima ranged between 0.4 mg

m23 and 1.9 mg m23 in the AC, and 0.4 mg m23 and

0.6 mg m23 in the GB. The width of the DCM was defined

as the depth interval where Chl a concentration was more

than half the difference between the maximum and mini-

mum values in the upper 100 m. The width ranged between

8 m and 32 m in the AC, except for a value of 65 m for cast

66, and 24 m and 36 m in the GB. There were significant

negative correlations between maximum Chl a concentra-

tion and depth (r 5 20.84) and width (r 5 20.70) and a posi-

tive correlation between depth and width (r 5 0.63).

Criteria for data selection

An initial analysis of our database directed the selection

of the samples considered in our study. PRYM02 is a FISH

probe specific for all Haptophyta, including pavlovophytes.

The latter group does not contain 19’hexanoyloxyfucoxan-

thin and their presence could have distorted our comparison

between FISH- and pigments-based estimates of prymnesio-

phytes. However, pavlovophytes contain significant amounts

of chlorophyll c1 (van Lenning et al. 2003) which was always

below detection, and we conclude that pavlovophytes were

not present or detectable in our samples. Phaeocystis colonies

were not detected in the samples. Thus, prymnesiophytes

were counted as coccolithophores (> 5 lm, optical microsco-

py) and small prymnesiophytes (< 5 lm, FISH microscopy).

Both types share the pigment marker 19’hex-fuco and any

estimate of cell distribution from 19’hex-fuco cell concentra-

tion should include both types of prymnesiophytes. Howev-

er, the pattern of 19’hex-fuco content was very different in

the four vertical profiles where all prymnesiophytes (coccoli-

thophores plus small prymnesiophytes) were counted side by

side (Supporting Information Fig. S1). In casts 52 and 73

(AC), 19’hex-fuco per cell increased from the deepest sam-

ples to the DCM depth (1% irradiance) or slightly above,

and then decreased toward the surface. In casts 80 and 83

(GB), however, the expected continuous decrease of pigment

content with increasing light toward the surface was

observed. The main difference between these two different

patterns is the contribution of coccolithophores to the total

biomass of prymnesiophytes (Table 2, Supporting Informa-

tion Fig. S1). It appears that coccolithophores produced an

unexpected response in the pigment content with depth for

which we cannot provide an explanation. Because of the sig-

nificant and variable contribution of coccolithophores to the

prymnesiophytes in the AC samples, we decided to use only

the GB samples plus casts 52 and 73 from the AC, where

samples were counted directly, to investigate the depth dis-

tribution of the small prymnesiophytes. Coccolithophores

and diatom distribution was studied from microscopy counts

in casts 48, 52, 73, 80, and 83. Diatoms in cast 52 were

numerically dominated by a single group with a vertical dis-

tribution different from any other phytoplankton group

(Fig. 3). Because of the peculiarity of the profile and our

inability to relate it to any other parameter measured, the

diatoms from this profile were not considered in this study.

Fucoxanthin, the marker pigment of diatoms, was dominant

only in casts 48, 55, and 73 in the AC (Supporting Informa-

tion Fig. S2). On the other hand, fucoxanthin is also present

in prymnesiophytes and pelagophytes, which pigments were

more abundant than fucoxanthin in the rest of the casts.

This fact precludes the use of the pigment profiles to deduce

the diatom concentrations in the rest of the casts as made

for dinoflagellates, chlorophytes, pelagophytes, and prymne-

siophytes. Thus, the number of profiles to study the depth

distribution of diatoms was limited to the direct cell counts

from casts 48 and 73 from the AC and 80 and 83 from the

GB. Dinoflagellates counts could not distinguish heterotro-

phic and autotrophic forms. Peridinin concentration divided

per total dinoflagellates concentration increased with

decreasing irradiance, as expected for a light-harvesting pig-

ment as peridinin. However, this pattern only occurred

down to 0.5% surface irradiance. Below that depth the ratio

peridinin to dinoflagellates decreased (Fig. 4). We hypothe-

size that this pattern, different from any other observed for

the rest of the light harvesting pigments, was due to an

increase of the heterotrophic to autotrophic ratio of dinofla-

gellates below that depth and therefore those data were not

included in the photoacclimation estimations.

Phytoplankton biomass distribution

Similar to the physical environment, Chl a concentrations

were also more variable in the AC than in the GB area, with

the former showing the highest (coastal cast 55) and lowest

(oceanic cast 66) values (Table 1). Pigment distribution

revealed a dominant presence of diatoms only in casts 48,

55, and 73 from the AC (Supporting Information Fig. S2).

Optical microscopy revealed that dinoflagellates and coccoli-

thophores dominated the large phytoplankton (> 5 lm) in

the GB (data not shown). Detailed results from FISH micros-

copy of small (<5 lm) eukaryotic phytoplankton are
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Fig. 2. Vertical profiles of temperature (continuous line), salinity (dashed line), Chl a (ng L21, filled circles), and NO3 (lmol L21, empty circles). For

visual clarity, only NO3 is represented among the four nutrients analyzed. PO4 and SiO4 presented a very strong correlation with NO3 while NO2 pre-
sented the typical vertical structure with a maximum beneath the DCM (not shown). Note the changes in scales for casts 48-73 and 75-101. Fluores-

cence profiles are presented as gray areas for reference in relative units with the same scale. (Continued on next page).



Fig. 2.



Fig. 3. Vertical profiles of pigments (filled circles, bottom x-axis, ng L21) and cell counts (empty circles and triangles, top x-axes, cell mL21) measured by

flow cytometry, FISH, and light microscopy. Per: peridinin, Fuco: fucoxanthin, 19’hex: 19’hexanoyloxyfucoxanthin, 19’but: 19’butanoyloxyfucoxanthin,
Viol: violaxanthin, Zea: zeaxanthin, DVa: divinyl chlorophyll a, Chl a: chlorophyll a, Syn: Synechococcus, Dino: dinoflagellates, Diat: diatoms, Cocco: coc-

colithophores, Prym: small (< 5 lm) prymnesiophytes, Pelag: pelagophytes, Chloro: chlorophytes, Pro: Prochlorococcus. Note the changes in scales. Fluo-
rescence profiles are presented as gray areas for reference without scale to show the shape of the profile. In the 19’hex, cocco and Prym plots, the top x-
axis corresponds to cell counts of coccolithophores, and the offset top x-axis to cell concentrations of small prymnesiophytes. (Continued on next page).



Fig. 3. (Continued on next page).
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described by Cabello et al. (2016). As a summary, chloro-

phytes, small prymnesiophytes, and pelagophytes contribut-

ed in average 16%, 16%, and 13% to the C biomass of small

phytoplankton (< 5 lm) in the DCM layer (Table 2). The

vertical distribution of these three groups followed that of

Chl a (Fig. 3). Flow cytometry analyses revealed the presence

of Prochlorococcus only in the GB samples where they con-

tributed 37% of the C biomass (< 5 lm) in average, with

Synechococcus as the only photosynthetic prokaryote in the

AC stations where they contributed 43% of the C biomass of

the small phytoplankton (Table 2). Pelagophytes and chloro-

phytes were all small (< 5 lm) and could be reliably counted

with FISH. Coccolithophores contributed significantly to the

biomass of prymnesiophytes only in the AC stations while

small prymnesiophytes dominated in the GB (Table 2; Fig. 3,

Supporting Information Fig. S1).

Pigment concentrations and flow cytometry cell counts

presented smooth vertical profiles. Cell counts made with

optical microscopy and FISH techniques presented, however,

higher variability (Fig. 3). All considered pigments, except zea-

xanthin, presented maximum concentrations around the

DCM depth. Cell concentrations were highest at depth, but

they did not always match the DCM peak (Fig. 3). There was a

general good correlation between peridinin and dinoflagel-

lates (r 5 0.77, p<0.01, n 5 45), 19’but-fuco and pelagophytes

(r 5 0.82, p<0.01, n 5 47), violaxanthin and chlorophytes

(r 5 0.88, p<0.01, n 5 47) and between 19’hex-fuco and small

prymnesiophytes (r 5 0.80, p<0.01, n 5 23). Zeaxanthin was

strongly correlated with Synechococcus in the AC area (r 5 0.95,

p<0.01, n 5 47), where the contribution of other groups

(chlorophytes and Prochlorococcus) to the zeaxanthin pool was

minor or absent. In many cases there was cell photoacclima-

tion with depth. We found an exponential increase in the cell

pigment marker content with decreasing irradiance for Pro-

chlorococcus, Synechococcus, pelagophytes, small prymnesio-

phytes and dinoflagellates (Fig. 4) but not significant changes

for chlorophytes. Interestingly, pigments and counts for this

later group did not show a deep maximum as strong as the

other groups. These relationships between cell pigment con-

tent and irradiance were used to estimate vertical profiles of

cell concentrations from pigments.

Photoacclimation

Changes in pigment per cell or C with depth were

observed for most groups (Fig. 4, Supporting Information

Fig. S3). How those changes affected each group is described

next. In Prochlorococcus, the photoacclimation parameters

indicated that DVChl a per Prochlorococcus was 0.3–4.27 fg

cell21 (Table 3), similar to the 0.44–5.14 reported by Veld-

huis and Kraay (1990). These values are equivalent to

C : DVChl a ratios of 37–80. In Synechococcus zeaxanthin per

cell was 0.63 fg cell21, a value well below the 1.8 fg cell21

reported by Kana et al. (1988), the 2.9–6.8 reported by Bidi-

gare et al. (1989) and the three reported by Moore et al.

(1995). However, in terms of pigment per biomass, the

mean value of 4.9 mg g21 is in the 2–5 range provided by

Liu et al. (1999), suggesting that Synechococcus cells in our

samples were small. There are no reports for direct pigment

content in pelagophytes, neither for the non-calcifying

small prymnesiophytes. Andersen et al. (1996), however,

reported correlations between Chl a ascribed to pelago-

phytes and pelagophytes cells and Chl a ascribed to prym-

nesiophytes and small prymnesiophytes cells. A rough

exercise could be made but with some caution because the

intercepts of these correlations, although small, were not

zero. The slopes of Chl a vs. cell concentrations reported

were 180 and 373 (fg cell21) for pelagophytes and small

prymnesiophytes, respectively. To obtain the content of

19’but-fuco and 19’hex-fuco per cell those Chl a values

should be divided by the 19’but-fuco to Chl a ratio for pela-

gophytes [which was 0.9 according to Andersen et al.

(1996)] and by the 19’hex-fuco to Chl a ratio for prymnesio-

phytes (1.3). Thus values of 200 fg cell21 of 19’but-fuco for

pelagophytes and 287 fg cell21 of 19’hex-fuco for prymne-

siophytes are obtained from Andersen et al. (1996). Consid-

ering the larger size of prymnesiophytes (around two times,

Table 3), the pigment per cell values estimated in our study

(82 and 194 fg cell21, or 43 and 48 fg C21, respectively, Sup-

porting Information Table S1) appear to depart less from the

average content of pigment per C in the cells of both

groups. It should be noted that there is a contribution of

coccolithophores (around 20% in the GB samples, Table 2;

Supporting Information Fig. S1) to the 19’hex-fuco attributed

Table 2. Average C abundance (mg m23) of phytoplankton groups in the DCM layer of each cast. Numbers in italics were estimat-
ed from pigment concentrations (n.d., not detected).

48 52 55 66 68 73 75 80 83 88 92 101 Mean 6 SD

Prochlorococcus n.d. n.d. n.d. n.d. n.d. n.d. 2.28 3.68 5.66 3.71 4.11 3.37 3.80 6 1.10

Synechococcus 9.14 3.45 6.90 2.50 6.17 3.52 2.68 1.25 1.95 2.08 1.17 1.20 3.50 6 2.57

Chlorophytes 4.53 2.83 3.70 1.12 3.79 2.47 1.28 0.74 1.16 1.30 1.30 1.47 2.14 6 1.28

Pelagophytes 1.34 1.93 1.77 1.82 2.03 2.11 1.41 1.28 1.72 1.47 1.59 1.69 1.68 6 0.27

Small prymnesiophytes 2.46 0.88 2.88 1.25 3.39 1.98 1.52 2.14 3.02 1.90 1.54 1.90 2.07 6 0.75

Coccolithophores 1.38 0.90 – – – 0.99 – 0.56 0.70 – – – 0.91 6 0.31
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Fig. 4. Changes in the pigment marker content per cell as a function of the irradiance. Empty symbols in the peridinin vs. irradiance plot are exclud-

ed from the curve fitting data (see text for details).
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to small prymnesiophytes not accounted for in Supporting

Information Table S1. In relation to chlorophytes, to our

knowledge, this is the first time that violaxanthin is used as

the specific pigment marker of this group. A mean value of

0.071 violaxanthin to Chl a has been reported for Prasino-

phyceae (Latasa et al. 2004), a group belonging to chloro-

phytes and probably dominating this class in coastal and

open ocean (Not et al. 2004, 2008). Dividing that ratio by the

violaxanthin content (violaxanthin: cell C 5 1.81 3 1023,

Table 3) a mean value of 39 (w : w) C to Chl a would result for

chlorophytes in the DCM.

Depth distribution

The weighted mean depth of each phytoplankton group

indicated a preference for a different position within the

DCM, hinting a preference for different ecological niches

within the DCM. A pattern of vertical alignment can be

identified (Fig. 5). Overall, Prochlorococcus occupied preferen-

tially the shallowest parts of the DCM layer and diatoms the

deepest; dinoflagellates, Synechococcus, and small prymnesio-

phytes were the next shallowest groups, and coccolitho-

phores, chlorophytes and pelagophytes showed a preference

for deeper layers. Statistical differences (Tukey–Kramer multi-

ple comparison test for unequal sample sizes, p<0.05) were

only significative between clearly distant groups (Fig. 5).

Thus, Prochlorococcus were located distinctly above small

prymnesiophytes, coccolithophores, chlorophytes, pelago-

phytes, and diatoms. Dinoflagellates, the next shallowest

group, were significantly above chlorophytes, pelagophytes,

and diatoms. Pelagophytes and diatoms, the deepest groups,

were significantly deeper than the groups occupying the

shallowest layers of the DCM: Prochlorococcus, dinoflagellates,

Synechococcus, and small prymnesiophytes. The high variabil-

ity of diatoms adds uncertainty to the distribution of this

group. The counting error might contribute to this variabili-

ty, but the consistent patterns in their vertical distribution

(no strong spikes, Fig. 3) provide confidence on the results

and indicate a considerable degree of variability highlighted

by the low number of samples (n 5 4).

Discussion

The new sampling strategy proposed here allows investi-

gating the vertical structure in the water column with ca.

2 m resolution. Vertical sampling of the water column has

followed two strategies representing different objectives that

require different methodologies. The study of thin layers

focuses on narrow structures of up to a few meters thick

(< 5 m) with mechanisms of formation and characteristics

different from typical DCM (Hodges and Fratantoni 2009;

Durham and Stocker 2012). Sampling is performed with spe-

cific devices capable of resolving scales of cm without affect-

ing those structures (Lunven et al. 2005). On the other

hand, the most usual oceanic studies perform bottle sam-

pling with intervals in the order of several meters (5–10 and

more). However, shallow pycnoclines, thermoclines, nutri-

clines, and DCM structures encompass depth intervals

around 10–40 m (Fig. 2; Table 1). These structures are not

adequately sampled with the two strategies specified above

because thin layers devices would become unmanageably

large, and the 5–10 m intervals usually used when sampling

with bottles miss the resolution needed to adequately

describe those structures. We have shown that with a

0.25 m/s speed to carry a 24 bottle rosette up and closing

the bottles without stopping could satisfactorily resolve the

nutricline and the different phytoplankton ecological niches

within the 10–40 m depth interval embraced by most of the

DCM layers of our study (Table 1). As a cautionary note, the

small-scale vertical structure is undoubtedly disturbed and

smeared by the equipment, thus preventing the study of

proper thin layers with this procedure.

The combination of group pigment-markers, flow cytome-

try, optical microscopy, and FISH allowed the study of the

Table 3. Parameters of photoacclimation for pigment cell21 and pigment C21 vs. percent irradiance. See text for equation. Viola-
xanthin per chlorophytes vs. irradiance failed to adjust. Zeaxanthin per C21 in Synechococcus failed to adjust. Changes in pigment
per C content were not calculated for dinoflagellates and diatoms.

Pmax Pmin Kacc R2 Mean 6 SD

DVChl a per Pro fg cell21

mg g21

4.2734

26.93

0.3264

12.51

1.077

0.2745

0.87

0.47

1.50 6 1.14

21.3 6 6.05

Zeax per Syn* fg cell21

mg g21

0.7118

*

0.4856

*

0.4018

*

0.11

*

0.631 6 0.166

4.90 6 1.30

Viol per chloro* fg cell21

mg g21

*

*

*

*

*

*

*

*

1.38 6 0.84

1.81 6 1.02

19’but-fuco per pelago fg cell21

mg g21

119.98

68.22

62.77

30.17

0.878

0.892

0.37

0.49

82.3 6 24.2

43.0 6 13.9

19’hex-fuco per prym fg cell21

mg g21

301.6

85.28

67.1

15.31

0.144

0.4215

0.32

0.87

193.8 6 78.9

48.4 6 22.8

Per per dino fg cell21 397.68 62.58 0.4317 0.27 223.5 6 145
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fine vertical distribution of Prochlorococcus, Synechococcus,

chlorophytes, pelagophytes, small prymnesiophytes, coccoli-

thophores, diatoms, and dinoflagellates. Prochlorococcus were

absent in the Avil�es Canyon, a result already reported for

this period of the year (Calvo-D�ıaz et al. 2008). All groups

presented minimum cell abundances at the surface and a

maximum close to the DCM (Fig. 3). Therefore, the DCM

was also a deep biomass maximum (DBML sensu Cullen

2015) and as such will be considered throughout this discus-

sion. It is interesting to note that the cell distribution is not

vertically symmetrical around the DCM (Fig. 5). This result

indicates that, in general, cells tend to accumulate preferen-

tially in the upper part of the DCM layer, different from a

more symmetrical vertical distribution of Chl a. This differ-

ence was a result of the increase of Chl a per cell with depth

due to photoacclimation processes. Also, overlooking the dif-

ferential distribution could lead to some errors when describ-

ing the abundances of phytoplankton groups at the DCM.

We have estimated roughly this error for the extreme case of

Prochlorococcus with the shallowest distribution with a very

simple calculation. Cell concentrations were considered in

three samples: above, below and at the DCM peak, compris-

ing about 8–10 m of the DCM layer, which is a typical reso-

lution in oceanographic sampling. In average, we would

count only 0.54 (6 0.22) times the number of Prochlorococcus

at the DCM peak if we had sampled two depths (4–5 m)

below, and 1.47 (6 0.43) times if sampled two depths above.

Phytoplankton groups aligned vertically in a consistent

way under the summer stratification conditions in our study

area, suggesting that they have certain ecological preferences

for different niches within the DCM (Fig. 5), where vertical

gradients of nutrients and light are strongest. Thus we falsi-

fied our null hypothesis that the DCM is a homogeneous

layer. Although our study was neither intended nor designed

to explain why the groups were distributed the way we

found them, in the following we investigate the possible rea-

sons for the differential vertical distribution according to the

most common explanation for the existence of a deep bio-

mass maximum: differences in losses to predators, growth

and sinking or migration among the different groups of phy-

toplankton (Cullen 2015).

Differential sinking has been considered in modeling

studies as a main factor influencing the formation and main-

tenance of a DCM (Hodges and Rudnick 2004; Dijkstra

2011). Not aggregated phytoplankton increased sinking

speeds have been related to poor nutritional status (Bienfang

and Harrison 1984; Waite et al. 1997; Gerecht et al. 2015)

and size (Smayda 1970; Waite et al. 1997; Richardson and

Jackson 2007). Size is considered a good proxy for gravita-

tional sinking because of two reasons: sinking speed is direct-

ly related to the square of the particle radius according to

Stokes’ law, and nutrient uptake at low concentrations

penalizes cells with high volume to surface ratios (large par-

ticles). In our study, cell size within groups changed with

depth with a quite surprising but consistent pattern related

to their mean size (Figs. 6, 7, Supporting Information Fig. S4;

Supporting Information Table S1). Prochlorococcus, the small-

est cells, increased their C content about 8 times from sur-

face to deepest sample. The increase in Synechococcus, the

next smallest group, was about 2–3 times. However, pelago-

phytes and small (< 5 lm) prymnesiophytes reversed this

trend and decreased their C content with depth. Chloro-

phytes, the smallest picoeukaryotes of our study did not

show statistically significant changes in C content. The

strongest change in size for all groups occurred between

0.3% and 3% irradiance level (Supporting Information Fig.

S4; Supporting Information Table S1). In summary, changes

in cell volume with depth within classes followed a continu-

ous trend related to their overall size: the smallest cells

increased their volume with depth the most, while the larg-

est cells decreased their volume the most. In relative terms

this decrease was similar for all picoeukaryote groups (Fig. 7;

Supporting Information Table S1). We currently do not have

an explanation for this clear and consistent pattern also

reported by Hickman et al. (2009) and Casey et al. (2013).

These latter authors suggested that the increase with depth

in Prochlorococcus is due to the increase in photosynthetic

structures under low irradiance. However, the photoacclima-

tion response was the same for all groups while the size

response was not, leaving the decrease in volume of pelago-

phytes and small prymnesiophytes with depth unexplained.

Fig. 5. Weighted mean depth of phytoplankton groups referred to the

weighted depth distribution of Chl a. Significant differences among
groups (Tukey–Kramer multiple comparison test) are represented by dif-
ferent letters. Error bars indicate 95% confidence intervals, the middle

horizontal bar indicates the mean.
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In theory, deeper samples should experience higher nutrient

supply. Mouri~no-Carballido et al. (2016) found a negative

relationship between nutrient supply (deeper samples) and

cell size of Prochlorococcus, Synechococcus and small picoeukar-

yotes, a result consistent with ours in the case of the picoeu-

karyotes but not for the prokaryotes. Finally, Falkowski and

Owens (1980) reported a clear decrease in size with light lim-

itation in two large species of phytoplankton. Therefore, it is

not clear whether nutrient or irradiance was responsible for

the cell size changes with depth.

In spite of all this variability, the average size of phyto-

plankton groups distinguished here did not overlap at any

given depth. Only the size range of Prochlorococcus and Syne-

chococcus intersected but, because they followed the same

trend (increased size with depth), the size of the cells of

these two groups never overlapped at any given depth. Cell

size went from smallest to largest in the following order: Pro-

chlorococcus, Synechococcus, chlorophytes, pelagophytes, small

prymnesiophytes, coccolithophores, and dinoflagellates/dia-

toms (the last three groups examined by optical microscopy

and without a systematic size classification). Although there

are some similarities, this size distribution does not match

the vertical distribution observed for these groups (Fig. 5).

The higher than expected position of dinoflagellates could

be explained by their swimming ability to search for well-lit

layers (see below). However, a main discrepancy is the simi-

lar deep distribution of diatoms and pelagophytes, which

somehow undermines the differential sinking theory unless

the density of pelagophytes is exceptionally high.

Another point to explore is a group-selective depth-

dependent grazing. We do not find specific reasons to

assume a differential top-down control to produce the pre-

sented profiles (Figs. 3, 5). Predator avoidance has been

described by swimming phytoplankton for anoxic lakes

(Pedr�os-Ali�o et al. 1995) but such an extreme environment

for heterotrophic feeding cannot be envisioned here (Fig. 2).

Also, toxin-producing phytoplankton might reduce ingestion

rates of predators thus producing a biomass increase of such

phytoplankton (Turner and Tester 1997; Boyd et al. 2000).

The predominant large phytoplankton (> 5 lm) in our sam-

ples corresponded to the genus Chaetoceros sg. Hyalochaete,

Leptocylindrus, Proboscia, Rhizosolenia, Pseudo-nitzschia group

delicatissima, Nitzschia bicapitata-type and some fusiform

pennates (diatoms), Gymnodinium and Ceratium (dinoflagel-

lates) and Emiliania huxleyi (coccolithophores), which do not

belong to the most typical toxin-producing groups, thus

invalidating the hypothesis. Finally, Strom (2001) described

digestibility of phytoplankton ingested by microzooplankton

to be aided by higher irradiance levels, implying higher graz-

ing rates in the upmost part of the DCM layer than in the

deeper parts. This last mechanism could explain the increase

of phytoplankton at the DCM but not a differential grazing.

Thus, it appears that there are no satisfactory reasons to

sustain a top-down control for the existence of specific phy-

toplankton niches in the DCM.

The last point to explore looking for a reason for the dif-

ferent vertical preferences of phytoplankton groups is the

possibility of differential growth of phytoplankton groups at

different depths in the DCM, a bottom-up approach. Growth

rates of phytoplankton are driven by temperature, irradiance,

and nutrient availability. All three factors change abruptly in

the DCM layer in an almost synchronic and opposite way:

light and temperature conditions become less favorable with

depth (darker and colder) while nutrient concentrations

increase. With the data at hand it is not possible to disentan-

gle the main factors that might influence a potential differ-

ence in growth rates of the different phytoplankton groups,

but we could try to compare described traits from the groups

with the variable conditions of the DCM layer and make

some reasonable speculations about the alignment found.

Since comparative studies among phytoplankton groups

addressing the combined effects of the strongly depth-

covarying variables light, nutrients and temperature are not

available, we used the information from related studies to

explain the reasons for the vertical distribution of the

groups. In theory, all groups should prefer shallower, better

illuminated waters. Prochlorococcus were capable to stay the

shallowest, above the nutrient rich depths, indicating their

well-known ability to cope in low nutrient conditions (Par-

tensky et al. 1999; Latasa et al. 2010). Dinoflagellates were

the eukaryotes with the shallowest distribution by far. Sam-

pling was performed always at night, thus the usual explana-

tion that vertical migrations by dinoflagellates are performed

to obtain nutrients at depth at night followed by swimming

toward the surface during the day, does not explain the results

found here. The shallow distribution of dinoflagellates has

been attributed to the presence of mixotrophic and heterotro-

phic forms (Estrada 1991). If this was the case, the described

population would be formed by mixotrophic forms since their

abundance was based in part on their pigment marker concen-

tration. Synechococcus also remained in the more illuminated

waters of the DCM layer. The wide distribution of Synechococ-

cus hints their preference for mesotrophic conditions (Parten-

sky et al. 1999; Latasa et al. 2010) but also their plasticity to

survive in low nutrient environments (Paerl et al. 2011). The

small prymnesiophytes considered here do not include cocco-

lithophores but belong to the non-calcifying populations

described by pigment (Andersen et al. 1996; Not et al. 2008)

and molecular (Liu et al. 2009) approaches. The shallow posi-

tion of small prymnesiophytes in relation to other picoeukary-

otic algae agrees with other results (Dupont et al. 2015;

Cabello et al. 2016). They appear to have mixotrophic abilities

(Unrein et al. 2007, 2014; Zubkov and Tarran 2008) therefore

presenting an argument supporting their relatively shallow

position away from the nutrient richest conditions at depth.

The middle position of chlorophytes should be attributed

to their broad vertical distribution with a not very
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Fig. 6. Changes in C content per cell as a function of the irradiance.
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pronounced peak at the DCM and sometimes two maxima

separated by several meters within this layer (Fig. 3, Cabello

et al. 2016). These special distribution hints the presence of

two vertically segregated populations of chlorophytes in the

DCM layer. As concluded by Cabello et al. (2016) the coarse

taxonomic resolution at the class level, although it provides

some valuable information, does not unveil the complete

physiological diversity of phytoplankton. The deep position

of pelagophytes, a small (2–3 lm) eukaryotic phytoplankton,

should not be surprising. There are increasing evidences that

pelagophytes can use the low-light high-nutrient conditions

typical of the DCM. Physiological experiments showed their

low-light photosynthetic characteristics (Dimier et al. 2009;

Kulk et al. 2012) and genetic analysis confirmed a very high

number of genes involved in the formation of light-

harvesting complexes (Gobler et al. 2011) and in the assimi-

lation of nitrogen (Dupont et al. 2015). Finally, diatoms pre-

sented a very broad distribution, which could be explained

observing the details of the database and appealing to the

theory that large cells require high nutrient concentrations.

Our explanation is that the position of diatoms is due to

their ability to capture nutrient pulses from below. The two

shallowest points of the weighted mean depth of diatoms

(Fig. 5) belonged to the AC area (Fig. 3). The canyon is an

area of internal tides and waves activity that produce isopyc-

nal displacements of c.a. 30 m near the surface (S�anchez

et al. 2014) bringing nutrients to well-lit layers. Diatoms are

well capable to rapidly uptake and store nutrients that will be

used later on (Lomas and Gilbert 2000; Tozzi et al. 2004).

Nutrient pulses are often invoked in the DCM layer as a result

of internal waves and mesoscale eddies (McGillicuddy et al.

1998; Uz et al. 2001). Thus, diatoms should be well adapted to

thrive in the pulsing environment of the AC (Goldman and

McGillicuddy 2003) and could manage to stay above their the-

oretical depth if just constant nutrient diffusion was taking

place. The GB is an area farther away from the coast (Fig. 1)

where physical processes bringing nutrient to the euphotic

zone should be more occasional and thus forcing the nutrient-

seeking diatoms to deeper layers.

In summary, we found a vertical alignment of phyto-

plankton groups within the DCM layer. We have explored

the main habitual reasons for the presence of a DCM (differ-

ential losses to predators, growth rates, and sinking) to

explain the reason for such an alignment. The most likely

explanation is that the different groups present different eco-

logical needs and traits adapted to the potential different

microenvironments in this layer of strong abiotic gradients.

Nutrients and irradiance are the most evident environmental

variables with an impact for the presence of phytoplankton

gradients, a bottom-up approach already investigated to

explain the distribution of Synechococcus and picoeukaryotes

in the DCM (Hickman et al. 2009). Our results are coherent

with known ecophysiological responses of the studied groups

and thus we hypothesize that the vertical distribution

described here is reproducible in DCM layers with similar

light and nutrient patterns. Further investigations on the

fine structure of the DCM will help to better identify the

ecological traits of phytoplankton groups. It is clear that the

vertical alignment of phytoplankton groups preclude consid-

ering the DCM as a homogeneous layer.

References

Andersen, R. A., R. R. Bidigare, M. D. Keller, and M. Latasa.

1996. A comparison of HPLC pigment signatures and

Fig. 7. Changes in cell volume vs. their average size. The y-axis in the
upper panel indicates the absolute change of each group volume as the
slope of cell volume vs. the 0.3–3% irradiance levels (see Supporting

Information Fig. S4). The y-axis in the lower panel represents the relative
change as the normalized cell volume (cell volume divided by the group’s
mean volume) vs. the 0.3–3% irradiance level. Error bars indicate SD.

Latasa et al. Distribution of phytoplankton groups in the DCM

682



electron microscopic observations for oligotrophic waters

of the North Atlantic and Pacific Oceans. Deep-Sea Res. II

43: 517–537. doi:10.1016/0967-0645(95)00095-X

Behrenfeld, M. J. 2010. Abandoning Sverdrup’s Critical

Depth Hypothesis on phytoplankton blooms. Ecology 91:

977–989. doi:10.1890/09-1207.1

Bidigare, R., O. Schofield, and B. Prezelin. 1989. Influence of

zeaxanthin on quantum yield of photosynthesis of Syne-

chococcus clone WH7803 (DC2). Mar. Ecol. Prog. Ser. 56:

177–188. doi:10.3354/meps056177

Bienfang, P. K., and P. J. Harrison. 1984. Sinking-rate

response of natural assemblages of temperate and subtrop-

ical phytoplankton to nutrient depletion. Mar. Biol. 83:

293–300. doi:10.1007/BF00397462

Boyd, P. W., and others. 2000. A mesoscale phytoplankton

bloom in the polar Southern Ocean stimulated by iron

fertilization. Nature 407: 695–702. doi:10.1038/35037500

Cabello, A. M., M. Latasa, I. Forn, X. G. Mor�an, and R. Massana.

2016. Vertical distribution of major photosynthetic picoeu-

karyotic groups in stratified marine waters. Environ. Micro-

biol. 18: 1578–1590. doi:10.1111/1462-2920.13285

Calvo-D�ıaz, A., and X. A. G. Mor�an. 2006. Seasonal dynamics of

picoplankton in shelf waters of the southern Bay of Biscay.

Aquat. Microb. Ecol. 42: 159–174. doi:10.3354/ame042159

Calvo-D�ıaz, A., X. A. G. Mor�an, and L. �A. Su�arez. 2008. Sea-

sonality of picophytoplankton chlorophyll a and biomass

in the central Cantabrian Sea, southern Bay of Biscay. J.

Mar. Syst. 72: 271–281. doi:10.1016/j.jmarsys.2007.03.008

Casey, J. R., J. P. Aucan, S. R. Goldberg, and M. W. Lomas.

2013. Changes in partitioning of carbon amongst photo-

synthetic pico- and nano-plankton groups in the Sargasso

Sea in response to changes in the North Atlantic Oscilla-

tion. Deep-Sea Res. II 93: 58–70. doi:10.1016/j.dsr2.2013.

02.002

Cullen, J. J. 1982. The deep chlorophyll maximum: Compar-

ing vertical profiles of chlorophyll a. Can. J. Fish. Aquat.

Sci. 39: 791–803. doi:10.1139/f82-108

Cullen, J. J. 2015. Subsurface chlorophyll maximum layers:

Enduring enigma or mystery solved? Ann. Rev. Mar. Sci.

7: 207–239. doi:10.1146/annurev-marine-010213-135111

Dijkstra, M. 2011. Mechanisms contributing to the deep

chlorophyll maximum in Lake Superior. Master’s thesis.

Michigan Technological Univ. Available from http://digi-

talcommons.mtu.edu/etds/231/

Dimier, C., C. Brunet, R. R. Geider, and J. Raven. 2009.

Growth and photoregulation dynamics of the picoeukar-

yote Pelagomonas calceolata in fluctuating light. Limnol.

Oceanogr. 54: 823–836. doi:10.4319/lo.2009.54.3.0823

Dupont, C. L., and others. 2015. Genomes and gene expres-

sion across light and productivity gradients in eastern

subtropical Pacific microbial communities. ISME J. 9:

1076–1092. doi:10.1038/ismej.2014.198

Durham, W. M., and R. Stocker. 2012. Thin phytoplankton

layers: Characteristics, mechanisms, and consequences.

Ann. Rev. Mar. Sci. 4: 177–207. doi:10.1146/annurev-

marine-120710-100957

Estrada, M. 1991. Phytoplankton assemblages across a NW

Mediterranean front: Changes from winter mixing to

spring stratification, p. 157–185. In J. D. Ros and N. Prats

[eds.], Homage to Ram�on Margalef or why there is such

pleasure in studying nature. Oecol. Aquat. 10: 157–185.

Estrada, M., C. Marrase, M. Latasa, E. Berdalet, M. Delgado,

and T. Riera. 1993. Variability of deep chlorophyll maxi-

mum characteristics in the Northwestern Mediterranean.

Mar. Ecol. Prog. Ser. 92: 289–300. doi:10.3354/

meps092289

Estrada, M., and others. 2016. Summer phytoplankton across

the world’s oceans. PLoS One 11: e0151699. doi:10.1371/

journal. pone.0151699

Falkowski, P. G., and T. G. Owens. 1980. Light-shade adapta-

tion: Two strategies in marine phytoplankton. Plant Phys-

iol. 66: 592–595. doi:10.1104/pp.66.4.592

Gerecht, A. C., L. �Supraha, B. Edvardsen, G. Langer, and J.

Henderiks. 2015. Phosphorus availability modifies carbon

production in Coccolithus pelagicus (Haptophyta). J. Exp. Mar.

Biol. Ecol. 472: 24–31. doi:10.1016/j.jembe.2015.06.019

Gobler, C. J., and others. 2011. Niche of harmful alga Aureo-

coccus anophagefferens revealed through ecogenomics.

Proc. Natl. Acad. Sci. USA 108: 4352–4357. doi:10.1073/

pnas.1016106108

Goldman, J. C., and D. J. McGillicuddy. 2003. Effect of large

marine diatoms growing at low light on episodic new pro-

duction. Limnol. Oceanogr. 48: 1176–1182. doi:10.4319/

lo.2003.48.3.1176

Hickman, A. E., P. M. Holligan, C. M. Moore, J. Sharples, V.

Krivtsov, and M. R. Palmer. 2009. Distribution and chro-

matic adaptation of phytoplankton within a shelf sea ther-

mocline. Limnol. Oceanogr. 54: 525–536. doi:10.4319/

lo.2009.54.2.0525

Hodges, B. A., and D. L. Rudnick. 2004. Simple models of

steady deep maxima in chlorophyll and biomass. Deep-

Sea Res. I 51: 999–1015. doi:10.1016/j.dsr.2004.02.009

Hodges, B. A., and D. M. Fratantoni. 2009. A thin layer of

phytoplankton observed in the Philippine Sea with a syn-

thetic moored array of autonomous gliders. J. Geophys.

Res. Ocean 114: 1–15. doi:10.1029/2009JC005317

Kana, T. M., P. M. Glibert, R. Goericke, and N. A. Welschmeyer.

1988. Zeaxanthin and ß-carotene in Synechococcus WH7803

respond differently to irradiance. Limnol. Oceanogr. 33:

1623–1627. doi:10.4319/lo.1988.33.6part2.1623

Kulk, G., P. De Vries, W. H. Van De Poll, R. J. W. Visser, and

A. G. J. Buma. 2012. Temperature-dependent growth and

photophysiology of prokaryotic and eukaryotic oceanic

picophytoplankton. Mar. Ecol. Prog. Ser. 466: 43–55. doi:

10.3354/meps09898

Latasa, M. 2014. A simple method to increase sensitivity for

RP-HPLC phytoplankton pigment analysis. Limnol. Oce-

anogr.: Methods 12: 46–53. doi:10.4319/lom.2014.12.46

Latasa et al. Distribution of phytoplankton groups in the DCM

683

http://dx.doi.org/10.1016/0967-0645(95)00095-X
http://dx.doi.org/10.1890/09-1207.1
http://dx.doi.org/10.3354/meps056177
http://dx.doi.org/10.1007/BF00397462
http://dx.doi.org/10.1038/35037500
http://dx.doi.org/10.1111/1462-2920.13285
http://dx.doi.org/10.3354/ame042159
http://dx.doi.org/10.1016/j.jmarsys.2007.03.008
http://dx.doi.org/10.1016/j.dsr2.2013.02.002
http://dx.doi.org/10.1016/j.dsr2.2013.02.002
http://dx.doi.org/10.1139/f82-108
http://dx.doi.org/10.1146/annurev-marine-010213-135111
http://digitalcommons.mtu.edu/etds/231/
http://digitalcommons.mtu.edu/etds/231/
http://dx.doi.org/10.4319/lo.2009.54.3.0823
http://dx.doi.org/10.1038/ismej.2014.198
http://dx.doi.org/10.1146/annurev-marine-120710-100957
http://dx.doi.org/10.1146/annurev-marine-120710-100957
http://dx.doi.org/10.3354/meps092289
http://dx.doi.org/10.3354/meps092289
http://dx.doi.org/10.1371/journal
http://dx.doi.org/10.1371/journal
http://dx.doi.org/10.1104/pp.66.4.592
http://dx.doi.org/10.1016/j.jembe.2015.06.019
http://dx.doi.org/10.1073/pnas.1016106108
http://dx.doi.org/10.1073/pnas.1016106108
http://dx.doi.org/10.4319/lo.2003.48.3.1176
http://dx.doi.org/10.4319/lo.2003.48.3.1176
http://dx.doi.org/10.4319/lo.2009.54.2.0525
http://dx.doi.org/10.4319/lo.2009.54.2.0525
http://dx.doi.org/10.1016/j.dsr.2004.02.009
http://dx.doi.org/10.1029/2009JC005317
http://dx.doi.org/10.4319/lo.1988.33.6part2.1623
http://dx.doi.org/10.3354/meps09898
http://dx.doi.org/10.4319/lom.2014.12.46


Latasa, M., R. Scharek, F. Le Gall, and L. Guillou. 2004. Pigment

suites and taxonomic groups in Prasinophyceae. J. Phycol.

40: 1149–1155. doi:10.1111/j.1529-8817.2004.03136.x

Latasa, M., R. Scharek, M. Vidal, G. Vila-Reixach, A.

Guti�errez-Rodr�ıguez, M. Emelianov, and J. M. Gasol.

2010. Preferences of phytoplankton groups for waters of

different trophic status in the northwestern Mediterra-

nean Sea. Mar. Ecol. Prog. Ser. 407: 27–42. doi:10.3354/

meps08559

Liccardo, A., A. Fierro, D. Iudicone, P. Bouruet-Aubertot, and

L. Dubroca. 2013. Response of the deep chlorophyll maxi-

mum to fluctuations in vertical mixing intensity. Prog.

Oceanogr. 109: 33–46. doi:10.1016/j.pocean.2012.09.004

Lindemann, C., and M. A. St. John. 2014. A seasonal diary of

phytoplankton in the North Atlantic. Front. Mar. Sci. 1:

1–6. doi:10.3389/fmars.2014.00037

Liu, H., R. R. Bidigare, E. Laws, M. R. Landry, and L.

Campbell. 1999. Cell cycle and physiological characteris-

tics of Synechococcus (WH7803) in chemostat culture. Mar.

Ecol. Prog. Ser. 189: 17–25. doi:10.3354/meps189017

Liu, H., I. Probert, J. Uitz, H. Claustre, S. Aris-Brosou, M.

Frada, F. Not, and C. de Vargas. 2009. Extreme diversity

in noncalcifying haptophytes explains a major pigment

paradox in open oceans. Proc. Natl. Acad. Sci. USA 106:

12803–12808. doi:10.1073/pnas.0905841106

Lomas, M.W., and P. M. Gilbert. 2000. Comparisons of

nitrate uptake, storage, and reduction in marine diatoms

and flagellates. J. Phycol. 36: 903–913. doi:10.1046/

j.1529-8817.2000.99029.x

Longhurst A. 1998. Ecological geography of the sea. Academ-

ic Press.

Lund, J. W. G., C. Kipling, and E. D. Le Cren. 1958. The

inverted microscope method of estimating algal numbers

and the statistical basis of estimations by counting.

Hydrobiologia 11: 143–170. doi:10.1007/BF00007865

Lunven, M., and others. 2005. Nutrient and phytoplankton

distribution in the Loire River plume (Bay of Biscay, France)

resolved by a new Fine Scale Sampler. Estuar. Coast. Shelf

Sci. 65: 94–108. doi:10.1016/j.ecss.2005.06.001

McGillicuddy, D. J., and others. 1998. Influence of mesoscale

eddies on new production in the Sargasso Sea. Nature

394: 263–266. doi:10.1038/28367

Menden-Deuer, S., and E. J. Lessard. 2000. Carbon to volume

relationships for dinoflagellates, diatoms, and other pro-

tist plankton. Limnol. Oceanogr. 45: 569–579. doi:

10.4319/lo.2000.45.3.0569

Mignot, A., H. Claustre, J. Uitz, A. Poteau, F. D. Ortenzio, and

X. Xing. 2014. Understanding the seasonal dynamics of

phytoplankton biomass and the deep chlorophyll maxi-

mum in oligotrophic environments: A Bio-Argo float inves-

tigation. Global Biogeochem. Cycles 28. doi:10.1002/

2013GB004781

Moore, L. R., R. Goericke, and S. W. Chisholm. 1995. Com-

parative physiology of Synechococcus and Prochlorococcus:

Influence of light and temperature on growth, pigments,

fluorescence and absorptive properties. Mar. Ecol. Prog.

Ser. 116: 259–276. doi:10.3354/meps116259

Mouri~no-Carballido, B., and others. 2016. Nutrient supply

controls picoplankton community structure during three

contrasting seasons in the northwestern Mediterranean Sea.

Mar. Ecol. Prog. Ser. 543: 1–19. doi:10.3354/meps11558

Navarro, G., and J. Ruiz. 2013. Hysteresis conditions the ver-

tical position of deep chlorophyll maximum in the tem-

perate ocean. Global Biogeochem. Cycles 27: 1013–1022.

doi:10.1002/gbc.20093

Not, F., M. Latasa, D. Marie, T. Cariou, D. Vaulot, and N.

Simon. 2004. A single species, Micromonas pusilla (Prasino-

phyceae), dominates the eukaryotic picoplankton in the

Western English Channel. Appl. Environ. Microbiol. 70:

4064–4072. doi:10.1128/AEM.70.7.4064-4072.2004

Not, F., and others. 2008. Protistan assemblages across the

Indian Ocean, with a specific emphasis on the picoeukar-

yotes. Deep-Sea Res. I 55: 1456–1473. doi:10.1016/

j.dsr.2008.06.007

Paerl, R. W., K. S. Johnson, R. M. Welsh, A. Z. Worden, F. P.

Chavez, and J. P. Zehr. 2011. Differential distributions of Syn-

echococcus subgroups across the California current system.

Front. Microbiol. 2: 1–22. doi:10.3389/fmicb.2011.00059

Partensky, F., W. R. Hess, and D. Vaulot. 1999. Prochlorococ-

cus, a marine photosynthetic prokaryote of global signifi-

cance. Microbiol. Mol. Biol. Rev. 63: 106–127.

Pedr�os-Ali�o, C., R. Massana, M. Latasa, J. Garc�ıa-Cantizano,

and J. M. Gasol. 1995. Predation by ciliates on a metalim-

netic Cryptomonas population - feeding rates, impact and

effects of vertical migration. J. Plankton Res. 17: 2131–

2154. doi:10.1093/plankt/17.11.2131

Richardson, T. L., and G. A. Jackson. 2007. Small phyto-

plankton and carbon export from the surface ocean. Sci-

ence 315: 838–840. doi:10.1126/science.1133471

Riebesell, U., A. T. Revill, D. G. Holdsworth, and J. K.

Volkman. 2000. The effects of varying CO2 concentration

on lipid composition and carbon isotope fractionation in

Emiliania huxleyi. Geochim. Cosmochim. Acta 64: 4179–

4192. doi:10.1016/S0016-7037(00)00474-9

S�anchez, F., and others. 2014. Habitat characterization of

deep-water coral reefs in La Gaviera Canyon (Avil�es Can-

yon System, Cantabrian Sea). Deep-Sea Res. II 106: 118–

140. doi:10.1016/j.dsr2.2013.12.014

Smayda, T. J. 1970. The suspension and sinking of phytoplank-

ton in the sea. Oceanogr. Mar. Biol. Annu. Rev. 8: 353–414.

Somavilla, R., C. Gonz�alez-Pola, M. Ruiz-Villarreal, and A. L.

Montero. 2011. Mixed layer depth (MLD) variability in the

southern Bay of Biscay. Deepening of winter MLDs concur-

rent with generalized upper water warming trends? Ocean

Dyn. 61: 1215–1235. doi:10.1007/s10236-011-0407-6

Sournia, A. 1978. Phytoplankton manual. UNESCO Monogr.

Oceanogr. Method. 6: 337. Available from http://unesdoc.

unesco.org/images/0003/000307/030788eo.pdf

Latasa et al. Distribution of phytoplankton groups in the DCM

684

http://dx.doi.org/10.1111/j.1529-8817.2004.03136.x
http://dx.doi.org/10.3354/meps08559
http://dx.doi.org/10.3354/meps08559
http://dx.doi.org/10.1016/j.pocean.2012.09.004
http://dx.doi.org/10.3389/fmars.2014.00037
http://dx.doi.org/10.3354/meps189017
http://dx.doi.org/10.1073/pnas.0905841106
http://dx.doi.org/10.1046/j.1529-8817.2000.99029.x
http://dx.doi.org/10.1046/j.1529-8817.2000.99029.x
http://dx.doi.org/10.1007/BF00007865
http://dx.doi.org/10.1016/j.ecss.2005.06.001
http://dx.doi.org/10.1038/28367
http://dx.doi.org/10.4319/lo.2000.45.3.0569
http://dx.doi.org/10.1002/2013GB004781
http://dx.doi.org/10.1002/2013GB004781
http://dx.doi.org/10.3354/meps116259
http://dx.doi.org/10.3354/meps11558
http://dx.doi.org/10.1002/gbc.20093
http://dx.doi.org/10.1128/AEM.70.7.4064-4072.2004
http://dx.doi.org/10.1016/j.dsr.2008.06.007
http://dx.doi.org/10.1016/j.dsr.2008.06.007
http://dx.doi.org/10.3389/fmicb.2011.00059
http://dx.doi.org/10.1093/plankt/17.11.2131
http://dx.doi.org/10.1126/science.1133471
http://dx.doi.org/10.1016/S0016-7037(00)00474-9
http://dx.doi.org/10.1016/j.dsr2.2013.12.014
http://dx.doi.org/10.1007/s10236-011-0407-6
http://unesdoc.unesco.org/images/0003/000307/030788eo.pdf
http://unesdoc.unesco.org/images/0003/000307/030788eo.pdf


Strom, S. 2001. Light-aided digestion, grazing and growth in

herbivorous protists. Aquat. Microb. Ecol. 23: 253–261.

doi:10.3354/ame023253

Sunagawa, S., and others. 2015. Structure and function of

the global ocean microbiome. Science 348: 1–10. doi:

10.1126/science.1261359

Sverdrup, H. U. 1953. On conditions for the vernal blooming

of phytoplankton. J. Cons. int. Explor. Mer 18: 287–295.

doi:10.1093/icesjms/18.3.287

Taylor, J. R., and R. Ferrari. 2011. Shutdown of turbulent

convection as a new criterion for the onset of spring phy-

toplankton blooms. Limnol. Oceanogr. 56: 2293–2307.

doi:10.4319/lo.2011.56.6.2293

Tozzi, S., O. Schofield, and P. Falkowski. 2004. Historical cli-

mate change and ocean turbulence as selective agents for

two key phytoplankton functional groups. Mar. Ecol.

Prog. Ser. 274: 123–132. doi:10.3354/meps274123

Turner, J., and P. Tester. 1997. Toxic marine phytoplankton,

zooplankton grazers, and pelagic food webs. Limnol. Oce-

anogr. 42: 1203–1214. doi:10.4319/lo.1997.42.5_part_2.

1203

Unrein, F., R. Massana, L. Alonso-S�aez, and J. M. Gasol. 2007.

Significant year-round effect of small mixotrophic flagellates

on bacterioplankton in an oligotrophic coastal system. Lim-

nol. Oceanogr. 52: 456–469. doi:10.4319/lo.2007.52.1.0456

Unrein, F., J. M. Gasol, F. Not, I. Forn, and R. Massana.

2014. Mixotrophic haptophytes are key bacterial grazers

in oligotrophic coastal waters. ISME J. 8: 164–176. doi:

10.1038/ismej.2013.132

Uterm€ohl, H. 1958. Zur Vervollkommnung der quantitativen

Phytoplankton-Methodik. Mitt. int. Ver. ther. angew.

Limnol. 9: 1–38.

Uz, B. M., J. A. Yoder, and V. Osychny. 2001. Pumping of

nutrients to ocean surface waters by the action of propa-

gating planetary waves. Nature 409: 597–600. doi:

10.1038/35054527

Vaillancourt, R. D., J. Marra, M. P. Seki, M. L. Parsons, and

R. R. Bidigare. 2003. Impact of a cyclonic eddy on phyto-

plankton community structure and photosynthetic com-

petency in the subtropical North Pacific Ocean. Deep-Sea

Res. I 50: 829–847. doi:10.1016/S0967-0637(03)00059-1

van Lenning, K., M. Latasa, M. Estrada, A. G. S�aez, L.

Medlin, I. Probert, B. V�eron, and J. Young. 2003. Pigment

signatures and phylogenetic relationships of the Pavlo-

phyeceae (Haptophyta). J. Phycol. 39: 379–389. doi:

10.1046/j.1529-8817.2003.02064.x

Veldhuis, M., and G. Kraay. 1990. Vertical distribution and

pigment composition of a picoplanktonic prochlorophyte

in the subtropical North Atlantic: A combined study of

HPLC-analysis of pigments and flow cytometry. Mar. Ecol.

Prog. Ser. 68: 121–127. doi:10.3354/meps068121

Venrick, E. L. 1988. The vertical distribution of chlorophyll

and phytoplankton species in the North Pacific central

environment. J. Plankton Res. 10: 987–998. doi:10.1093/

plankt/10.5.987

Venrick, E. L. 1999. Phytoplankton species structure in the

central North Pacific, 1973-1996: Variability and persis-

tence. J. Plankton Res. 21: 1029–1042. doi:10.1093/

plankt/21.6.1029

Waite, A., A. Fisher, P. A. Thompson, and P. J. Harrison. 1997.

Sinking rate versus cell volume relationships illuminate

sinking rate control mechanisms in marine diatoms. Mar.

Ecol. Prog. Ser. 157: 97–108. doi:10.3354/meps157097

Worden, A. A. Z., J. J. K. Nolan, and B. Palenik. 2004. Assessing

the dynamics and ecology of marine picophytoplankton:

The importance of the eukaryotic component. Limnol.

Oceanogr. 49: 168–179. doi:10.4319/lo.2004.49.1.0168

Wright, S. W., and R. F. C. Mantoura. 1997. Guidelines for

collection and pigment analysis of field samples, p. 429–

445. In S. W. Jeffrey, R. F. C. Mantoura, and S. W. Wright

[eds.], Phytoplankton pigments in oceanography: Guide-

lines to modern methods. UNESCO.

Zapata, M., F. Rodriguez, and J. L. Garrido. 2000. Separation

of chlorophylls and carotenoids from marine phytoplank-

ton: A new HPLC method using a reversed phase C8 col-

umn and pyridine containing mobile phases. Mar. Ecol.

Prog. Ser. 195: 29–45. doi:10.3354/meps195029

Zubkov, M. V, and G. A. Tarran. 2008. High bacterivory by

the smallest phytoplankton in the North Atlantic Ocean.

Nature 455: 224–226. doi:10.1038/nature07236

Acknowledgments

We thank L. D�ıaz and C. Cabeza for their technical assistance with flow
cytometry and HPLC pigment analyses, and E. Fern�andez-Guallart for her

collaboration in sampling tasks. C. Gonz�alez-Pola provided the hydro-
graphical data. We are grateful to F. S�anchez for inviting us to participate

in the INDEMARES 0710 cruises and chief scientists, colleagues and crew
for their collaboration. This study has been financed by projects FAMOSO
(CTM2008-062621-C03/MAR, Ministerio de Economia y Competitividad,

Spanish Government) and GIDEP (GRUPIN14-144, Principado de Asturi-
as). A. M. Cabello was supported by a Spanish FPI grant (BES-2009-

0277194). Two anonymous reviewers provided valuable comments.

Conflict of Interest

None declared.

Submitted 15 February 2016

Revised 24 June 2016

Accepted 01 September 2016

Associate editor: Mikhail Zubkov

Latasa et al. Distribution of phytoplankton groups in the DCM

685

http://dx.doi.org/10.3354/ame023253
http://dx.doi.org/10.1126/science.1261359
http://dx.doi.org/10.1093/icesjms/18.3.287
http://dx.doi.org/10.4319/lo.2011.56.6.2293
http://dx.doi.org/10.3354/meps274123
http://dx.doi.org/10.4319/lo.1997.42.5_part_2.1203
http://dx.doi.org/10.4319/lo.1997.42.5_part_2.1203
http://dx.doi.org/10.4319/lo.2007.52.1.0456
http://dx.doi.org/10.1038/ismej.2013.132
http://dx.doi.org/10.1038/35054527
http://dx.doi.org/10.1016/S0967-0637(03)00059-1
http://dx.doi.org/10.1046/j.1529-8817.2003.02064.x
http://dx.doi.org/10.3354/meps068121
http://dx.doi.org/10.1093/plankt/10.5.987
http://dx.doi.org/10.1093/plankt/10.5.987
http://dx.doi.org/10.1093/plankt/21.6.1029
http://dx.doi.org/10.1093/plankt/21.6.1029
http://dx.doi.org/10.3354/meps157097
http://dx.doi.org/10.4319/lo.2004.49.1.0168
http://dx.doi.org/10.3354/meps195029
http://dx.doi.org/10.1038/nature07236

	l

