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A B S T R A C T   

Phytoplankton size structure, a major determinant of trophic structure and biogeochemical functioning in pelagic ecosystems, can be described by the slope of the 
size-abundance spectrum (SAS). Previous observational studies reporting spatio-temporal changes in phytoplankton SAS slope have focused on particular open-ocean 
or coastal environments. Therefore, the overall variability in phytoplankton SAS slope still has not been investigated over wide ranges of biomass and productivity 
including both oligotrophic open-ocean regions and productive coastal waters. Here we present a multi-cruise overview of the basin-scale variability in phyto
plankton biomass and SAS slope across the Atlantic Ocean, covering coastal, shelf, and oceanic environments over the 50◦N-50◦S latitude range. We find the inverse 
relationship between cell size and abundance to be pervasive across the studied regions, even in highly productive coastal waters. In oceanic regions, consistent 
latitudinal patterns are observed in the relationship between nutricline depth, phytoplankton biomass and SAS slope. There is a strong degree of covariation between 
SAS slope at the surface and at the base of the euphotic layer, indicating that geographical changes in phytoplankton size structure override vertical variability. A 
basin-scale relationship exists between increasing resource supply, enhanced phytoplankton biomass, and progressively less steep SAS slopes, reflecting increasing 
importance of large cells in more productive waters. However, the relationship between ecosystem productivity and both SAS slope and mean community cell size is 
saturating, which means there is no continuous trend towards ever increasing contribution by larger cells. Similar phytoplankton size structures, with a biomass 
dominance by the 2–20 μm size class, are found in both moderately and highly eutrophic waters. Our results provide an observational benchmark for testing the 
predictions of size-based plankton models and for assessing future, climate-related shifts in phytoplankton size structure in both coastal and oceanic regions of the 
Atlantic Ocean.   

1. Introduction 

Phytoplankton size structure is a major determinant of trophic 
structure and biogeochemical functioning in pelagic ecosystems, 
affecting the length and complexity of the food web, energy transfer 
efficiency, the fate of primary production, and the strength of the bio
logical carbon pump (Marañón, 2015; Sommer et al., 2017, Hillebrand 
et al., 2022). Communities dominated by small cells, such as those of 

nutrient-impoverished regions, support complex food webs with a high 
recycling efficiency that have a small potential for atmospheric CO2 
drawdown and organic carbon export. In contrast, a dominance by 
larger species, which is typical of nutrient-rich, productive waters, is 
associated with simpler trophic pathways, enhanced sinking rates, and 
larger fractions of exported primary production. The variability in 
phytoplankton size structure is thus a fundamental component of the 
biogeography of plankton functional traits (Barton et al., 2013). 

* Corresponding author at: Centro de Investigación Mariña da Universidade de Vigo (CIM-UVigo), Vigo, Spain. 
E-mail address: em@uvigo.es (E. Marañón).  
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A commonly used approach to characterize the size distribution of 
species assemblages in aquatic ecosystems is to construct an individual 
size distribution, also known as size-abundance spectrum (SAS) (White 
et al., 2007). In a SAS, all size classes have the same width on a loga
rithmic scale and the total abundance (N) of all individuals, irrespective 
of species, within each size class is plotted as a function of the nominal 
cell size of the size class (Rodríguez et al., 1998; Rodríguez et al., 2002). 
The resulting abundance distribution follows a decreasing power func
tion of cell volume (V) such that N ∝ Vb, where b, the size scaling 
exponent, typically takes a negative value. Logarithmic transformation 
gives log N = a + b log V, where a and b are the intercept and slope, 
respectively, of the log-transformed relationship. The slope of the SAS is 
a general indicator of the relative importance of cells of different size in 
terms of their contribution to total biomass. 

Previous studies have described the variability in SAS slopes from 
specific cruises or research programs focused on particular oceanic or 
coastal environments. Slope values are usually between − 1.3 and − 0.9 in 
low-latitude, open-ocean regions (Cavender-Bares et al., 2001; Huete- 
Ortega et al., 2012; Moreno-Ostos et al., 2015), where small cells 
contribute most of the biomass, and between − 0.9 and − 0.6 in coastal 
waters dominated by larger cells (Reul et al., 2005; Marañón et al., 2007; 
Huete-Ortega et al., 2010). These results support a linkage between 
nutrient availability and the steepness of the SAS, such that slopes become 
less negative as nutrient supply increases. This pattern arises from the 
competitive advantage of small cells with high nutrient affinity in oligo
trophic environments (Raven, 1998), the superior ability of larger cells to 
convert nutrients into biomass and sustain fast growth rates under nutrient- 
rich conditions (Marañón, 2015, Hillebrand et al., 2022), and the fact that 
mortality losses due to grazing decrease with increasing cell size (Arm
strong, 1994, Ward et al., 2012, Pančić and Kiørboe, 2018). However, the 
relationship between resource supply and phytoplankton size-abundance 
distribution still has not been quantified across wide trophic gradients 
ranging from open-ocean oligotrophic to coastal highly productive waters. 

Size-fractionated chlorophyll a data (Raimbault et al., 1988; 
Marañón et al., 2001, 2012) and the results of size-based ecological 
models (Armstrong, 1994; Poulin and Franks, 2010; Ward et al., 2014) 
suggest that, as total phytoplankton biomass increases, the biomass in 
each size class grows until it reaches an upper limit, which is higher for 
progressively larger cell sizes. This means that, across wide ranges of 
variability, phytoplankton biomass can increase only if larger size 
classes are added, which would lead to a continuous increase in the 
contribution of large cells as standing stocks grow (Chisholm, 1992). We 
should thus expect the slope of the SAS to become less and less negative 
as total phytoplankton biomass keeps increasing. This prediction, 
however, has not yet been examined due to a lack of studies addressing 
the variability of SAS slopes over sufficiently broad ranges of biomass 
and productivity, including open-ocean oligotrophic regions as well as 
productive continental-shelf and coastal waters. 

Here we present a multi-cruise overview of the basin-scale variability 
in the slope of phytoplankton size-abundance (SAS) spectra in the 
Atlantic Ocean covering coastal, shelf, and open-ocean environments 
over the 50◦N-50◦S latitudinal range. The analysis is based on a dataset 
of > 700 phytoplankton samples collected during > 30 cruises over a 27- 
year period. Our aim is to identify general patterns in the large-scale 
geographical variability of phytoplankton biomass and SAS slopes, 
provide an observational benchmark for size-based plankton models, 
and gain insight into the mechanisms and drivers underlying changes in 
phytoplankton size structure across a wide productivity range. 

2. Materials and methods 

2.1. Data collection 

Phytoplankton abundance and cell size, together with complemen
tary oceanographic variables, were measured during > 30 oceano
graphic cruises conducted within the period 1995–2022 in coastal and 

open-sea waters of the Atlantic Ocean, including the central, subtropi
cal and tropical Atlantic, the Equatorial region, the continental shelf 
from Mar del Plata to South Brazil, the Angola continental shelf, the 
Benguela upwelling region, and the coastal upwelling region of the NW 
Iberian Peninsula (Table S1, Fig. S1). The resulting dataset contains 
phytoplankton abundance and size data for a total of 706 samples. 

2.2. Hydrography, nutrients and chlorophyll a 

Vertical profiles of temperature and salinity were obtained in all 
cruises with a Conductivity-Temperature-Depth (CTD) probe. Samples 
for the determination of phytoplankton abundance and, in some cruises, 
additional variables such as inorganic nutrient and chlorophyll a con
centration were collected with Niskin bottles from multiple depths in the 
euphotic layer. Vertical profiles of photosynthetically active radiation 
(PAR) were obtained during cruises AMT1-3 and during the NW Iberian 
Peninsula costal survey, using a SeaOPS Satlantic sensor and a LI-193LI- 
COR sensor, respectively (Marañón et al., 2004, 2000). For other cruises, 
and only at open-ocean locations, the depth of the euphotic layer (1 % 
PARz) was estimated from the depth of the deep chlorophyll maximum 
(DCMz) using the empirical equation obtained by Huete-Ortega et al. 
(2011) in the tropical Atlantic: 1 %PARz = 9.3 + 0.98 × DCMz. 

Nitrate concentration was determined using segmented-flow auto
matic analyser techniques (Gonçalves-Araujo et al., 2018, 2012; 
Marañón et al., 2004, 2000). For cruises AMT1-4, Trynitrop 1 and 
Malaspina, nitrate concentration was determined at > 10 depths over 
the 0–200 m range. The nitracline depth, a proxy for nutrient supply into 
the euphotic layer (Cermeño et al., 2008), was defined as the first depth 
at which nitrate concentration was > 1 μmol/L. Total chlorophyll a 
concentration throughout the euphotic layer was measured by HPLC, 
after filtration onto glass-fibre Whatman GF/F filters (Gonçalves-Araujo 
et al., 2018, 2012), or by fluorometry after filtration through 0.2-µm 
polycarbonate filters and extraction in 90% acetone (Huete-Ortega 
et al., 2011; Marañón et al., 2004, 2001). 

For stations with nutrient profiles, we calculated the resource supply 
index (RSI) (Marañón et al., 2014), which takes into account the con
centration of nitrate at the bottom of the euphotic layer (NO−

3 [1%PAR]), 
the density difference between the surface and the base of the euphotic 
layer (Δσt), the depth of the euphotic layer (1%PARz), and the depth of 
the upper mixed layer (UMLz), defined as the first depth at which σt is 
0.125 units higher than the surface value: 

RSI =
NO−

3 [1%PAR]
Δσt

×
1%PARz
UMLz 

The first term in the RSI formula represents nutrient supply, which is 
expected to increase with nitrate concentration at the base of the 
euphotic layer but decreases as vertical stratification intensifies, which 
results in larger seawater density differences between the surface and 
the base of the euphotic layer. The second term discriminates conditions 
in which cells are confined within a shallow upper mixed layer, relative 
to the depth of the euphotic layer, and thus are exposed to high irradi
ances on average, from conditions in which the depth of the upper mixed 
layer equals or exceeds the penetration of irradiance into the water 
column, therefore leading to light limitation of phytoplankton growth. 

2.3. Phytoplankton size-abundance spectra 

The abundance and cell volume of picophytoplankton (<2 µm in cell 
diameter) and small nanophytoplankton (2–5 µm) were measured by flow 
cytometry from fixed samples during cruises AMT3-4 (Zubkov et al., 
1998; Zubkov and Sleigh, 2000), Trynitrop 1 (Huete-Ortega et al., 2011) 
and Abraços 2 and from fresh samples during Malaspina (Moreno-Ostos 
et al., 2015). The abundance and cell volume of larger cells, from large 
nanophytoplankton (5–20 µm) to microphytoplankton (>20 µm), were 
determined in all cruises by microscopy, using 50–100 mL samples pre
served in 1% Lugol’s iodine solution and following the Utermöhl method. 
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For Trynitrop 1 and Malaspina cruises and for the NW Iberia embayment 
survey, cell biovolumes were calculated using specific image analysis 
software to determine the shape, length, and width of each cell present in 
the sample (Huete-Ortega et al., 2011; Marañón et al., 2004; Moreno- 
Ostos et al., 2015). This method resulted in the ataxonomic determina
tion of cell abundance and biovolume. During Trynitrop 1 and Malaspina 
cruises, larger cells (>5 µm for Trynitrop 1 and > 20 µm for Malaspina) 
were counted from larger-volume samples (2–5 L) concentrated by 
gravity filtration through 5-µm polycarbonate filters or a 15-µm nylon 
mesh (Huete-Ortega et al., 2011, Moreno-Ostos et al., 2015). For cruises 
AMT1-4, Abraços 2, Meteor M48/5, ACEx, and PATEX, samples were 
processed according to the Utermöhl method, typically using samples of 
50–100 mL in volume. In the case of Abraços 2, larger cells were counted 
from larger-volume samples concentrated by gravity filtration as 
explained above. Cells were counted and identified to species or nearest 
taxonomic level and their biovolume was determined based on the geo
metric shape and dimensions of each classified organism (Gonçalves- 
Araujo et al., 2018, 2012; Sal et al., 2013). A specific cell volume value 
was assigned to each phytoplankton species, resulting in a taxonomic 
assessment of phytoplankton cell abundance and biovolume. When bio
volume measurements were not available for the identified species, cell 
volumes were assigned based on the data given by Sal et al. (2013) and 
other databases of phytoplankton species biovolume (Harrison et al., 
2015, Karlson et al., 2020; Olenina et al., 2006). 

Phytoplankton size-abundance spectra (SAS) were constructed by 
calculating the total cell abundance in each of 26 size classes, covering the 
size range from the smallest picophytoplankton (0.5 µm in equivalent 
spherical diameter, ESD) to the largest observed microphytoplankton 
(160 µm ESD). Size classes were defined according to an octave (log2) 
scale of cell volume, where size class width equals the value of the size 
class lower limit and nominal volume. Each SAS was obtained by plotting 
log10-transformed total cell abundance (y-axis, cell mL− 1) as a function of 
log10-transformed cell volume for each size class (x-axis, µm3). Linear 
regression was used to obtain the slope and intercept of the relationship 

between log cell size and log abundance. Of all SAS constructed (n = 706), 
31% had r2 values > 0.9, 38% had r2 values between 0.7 and 0.9, 14% had 
r2 values between 0.5 and 0.7, and 17% had r2 values < 0.5. 

We assessed the extent to which the taxonomic (traditional micro
scopy) versus ataxonomic (image analysis) assessment of large nano- 
and microphytoplankton yield consistent results, by comparing SAS 
obtained with both methods in the same open-ocean region (from 10◦N 
to 30◦S) during different cruises. SAS obtained with the ataxonomic 
approach extended to larger size classes, because the larger sample 
volume allowed better detection of rare, large (>10,000 µm3) cells. 
However, the two methods resulted in similar slope and intercept values 
(Fig. S2), which supports their combined use to depict broad-scale pat
terns of variability in phytoplankton size structure. 

Total phytoplankton carbon biomass was calculated by multiplying 
the cell abundance in each size class by its cell biomass, and then adding 
together the resulting biomass of all size classes. For the nano- and 
microphytoplankton, cell volume (V, µm3 cell− 1) was converted into 
carbon biomass (C, pgC cell− 1) using the carbon-volume relationship 
obtained by Marañón et al. (2013) (C = 0.21 V0.88). For the picophy
toplankton, cell abundance was converted into biomass by applying the 
conversion factors given by Buitenhuis et al. (2012) (0.060 pgC cell− 1 

for Prochlorococcus, 0.154 pgC cell− 1 for Synechococcus, and 1.32 pgC 
cell− 1 for picoeukaryotes). 

3. Results 

3.1. Variability in phytoplankton SAS slope across the Atlantic Ocean 

The inverse relationship between phytoplankton cell size and 
abundance was pervasive across the different cruises and surveys, as 
indicated by the fact that 70% of all SAS had determination coefficients 
(r2) above 0.7. Phytoplankton SAS with a strong degree of linearity (i.e., 
with r2 ≥ 0.7) were obtained from samples in which the entire cell size 
range had been examined (Fig. 1a-c,f) but also from those in which only 

Fig. 1. Examples of phytoplankton size-abundance spectra from six locations in coastal and oceanic regions of the Atlantic Ocean: (A) subtropical North Atlantic 
(cruise Trynitrop 1), (B) subtropical South Atlantic (Trynitrop 1), (C) Equator (Malaspina), (D) Benguela upwelling (Meteor M48/5), (E) South Brazil continental 
shelf (ACEx) and (F) Ría de Vigo (NW Iberian peninsula). The x-axis at the bottom indicates the equivalent spherical diameter (ESD). 
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nano- and microphytoplakton cells had been counted (Fig. 1d,e). In 
open-ocean locations, slope values typically ranged between − 0.6 and 
− 1.2, with a general tendency for steeper (more negative) slopes in 
tropical and subtropical regions and shallower (less negative) slopes in 
temperate latitudes (Fig. 2). Samples with very shallow SAS (slopes 
between − 0.2 and − 0.4) were found only in shelf waters off Angola and 
in some stations of the north Patagonian shelf-break. We summarize 
below the observed patterns of variability in hydrography and phyto
plankton biomass and size structure, first considering changes in mean 
values over 10◦ latitudinal bands as ascertained from open-ocean cruises 
along the central Atlantic, and then by comparing the main coastal and 
oceanic regions sampled. 

3.2. Hydrography, phytoplankton biomass, and size structure along 
50◦N–50◦S 

Mean sea surface temperature ranged from ca. 15 ◦C at 40–50◦N and 
ca. 10 ◦C at 40–50◦S to 27–28 ◦C in the Equatorial region (10◦N–10◦S), 
with wider variability at temperate latitudes reflecting stronger sea
sonality (Fig. 3a). The depth of the nutricline also described marked 
latitudinal patterns (Fig. 3b). The deepest nutriclines (>150 m) were 
observed in the south subtropical gyre (10–30◦S), whereas the shal
lowest ones (<70 m) were recorded in temperate latitudes (40–50◦N and 
40–50◦S) and also between 10 and 20◦N, corresponding to the Maur
itanian upwelling region. The patterns of latitudinal variability in both 
surface chlorophyll a concentration (Chl a) (Fig. 3c) and surface 
phytoplankton biomass (Fig. 3d) were opposite to those of the nutricline 

Fig. 2. Geographical variability in the slope of the phytoplankton size- 
abundance spectrum (SAS) across the Atlantic Ocean. The available estimates 
of phytoplankton SAS slope were averaged over each 1◦×1◦ grid. Surface SAS 
slopes are represented by a square and include data from cruises AMT1-4, 
Trynitrop 1, Abraços 2, ACEx, PATEX, Meteor M48/5, Angola monitoring 
lines, annual surveys of Ría de Vigo (NW Iberian peninsula) and a coastal time 
series off A Coruña (NW Iberian peninsula). Data from Malaspina cruise, indi
cated by circles, correspond to samples obtained at the DCM. 

(caption on next page) 
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depth. The lowest mean Chl a values (around 0.1 mg m− 3) were 
measured in the subtropical gyres, coinciding with the deepest nutri
clines, whereas higher Chl a was observed in the Equatorial region 
(0.2–0.3 mg m− 3) and in temperate latitudes (>0.5 mg m− 3), in both 
cases associated with shallower nutriclines. Similarly, surface phyto
plankton biomass took mean values around 10–15 mgC m− 3 at the 
subtropical gyres, increasing to > 15 mgC m− 3 in the regions affected by 
the equatorial upwelling and the Mauritanian coastal upwelling and to 
> 30 mgC m− 3 in temperate latitudes (Fig. 3d). Using the mean values 
for 10◦-latitudinal bands, significant inverse relationships were identi
fied between nutricline depth and both Chl a (Fig. S3a) and phyto
plankton biomass (Fig. S3b). 

The slope of the phytoplankton SAS typically ranged between − 0.8 
and − 1.2 across 50◦N–50◦S (Fig. 3e). The steepest mean slopes (around 
− 1.1), indicating a marked dominance by small cells, were observed 
between 10◦N and 30◦S, whereas less steep slopes (between − 0.8 and 
− 1.0), corresponding to enhanced contribution by larger cells, were 
found in temperate latitudes and between 10 and 20◦N. The latter lat
itudinal band exhibited a wide range of SAS slopes, reflecting the fact 
that some cruises sampled the Mauritanian upwelling region along 
20◦W, characterized by increased phytoplankton biomass and shallower 
slopes, whereas others took place in more oligotrophic waters along 
30◦W and further west (Fig. S1). There was a significant inverse rela
tionship between nutricline depth and SAS slope, such that shallower 
nutriclines were associated with less steep slopes (Fig. S3c). Both Chl a 
(Fig. S3d) and phytoplankton biomass (Fig. S3e) were positively corre
lated with SAS slope, as regions with larger phytoplankton standing 
stocks tended to show less steep slopes. 

3.3. Region-specific variability in phytoplankton biomass and size 
structure 

The comparison of mean values and ranges of variability from 
coastal and shelf waters to oceanic regions describes a broad trend of 
decreasing Chl a and biomass together with a steepening of SAS slopes 
(Fig. 4). In the most productive sites sampled, located in the coastal 
upwelling region off NW Iberia, the highest levels of phytoplakton 
biomass reached 200–250 mgC m− 3 and mean values were around 90 
mgC m− 3 (Fig. 4c), while SAS slopes typically ranged between − 0.7 and 
− 0.9 (Fig. 4d). In the opposite end of the productivity gradient, tropical 
and equatorial open-ocean waters had mean biomass levels < 10 mgC 
m− 3 and SAS slopes around − 1.1. Temperate open-ocean regions had 
intermediate values of biomass (ca. 30 mgC m− 3) and SAS slope (ca. 
− 1.0) (Fig. 4d), while more extreme mean SAS slopes were recorded in 
the Angolan shelf (ca. − 0.2) and in oceanic waters off NE Brazil (ca. 
− 1.4). 

3.4. Vertical variability in SAS slope 

We assessed the changes in phytoplankton size structure over depth 
by comparing the SAS slope in surface waters and at the depth of the 
deep chlorophyll maximum (DCM) (Fig. 5). Surface and DCM slopes 
strongly covaried (Pearson’s r = 0.68, p < 0.0001, n = 92), indicating 
that large-scale geographical variability largely overrides depth-related 

Fig. 3. Latitudinal variability of (A) sea surface temperature (◦C), (B) nutricline 
depth, (C) surface chlorophyll a concentration (mg m− 3), (D) surface phyto
plankton biomass (mg C m− 3) and (E) slope of the phytoplankton size- 
abundance spectrum from 50◦N to 50◦S in the Atlantic Ocean. The grey line 
and small circles represent the mean. Solid lines indicate the median, boxes 
encompass the 25% and 75% percentiles, and whiskers encompass the 10% and 
90% percentiles. The number of observations for each variable and latitudinal 
band is given on top of each box. Original data were obtained from cruises 
AMT1-4, Trynitrop and Malaspina, except for panel D, which includes data 
from AMT3-4 and Trynitrop 1 only. 

(caption on next page) 
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variability in phytoplankton size structure. Although in most cruises the 
vertical sampling resolution was coarse, with at most 2–3 samples being 
collected at each site, during the AMT3 cruise additional samples were 
taken at some locations, including two strongly stratified stations in the 
equatorial and south subtropical Atlantic (Fig. S4). At both sites a DCM 
was present, with the increase in Chl a (relative to the surface value) in 
the equatorial station being twice as large as that of the subtropical 
station (Fig. S4a,b). The DCM represented a moderate biomass 
maximum in the equatorial site but not in the subtropical site, where 
phytoplankton biomass was invariant over depth (Fig. S4c,d). In both 
stations the slope of the SAS showed little variation with depth, indi
cating similar phytoplankton size structure throughout the euphotic 
layer (Fig. S4e,f). 

3.5. Changes in SAS slope along a wide productivity gradient 

The overall pattern in the relationship between ecosystem produc
tivity and phytoplankton size structure can be ascertained by plotting 
SAS slope and mean cell diameter as a function of surface Chl a (Fig. 6), 
which has been shown to be a good predictor of surface primary pro
duction over broad ranges of variability (Marañón et al. 2014, their 
Fig. 1b). The relationships shown in Fig. 6 were best fitted by a non- 

linear, saturating model, which was superior to the linear model as it 
yielded lower values of the Akaike Information Criterion and also 
explained a larger amount of variance in SAS slopes. Although the 
variability in oligotrophic waters is large, as Chl a increases from < 0.1 
to ca. 1 mg m− 3 there is a tendency for slopes to become less negative, 
indicating a growing contribution of larger cells (Fig. 6a). This trend, 
however, does not continue for Chl a levels above 1 mg m− 3, because 
similar SAS slopes values (between − 0.9 and − 0.7) are found in samples 
with moderately high (1–2 mg m− 3) and very high Chl a (>4 mg m− 3). 
We also plotted SAS slopes as a function of log-transformed Chl a for 
samples with Chl a below and above 2 mg m− 3 (Fig. S5) and found a 
marked change in the slope of the relationship from one group of sam
ples to the other. The trend towards less steep SAS slopes with increasing 
Chl a, which is observed in low-Chl a samples (Fig. S5a), virtually dis
appears in high-Chl a samples (Fig. S5b). The saturating relationship 
between phytoplankton standing stocks and size structure is also 
observed when mean cell diameter (computed as the biomass-weighted 
geometric mean of ESD) is plotted as a function of Chl a (Fig. 6b). Mean 
cell diameter becomes larger as Chl a increases until approximately 2 
mg m− 3 but then stabilizes, suggesting that both mesotrophic and 
eutrophic environments have similar phytoplankton size structure. 

We used data from Ría de Vigo, which is the only coastal, highly 
productive ecosystem in which cell abundance had been measured 
across the entire cell size range, to calculate the biomass contribution by 
picophytoplankton (cells < 2 µm in cell diameter), nanophytoplankton 
(2–20 µm) and microphytoplankton (>20 µm) in surface samples during 
conditions of moderately high and very high phytoplankton abundance 
(Fig. S6). The partitioning of biomass among the three size classes was 
similar in samples with moderately high (1–2 mg m− 3) and very high Chl 
a (>4 mg m− 3). While the picophytoplankton biomass share was larger 
in samples with moderately high Chl a than in samples with very high 
Chl a, nanophytoplankton was the dominant size class (>50% of total 
biomass) in both groups of samples. 

The potential effect of temperature on phytoplankton size structure 
was assessed by plotting the SAS slope as a function of sea surface 
temperature (SST) for samples collected in open-ocean and coastal re
gions (Fig. S7). We found no significant relationship between the two 
variables, and SST explained a negligible amount of the variability in 
SAS slope (r2 = 0.01). 

3.6. Relationship between resource supply and phytoplankton biomass 
and SAS slope 

We calculated the resource supply index (RSI) in different open- 
ocean and coastal regions of the Atlantic Ocean and investigated its 
relationship with phytoplankton standing stocks (represented by Chl a 
and carbon biomass) and phytoplankton size structure (represented by 
the SAS slope) (Fig. 7). Due to the large geographical differences in both 
nutrient concentration at the base of the euphotic layer and the 
magnitude of the vertical density gradient, most of the variability in RSI 
was due to changes in nutrient availability. Linear regression analysis 
indicated that the nutrient term and the irradiance term explained 40% 
and 10%, respectively, of the variability in RSI. 

The progressive increase in RSI from the oceanic subtropical regions 
to the temperate oceanic regions and finally the coastal ecosystems 
drives an increase in both Chl a and phytoplankton biomass (Fig. 7a,b). 
However, the increase in mean Chl a from the most oligotrophic to the 
most productive ecosystems (ca. 30-fold) is larger than that observed in 
terms of mean phytoplankton carbon (ca. 10-fold), suggesting a decrease 
of the C:Chl a ratio as trophic status increases. This pattern is more 
clearly visible in the relationship between phytoplankton carbon and 
Chl a ratio using the original, unaggregated data (Fig. S8). There is a 
strong covariation between the estimated phytoplankton carbon and the 
measured Chl a, but the slope of the relationship is significantly higher 
than 1 (1.49), indicating that as we move from oligotrophic to eutrophic 
waters Chl a increases much faster than phytoplankton biomass does. 

Fig. 4. Variability of (A) sea surface temperature (◦C), (B) surface chlorophyll a 
concentration (mg m− 3), (C) surface phytoplankton biomass (mg C m− 3) and 
(D) slope of the phytoplankton size-abundance spectrum in nine coastal and 
oceanic regions of the Atlantic Ocean. Original data were obtained during 
cruises AMT1-4, Trynitrop 1, Malaspina, Abraços 2, ACEx, PATEX, Meteor 
M48/5, Angola’s INIP time series, two annual surveys of Ría de Vigo (NW 
Iberian peninsula) and a coastal time series off A Coruña (NW Iberian penin
sula). Data from open-ocean latitudinal cruises (AMT1-4, Trynitrop 1 and 
Malaspina) are divided into temperate (30–50◦N, 30–50◦S), equatorial 
(10◦N–10◦S) and subtropical regions (10–30◦N, 10–30◦S). Data from AMT 
stations located near the Mauritanian upwelling region (10–25◦N along 20◦W) 
are not included here. Chlorophyll a concentration data were not available for 
the Angola monitoring lines. In (C), an asterisk indicates that the estimate of 
phytoplankton biomass does not include the picophytoplankton. 

Fig. 5. Relationship between the slope of the phytoplankton size-abundance 
spectrum determined in surface versus DCM samples across the Atlantic 
Ocean during cruises AMT1-4 and Trynitrop 1. The correlation between surface 
and DCM slopes was highly significant (Pearson’s r = 0.68, p < 0.0001, n = 92). 
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Finally, the biogeographic trend of increasing resource supply and 
phytoplankton biomass is associated with a shallowing of the mean SAS 
slope, from ca. − 1.1 in tropical and equatorial regions to values closer to 
− 1.0 in oceanic temperate regions and near − 0.8 in coastal, highly 
productive ecosystems (Fig. 7c). 

Fig. 6. Relationship between surface chlorophyll a concentration and (A) the 
slope of the size-abundance spectrum and (B) mean cell diameter (ESD) for the 
entire phytoplankton assemblage. Mean ESD was calculated as the biomass- 
weighted geometric mean. The non-linear fits are (a) y = − 1.21 + 0.53 (1- 
e− 1.19x) (r2 

= 0.45, p < 0.0001, n = 366) and (b) y = 0.30 + 12.18 (1-e− 0.65x) 
(r2 = 0.43, p < 0.0001, n = 203). Data in (a) were obtained from cruises AMT1- 
4, Abraços 2, ACEx, PATEX, Meteor M48/5, Trynitrop, annual surveys of Ría de 
Vigo (NW Iberian peninsula) and a coastal time series off A Coruña (NW Iberian 
Peninsula). In (b), biomass-weighted mean cell diameter was calculated only for 
surface samples in which phytoplankton abundance had been determined 
across the entire cell size range, namely cruises AMT3-4, Trynitrop 1, Abraços 2 
and the annual surveys of Ría de Vigo. 

Fig. 7. Relationship between resource supply index (RSI) and (A) chlorophyll a 
concentration, (B) phytoplankton biomass and (C) slope of the size abundance 
spectrum in surface samples from different regions of the Atlantic Ocean. For 
each region, mean values and their standard deviations are plotted. Open-ocean 
data were obtained from cruises AMT3-4 and Trynitrop 1, while coastal data 
correspond to the annual survey of Ría de Vigo (NW Iberian peninsula) con
ducted in 2001–2002 and a coastal time series off A Coruña (NW Iberian 
peninsula). See Methods for details on the calculation of RSI. 
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4. Discussion 

Our analysis combines measurements from > 700 phytoplankton 
samples obtained in ca. 30 coastal and open-ocean cruises and surveys 
over a period of 27 years. In spite of methodological differences among 
cruises, we have identified coherent patterns of cross-system variability 
in phytoplankton size-abundance spectra (SAS), including i) strong 
covariation between SAS slopes at the surface and the base of the 
euphotic layer, ii) linkage between resource supply and mean slope 
across biogeographic regions, and iii) asymptotic relationship between 
phytoplankton standing stock and size structure as represented by SAS 
slope and mean community cell size. 

4.1. Methodological considerations 

The above conclusions are robust against uncertainties introduced by 
combining microscopy measurements of phytoplankton cell size and 
abundance obtained from multiple operators. While sample volume and 
preservation, as well as settling procedure, were broadly consistent 
among studies, there might have been differences in the detection of 
cells (particularly in the case of small nanophytoplankton) and the 
estimation of cell biovolumes. When assigned difficult identification 
tasks, expert phytoplankton taxonomists can attain accuracies of 
84–95%, while trained personnel achieve 67–83% self-consistency and 
43% consensus (Culverhouse et al., 2003). For the purposes of our 
analysis, however, the correct taxonomic labelling is less critical than 
the correct assignation of each counted cell to its appropriate size class. 
The assumption of constant cell volume for each species in the case of 
samples subjected to taxonomic analysis may have also introduced 
error, because the same species can change in size depending on growth 
conditions (Peter and Sommer, 2013; Orizar and Lewandowska, 2022). 
Nevertheless, spatial and temporal changes in overall phytoplankton 
size structure (e.g. SAS slope, partitioning of biomass among size classes) 
are overwhelmingy dominated by changes in species composition rather 
than by changes in intrapopulation mean cell size (Marañón et al., 2012, 
Sommer et al., 2017). The remarkable agreement between the mean SAS 
slope observed in the central tropical and subtropical Atlantic 
(10◦N–30◦S) from cruises in which different analysts used distinct 
methods for the assessment of nano- and micro-phytoplankton cells 
(classical taxonomic analysis versus ataxonomic image analysis) sug
gests that robust patterns of phytoplankton size structure can be ob
tained by combining data from multiple research programs. 

4.2. Persistence of the size-abundance relationship 

Heavy departures from linearity in phytoplankton SAS, while virtu
ally absent in oligotrophic, open-ocean environments, have been re
ported for highly dynamic and productive coastal and shelf waters 
(Rodríguez et al., 2002; Reul et al., 2006), often during transient blooms 
in which most of the biomass is contributed by a few species within a 
small number of size classes. However, most observations of strong non- 
linearity in phytoplankton SAS have limited temporal and spatial 
coverage, focusing on specific geographic areas or particular time pe
riods. Surveys with a wide temporal and geographical coverage are 
required to assess the persistence of the inverse relationship between 
phytoplankton cell size and abundance. Using a dataset of monthly 
phytoplankton observations during a 10-yr period in a productive, shelf 
ecosystem, Huete-Ortega et al. (2010) demonstrated that the inverse 
relationship between cell size and abundance was persistent throughout 
the water column and across seasonal and inter-annual time scales. Our 
analysis extends this persistence over a wide geographical range, as the 
inverse relationship beween cell size and abundance is found consis
tently in productive waters of the Benguela upwelling system, the SE 
Brazil shelf, the Patagonian shelf-break, and the NW Iberia upwelling 
system. The pervasiveness of the inverse size-abundance relationship 
reflects a general ecological pattern, whereby population abundance is 

related to the ratio between resource supply and individual resource 
requirement, with the latter being largely determined by body size 
(Brown et al., 2004). This mechanism does not assume energetic 
equivalence among size classes (Isaac et al., 2012), but derives from the 
fact that inter-specific variability in the ability to extract resources from 
the environment (represented in traits such as biomass-normalized 
maximum nutrient uptake and maximum growth rate) is much smaller 
(a range of ca. 1 order of magnitude) than the variability in resource 
requirements (a range of > 6 orders of magnitude in elemental cell 
quotas) (Edwards et al., 2012, Marañón et al., 2013). A practical 
implication is that, when dealing with assemblages of phytoplankton 
species of widely different cell sizes, arguments about ecological domi
nance should be based on biomass rather than abundance. The fact that 
the inverse size-abundance relationship holds across widely contrasting 
environments supports the view that when growth conditions improve 
most phytoplankton species tend to experience, albeit with different 
intensity, increases in abundance (Barber and Hiscock, 2006). 

4.3. Latitudinal variability in phytoplankton biomass and SAS slope 

Combining data from multiple cruises allowed us to characterize the 
patterns of latitudinal variability in phytoplankton biomass and SAS 
slope, based on data from 10 to 20 stations for each 10◦ latitudinal 
range. As expected, variability in phytoplankton biomass for each band 
of latitude is much higher in temperate regions than in tropical and 
subtropical environments, reflecting stronger seasonal changes. The 
resulting estimates of surface phytoplankton biomass, ranging from 
mean values of ca. 10 mgC m− 3 in the subtropical gyres to > 40 mgC m− 3 

in temperate waters, coincide with independent estimates from back
scattering measurements during AMT-22 (Fox et al., 2022) and from cell 
counts obtained with flow cytometry and microscopy during AMT-25 
(Brotas et al., 2022). Given the observed values of chlorophyll a con
centration, these estimates of phytoplankton carbon imply that the C:Chl 
a ratio of surface phytoplankton assemblages in the open ocean can 
range widely between 100 and 200 in the tropical and subtropical re
gions and < 50 in temperate latitudes. If we consider also highly pro
ductive coastal waters, such as those of NW Iberia, the mean C:Chl a 
ratio can be as low as 30. Hence, as one moves from oligotrophic to 
eutrophic waters, both phytoplankton carbon biomass and chlorophyll a 
concentration increase, but the latter increases faster. These results 
highlight the limitations of using chlorophyll a concentration as a proxy 
for phytoplankton biomass even when observations are restricted to 
surface waters (Graff et al., 2015). The decreased C:Chl a in more pro
ductive temperate and coastal regions compared to the oligotrophic 
tropical ocean likely results from the effect of lower incident irradiance 
and higher nutrient availability, as both conditions lead to enhanced 
cellular pigment content (Geider, 1987; Halsey and Jones, 2015). 

The depth of the nutricline is a proxy of nutrient supply to the 
euphotic layer, whose latitudinal variability in the Atlantic Ocean has 
been shown to drive changes in phytoplankton biomass and growth rates 
(Marañón et al., 2000) as well as in the relative abundance and species 
richness of diatoms versus coccolithophorids (Cermeño et al., 2008). 
Our analysis suggests also a relationship between the nutricline depth 
and the slope of the SAS, with steeper slopes in the subtropical gyres, 
indicating increased dominance by small cells, associated with greater 
nutricline depths and a stronger degree of nutrient limitation that results 
in lower phytoplankton biomass. In temperate regions, increased 
phytoplankton biomass and shallower nutricline depths are mirrored by 
less steep SAS slopes, corresponding to enhanced biomass contribution 
of larger cells. The positive relationship over broad latitudinal scales 
between nutrient supply and the contribution of large cells in the 
Atlantic Ocean has been found in simulations with a trait-based model 
(Acevedo-Trejos et al., 2018) and recently in studies in which phyto
plankton cell size and abundance was assessed with imaging flow 
cytometry (Haëntjens et al., 2022) and with flow cytometry and mi
croscopy (Brotas et al., 2022). However, the degree of covariation 
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between SAS slope and phytoplankton biomass in open-ocean waters 
within 50◦N–50◦S is modest. When the range of total phytoplankton 
biomass is small (<10-fold), the relationship between SAS slope and 
phytoplankton standing stocks (represented by total biovolume or car
bon biomass) weakens and can even disappear entirely (Moreno-Ostos 
et al., 2015). This is because similar increases in total phytoplankton 
biomass or biovolume can result from an increase in the intercept of the 
SAS, or from the SAS slope becoming less negative (a flattening of the 
SAS). In the oligotrophic ocean, small cells contribute significantly to 
the variability in phytoplankton stocks and productivity (Marañón et al., 
2001; Huete-Ortega et al., 2011), which can lead to a disconnect be
tween SAS slope and total biovolume and carbon. 

4.4. Similarity in SAS slope throughout the euphotic layer 

While changes in phytoplankton composition with depth are well 
documented in stratified ocean regions, both in terms of individual 
species abundance (Venrick, 1990; Venrick, 1999; Poulton et al., 2017) 
and dominance by different taxonomic groups (Veldhuis and Kraays, 
2004; Mojica et al., 2015; Latasa et al., 2017), consistent patterns in the 
vertical variability of phytoplankton size structure have been more 
elusive. Size abundance spectra obtained during stratified conditions in 
the Sargasso Sea showed a trend towards more negative slopes with 
increasing depth, indicating an increased biomass contribution by small 
cells near the base of the euphotic layer (Gin et al., 1999). Similarly, an 
analysis of > 80 size-fractionated Chl a profiles in the north and south 
Atlantic subtropical gyres revealed an increase in the contribution of the 
< 2 µm size fraction (picophytoplankton) with depth, from ca. 60% at 
the surface to ca. 80% at the DCM (Pérez et al., 2006). In contrast, 
vertical profiles of diagnostic pigment abundance in tropical regions 
from cruises AMT12-15 indicated the opposite pattern, with the 
contribution of nano- and microphytoplankton increasing from < 50% 
at the surface to > 75% at the base of the euphotic layer (Poulton et al., 
2006). More recently, relatively invariant contributions of picophyto
plankton to total Chl a were reported across the euphotic layer in a 30◦N 
to 30◦S latitudinal transect in the Atlantic Ocean (Moreno-Ostos et al., 
2011). Our analysis of SAS slopes suggests that phytoplankton size 
structure is largely similar between surface and deep waters across the 
stratified open ocean, so that the horizontal (geographical) component 
of variability largely overrides the vertical one. One possible explana
tion for the lack of significant depth-related differences in size structure 
is that small cell size provides competitive advantage for the acquisition 
of both light and nutrients (Raven, 1998; Kiørboe, 2008), but these two 
resources display opposite vertical gradients, which may counterbalance 
their effect on the dominance by different size classes. Additional studies 
with higher vertical resolution will be needed to fully characterize the 
vertical variability in phytoplankton SAS slopes over large spatial scales 
in the open ocean. 

4.5. Changes in SAS slope across a wide trophic gradient 

We have found a basin-scale relationship between increasing 
resource supply and progressively less steep SAS slopes, reflecting 
increasing importance of large cells. This pattern confirms earlier results 
of studies in which size structure was assessed with measurements of 
size-fractionated Chl a (Marañón et al., 2012; Marañón et al., 2015; 
Poulton et al., 2006) or phytoplankton carbon biomass in a few size 
classes (Brotas et al., 2022). It must be highlighted that the resource 
supply index used here includes also a term (the ratio between the 
depths of the euphotic layer and upper mixed layer) representing light 
availability. Although in our dataset most of the variability in resource 
supply was driven by changes in nutrient supply, irradiance has also 
been shown to be a relevant factor for phytoplankton size structure, 
explaining the increased contribution of small cells under low-light, 
high-nutrient conditions in both temperate (Cermeño et al., 2006) and 
polar environments (Clarke et al., 2008). 

Seawater temperature varied widely across the sampled regions but 
we found that SST explains a negligible amount of the variability in SAS 
slopes. This result agrees with the findings of Barnes et al. (2011), who 
found no relationship between SST and the slope of the normalized 
biomass size spectra in a dataset covering multiple coastal and open- 
ocean environments. While it is well established that temperature af
fects the mean population cell size of aquatic protist populations 
(Atkinson et al., 2003), the variability in phytoplankton size structure 
observed across the ocean mostly results from changes in the relative 
abundance of different species, rather than changes in mean intrapop
ulation cell size (Marañón, 2015, Sommer et al., 2017). 

The overall relationship between chlorophyll a concentration and 
both SAS slope and mean community cell size was saturating, which 
means that there is no indefinite, continuous change towards a domi
nance by ever larger size classes as ecosystem productivity increases. 
Rather, similar SAS and mean cell sizes slopes are found in samples with 
intermediate and high chlorophyll a concentration. A similar pattern 
was found by Barnes et al. (2011), who reported that the slope of the 
phytoplankton normalized biomass spectrum becomes less steep with 
increasing primary production (PP) until ca. 400 mgC m− 2 d− 1, while 
similar slopes are found for sites with PP of 700 and 2800 mgC m− 2 d− 1. 

A potential bias in our analysis comes from the fact that the largest 
phytoplankton species (with a cell volume between 106 and 107 µm3), 
due to their very low abundance (<100 cell L− 1), can be missed in 
conventional (10–50 mL) sampling volumes. We assessed the effect of 
this underestimation on total phytoplankton biomass and mean cell size, 
by taking a typical SAS from a coastal, productive site (Ría de Vigo) and 
adding 4 more size classes (with nominal cell volumes from 1 to 8.4 
million µm3) for which abundance was estimated by applying the 
observed SAS intercept and slope. The result was an increase in total 
phytoplankton biomass of 12%, and an increase in the mean ESD from 
15 µm to 19 µm. Therefore the pattern observed in Fig. 6b would not 
change substantially if larger cells (volume > 106 µm3) were considered. 
It must also be noted that these very large cells, such as the diatom 
Coscinodiscus wailesii, tend to occur in coastal waters only during short 
periods of time, typically in late winter or early spring, and are very rare 
during the rest of the year (Tada et al., 2000). 

We found a similar size-partitioning of biomass, with a dominance by 
cells within the 2–20 µm size range (ca. 100–10,000 µm3 in cell volume), 
in both moderately and highly eutrophic waters. The biomass domi
nance of nanophytoplankton in eutrophic ecosystems is in contrast with 
the results of size-fractionated Chl a measurements, which suggests that 
> 80–90% of all biomass in productive waters is accounted for by the 
microphytoplankton size class (Marañón et al., 2012). The discrepancy 
likely results from an overestimation of Chl a in the > 20 µm class by 
size-fractionated filtration methods in phytoplankton-rich waters, 
resulting from filter clogging and the presence of long chains of cells 
(Marañón, 2015). The biomass dominance of intermediate-size cells in 
both meso- and eutrophic systems is linked to the unimodal size scaling 
of phytoplankton growth and the fact that maximum growth rates 
decrease with increasing cell size for phytoplankton cells larger > 10 µm 
(Marañón et al., 2013; Hillebrand et al., 2022), which together with 
increasing sinking losses may counterbalance the benefits of large cell 
size as a refuge from predation (Pancic and Kiørboe, 2018). Our results 
thus support the results of recent observational and modelling studies 
that highlight the importance of intermediate-size cells in nutrient-rich, 
productive environments (Bolaños et al., 2020; Juranek et al., 2020; 
Montes-Pérez et al., 2020; Negrete-García et al., 2022). 

Finally, the nutrient-driven biogeographic pattern in SAS slopes has 
implications for the prediction of ecosystem responses to global change 
across the ocean. In regions such as the subtropical gyres, where 
increased oligotrophication may lead to a decrease in phytoplankton 
standing stocks, enhanced contributions of small cells may be expected. 
In contrast, if climate change leads to higher primary production, as 
seems to be the case in some polar regions (Lewis et al., 2020), an 
increased dominance by larger cells may take place. In some coastal 
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regions exposed to growing inputs of anthropogenic nutrients (Maúre 
et al., 2021), an increased contribution of larger cells can also be 
anticipated. Because of the linkage between phytoplankton size struc
ture and the fate of primary production, these changes may reinforce the 
geographical variability in the potential of different marine regions to 
sustain the downward export of organic carbon. 

5. Conclusions 

A large, multi-cruise dataset demonstrates that the inverse relation
ship between phytoplankton cell size and abundance is pervasive even in 
nutrient-rich, productive waters. Our analysis reveals a resource-driven, 
biogeographic pattern in phytoplankton size structure that is common to 
both surface and deep waters within the euphotic layer over large spatial 
scales in the Atlantic Ocean. We have also characterized the latitudinal 
variability in phytoplankton biomass and size structure, which reflects 
changes in nutrient supply as represented by the nutricline depth. The 
overall non-linear relationship between trophic status and SAS slope 
underscores the pivotal role of intermediate-size cells for primary pro
ductivity and energy transfer in the most productive pelagic ecosystems. 
This study illustrates how combining multiple datasets of phytoplankton 
abundance can contribute to a size-based characterization of pelagic 
ecosystems. Emergent automated and semi-automated optical methods 
(Juranek et al., 2020; Haëntjens et al., 2022) will be key to improve the 
spatial and temporal resolution of observations of phytoplanton size- 
abundance spectra in the ocean. 
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Cermeño, P., Marañón, E., Pérez, V., Serret, P., Fernández, E., Castro, C.G., 2006. 
Phytoplankton size structure and primary production in a highly dynamic coastal 
ecosystem (Ría de Vigo, NW-Spain): Seasonal and short-time scale variability. 
Estuar. Coast. Shelf Sci. 67, 251–266. https://doi.org/10.1016/j.ecss.2005.11.027. 

Cermeño, P., Dutkiewicz, S., Harris, R.P., Follows, M., Schofield, O., Falkowski, P.G., 
2008. The role of nutricline depth in regulating the ocean carbon cycle. Proc. Natl. 
Acad. Sci. U S A 105, 20344–20349. https://doi.org/10.1073/pnas.0811302106. 

Chisholm, S.W., 1992. Phytoplankton Size. In: Falkowski, P.G., Woodhead, A.D., Vivirito, 
K. (eds) Primary Productivity and Biogeochemical Cycles in the Sea. Environmental 
Science Research, vol 43. Springer, Boston, MA. https://doi.org/10.1007/978-1- 
4899-0762-2_12. 

Clarke, A., Meredith, M.P., Wallace, M.I., Brandon, M.A., Thomas, D.N., 2008. Seasonal 
and interannual variability in temperature, chlorophyll and macronutrients in 
northern Marguerite Bay, Antarctica. Deep Sea Res. II Top. Stud. Oceanogr. 55, 
1988–2006. https://doi.org/10.1016/j.dsr2.2008.04.035. 

Culverhouse, P., Williams, R., Reguera, B., Herry, V., González-Gil, S., 2003. Do experts 
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