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ABSTRACT: This study was aimed at identifying macroecological patterns in the relationship
between phytoplankton cell size, abundance and metabolism in 2 marine ecosystems characterised
by marked differences in resource availability and water-column stability. Several patterns
emerged: (1) nearly isometric size-scaling of phytoplankton carbon fixation rate was described for
both open-ocean and coastal ecosystems (mean slope: 1.17 and 0.90, respectively), supporting the
idea that biomass-specific photosynthesis rates are largely independent of cell size; (2) less steep
values for the size-scaling of abundance (mean slope: —0.73) were found in the coastal ecosystem
compared to the open ocean (mean slope: —1.15); (3) large phytoplankton used more photosyn-
thetic energy than smaller cells in the coastal ecosystem, but a constant flow of energy along the
size spectrum was found in the open ocean; and (4) phytoplankton biomass turnover rates were 1
order of magnitude higher in the coastal ecosystem than in the open ocean, implying physiological
limitation of phytoplankton growth in the oligotrophic ocean. Bottom-up and top-down mecha-
nisms and their interaction with nutrient supply dynamics were suggested as major factors deter-
mining the contrasting phytoplankton size abundance distributions observed in coastal and open-
ocean waters.
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INTRODUCTION

Phytoplankton account for nearly half of the global
primary production (Field et al. 1998), helping to reg-
ulate atmospheric carbon dioxide levels, and thus
Earth's climate, on decadal to millennial time-scales
(Falkowski et al. 1998). It is therefore important to
better understand patterns in the phytoplankton com-
munity structure and metabolism, and how the envi-
ronmental forces shape them. Trait-based approaches
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have recently gained increasing attention in ecology,
and specifically in marine ecology, because they are
a useful tool to explain the organization of ecological
communities (McGill et al. 2006, Westoby & Wright
2006, Litchman et al. 2012). Phytoplankton cell size,
which spans >9 orders of magnitude in cell volume,
is considered to be a master trait both at the organis-
mal and ecological organization levels, with a great
potential for explaining phytoplankton community
structure and functioning. On the one hand, individual
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phytoplankton cell size influences growth, metabolic
rates, access to and assimilation of resources, sedi-
mentation rates, and susceptibility to grazing (Kier-
boe 1993, Litchman & Klausmeier 2008). On the other
hand, the size abundance distribution of phytoplank-
ton communities play a fundamental role in marine
pelagic ecosystems, influencing the trophic organi-
zation of plankton communities and the biogeochem-
ical cycling of many elements, including carbon,
nitrogen, and phosphorous (Kierboe 1993, Legendre
& Rassoulzadegan 1996, Falkowski et al. 2004).

Metabolic rates such as carbon fixation, respira-
tion, or nutrient and light acquisition are related to
body size by a power function of the form M = cV¥¢,
where M is a metabolic rate, cis a coefficient, which
can be taxon-specific, V'is organism size (biovolume),
and d is the size-scaling exponent, which commonly
takes a value of approximately 0.75 (Kleiber's law;
Kleiber 1947, Peters 1983). Using logarithms, the
power function yields the linear relationship log M =
log c + dlog V, where dis the slope value. Although
previous studies have been in agreement with the
applicability of Kleiber's law to marine and fresh-
water protists (Taguchi 1976, Lopez-Urrutia et al.
2006), recent reports have shown that carbon fixa-
tion, carbon exudation, and respiration rates in pro-
karyotic and eukaryotic phytoplankton scales to cell
size with an exponent close to 1, both in laboratory
and field experiments (Maran6n et al. 2007, 2013,
Johnson et al. 2009, Huete-Ortega et al. 2012, Lopez-
Sandoval et al. 2013, 2014). Mass-specific metabolic
rates are therefore largely independent of cell size,
meaning that large phytoplankton can sustain similar
metabolic rates to those of smaller cells.

The relationship between phytoplankton abundance
and cell size has been widely studied in aquatic eco-
systems since the seminal work of Sheldon et al.
(1972). Similar to the scaling of metabolism, the num-
ber of individuals follows a power function such that
N = aV? where Nis cell abundance and log ais the
intercept of the resulting linear regression. The size-
scaling exponent, b, is a synthetic descriptor of com-
munity size structure, and generally takes values be-
tween —-1.3 and -0.6 depending on the productivity
of the ecosystem (Marquet et al. 2005). For instance,
steeper slopes (-1.3 to —1.1) have been reported for
unproductive ecosystems typical of subtropical regions
(Cavender-Bares et al. 2001, Cermeno & Figueiras
2008), whereas the slopes become less negative (-0.8
to —0.6) in productive coastal ecosystems, reflecting
the increased relative abundance of large phytoplank-
ton (Reul et al. 2005, Marané6n et al. 2007, Huete-
Ortega et al. 2010).

Previous studies have attempted to elucidate the
underlying mechanisms explaining the regularity
and persistence of phytoplankton size abundance
distributions across broad temporal and spatial
scales, using field-, laboratory- and modeling-based
approaches (e.g. Irwin et al. 2006, Finkel et al. 2009,
Edwards et al. 2011, Ward et al. 2012). It has been
also noted that multiple processes such as the size-
dependence of grazing pressure or nutrient uptake
rate can give rise to similar size-scaling relationships
(Poulin & Franks 2010). In this study, we explore the
idea that the relevant underlying processes can also
vary among ecosystems, implying that no single
mechanism explains size-scaling relationships in all
environments. In the oligotrophic Atlantic Ocean, the
size-scaling of phytoplankton abundance has been
linked to the size-scaling of cell-specific carbon fixa-
tion rate, which can be used as a proxy of individual
resource use (Huete-Ortega et al. 2012). Here, we
extend that work by concurrently analyzing the size-
scaling of carbon fixation rate per cell and total
phytoplankton abundance in a highly dynamic and
productive coastal ecosystem from the NW Iberian
Peninsula. Our main objective is to identify and
explain macroecological patterns in the relationship
between cell size, abundance, biomass, and metabo-
lism of phytoplankton communities by comparing
coastal and open-ocean ecosystems.

MATERIALS AND METHODS
Study sites, sampling, and hydrography

Two contrasting marine ecosystems were chosen
for this study: the subtropical and tropical Atlantic
Ocean, as representative of an oligotrophic, close to
steady-state ecosystem, and the coastal waters of Ria
de Vigo in the NW Iberian Peninsula, representative
of a highly productive, dynamic ecosystem that is
strongly influenced by upwelling events (Fig. 1). The
subtropical and tropical Atlantic Ocean, hereafter
referred as the open-ocean ecosystem, was sampled
during a cruise carried out in November to December
2007 on board the R/V 'Hespérides'. Details of the
sampling and hydrography characterization of the
17 visited stations are given by Huete-Ortega et al.
(2011).

In the NW Iberian Peninsula, henceforth referred
to as the coastal ecosystem, 2 stations located inside
and outside (shelf) Ria de Vigo (42.24° N, 8.79° W and
42.16° N, 8.94° W, respectively) were visited twice a
month from May to July 2010 on board the R/V
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Fig. 1. Location of sampling sites. Triangles refer to the sam-
pling stations of the subtropical and tropical Atlantic Ocean.
Squares point to the location of the 2 sampling stations of the
NW Iberian Peninsula, inside and outside of Ria de Vigo

‘Mytilus'. At each sampling site, vertical profiles (0-40
and 0-78 m, respectively) of temperature, salinity
and in situ fluorescence were obtained using a CTD
SBE 25 probe attached to a rosette sampler equipped
with Niskin bottles. Using the density calculated
from the temperature and salinity data, we estimated
the Brunt-Vadisdla frequency (IN) averaged over the
euphotic layer depth, as a proxy of water column sta-
bility, following the equation detailed by Huete-
Ortega et al. (2011).

Size-fractionated carbon fixation rate

Photosynthetic carbon fixation rates were meas-
ured with the C-uptake technique in both regions,
although with some methodological differences re-
garding the volume and incubation of the samples. In
the case of the open-ocean ecosystem, the sampling
and incubation methodology was as detailed by
Huete-Ortega et al. (2011). Similar methodology was
followed in the coastal ecosystem, although in this
region, surface (5 m) samples were collected in
250 ml bottles, inoculated with ~50 Bq NaH;4,COs3,
and incubated in the laboratory for 4 h. Incubation
took place in an indoor incubation chamber with irra-

diance and temperature simulating the in situ condi-
tions encountered each sampling day (40 to 500 pE
m~2s ! and 15°C on average). At the end of the incu-
bation, water samples were processed as detailed by
Huete-Ortega et al. (2011), although in the coastal
ecosystem, the whole 250 ml were filtered through
all the filters. In both cases, the amount of organic *C
present in the filters and carbon fixation rates by
each size class (0.2-0.8, 0.8-2, 2-3, 3-5, 5-10, 10-20,
20-41, and >41 pm in equivalent spherical diameter
[ESD]) were calculated as described by Maranén et
al. (2001).

Size-fractionated chlorophyll a

Size-fractionated chlorophyll a (chl a) concentra-
tion in both regions was determined as detailed by
Huete-Ortega et al. (2011) in the same size classes
indicated above for the carbon fixation rate, with the
particularity that for the coastal ecosystem, 2 repli-
cates of 250 ml surface seawater were sequentially
filtered through all the filters. Total chl a values were
calculated as the sum of all size-fractionated chl a
concentrations.

Phytoplankton cell size and abundance

The abundance of surface pico- (<2 pm ESD) and
small nano-phytoplankton (2 to 5 pm ESD) was deter-
mined by flow cytometry using a FACSCalibur flow
cytometer (Becton Dickinson) as described by Reul et
al. (2005) and Huete-Ortega et al. (2011). Large nano-
(6 to 20 pm ESD) and micro- (>20 pm ESD) phyto-
plankton were determined by image analysis under
an inverted microscope following the method of Uter-
mohl (Lund et al. 1958). The methodology used for the
samples taken in the open-ocean ecosystem is detailed
by Huete-Ortega et al. (2011). In the coastal system,
similar procedures were followed for the 500 ml and
1 1 surface seawater samples taken from inside and
outside Ria de Vigo, respectively, by using an inverted
microscope Leica DMLB connected to a Pike F145C
camera. In the case of chain-forming organisms (Rhi-
zosolenia spp., Pseudonitzchia spp., and Chaetoceros
spp.), the average cell size of the cells that formed
each chain as well as the length of each chain were
measured to estimate their cell abundance in each
sample. Note that in both study sites, phytoplankton
organisms were not identified taxonomically, and
therefore, all the size-scaling analyses conducted in
this study were done at the community level.
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Phytoplankton carbon biomass and
biomass turnover rates

In both sampling regions, picophytoplankton bio-
volume (V') was converted to carbon biomass (C) using
the conversion factors detailed by Huete-Ortega et al.
(2011): 235 fg C pm™2 for the picophytoplankton, car-
bon content (pg C cell™!) = 0.433 x V8% for small
nanophytoplankton (Verity et al. 1992), and carbon
content (pg C cell™) = 0.109 x V%! for large nano-
and micro-phytoplankton (Montagnes & Berges 1994).
Subsequently, phytoplankton carbon biomass (Phyto-
C) was estimated by multiplying cell abundance by
cellular carbon biomass. The resulting values were
summed to obtain the Phyto-C for pico-, small nano-,
large nano-, and micro-phytoplankton. Biomass turn-
over rates (analogous to intrinsic growth rates) for
size-fractionated phytoplankton were calculated by
dividing production (carbon fixation rates) by carbon
biomass (Kirchman 2002).

Scaling relationship between cell size,
total abundance, and carbon fixation rate

The individual scaling relationships between phyto-
plankton cell size, total abundance, and carbon fixa-
tion rates in both sampling sites were determined as
detailed elsewhere (Huete-Ortega et al. 2012). Briefly,
to determine the scaling relationship between abun-
dance and cell size for each sample, size classes were
established on an octave (log,) scale of biovolume,
and total cell abundance was calculated for each size
class by summing the abundance of all cells within it.
Afterward, the log, of total abundance was plotted
against the log, of the lower limit of the correspon-
ding octave size class (nominal size), obtaining an
individual linear relationship. In the open-ocean eco-
system samples, the maximum number of size classes
found across all the size-abundance spectra was 24,
ranging from 0.5 to 80 pym in ESD, whereas in the
coastal site, the maximum number of size classes
found was 22, ranging from 0.6 to 63 pm in ESD. To

obtain the size-scaling of photosynthetic carbon fixa-
tion rate, total cell abundance was calculated for
those size classes for which the size-fractionated car-
bon fixation rate had been previously obtained (0.2,
0.8, 2, 3, 5, 10, 20, and >40 pm ESD). The size-
fractionated carbon fixation rate measured on each
size class was divided by the total cell abundance in
that size class, obtaining the cell-specific carbon fix-
ation rate for each size class. Subsequently, the logyg
of the cell-specific carbon fixation rate was plotted
against the log;o of the corresponding abundance-
weighed mean cell size in each size class to obtain an
individual linear relationship. To get a macroecolog-
ical picture of the size-scaling of metabolism and
abundance of the phytoplankton community in the
open-ocean and coastal ecosystems in this study, all
the individual size-scaling relationships for cell-
specific carbon fixation rate and total abundance
were pooled together in the same plot. Subsequently,
considering the methodological error presented by
the variables, the regression slope and intercept of
the linear relationship obtained were calculated
using a Model II regression analysis as described by
Huete-Ortega et al. (2010). As a result, 2 size-scaling
relationships were obtained for each sampling site:
one for the phytoplankton cell-specific carbon fixa-
tion rate and another for phytoplankton total abun-
dance, hereafter referred to as size-cell-specific car-
bon fixation rate macrospectrum and size-abundance
macrospectrum, respectively. When a comparison be-
tween slope values was necessary, a Student's t-test
following the Clarke method was used (Clarke 1980).

RESULTS AND DISCUSSION
General oceanographic conditions

The sampling sites selected for this study are rep-
resentative of 2 markedly contrasting marine ecosys-
tems in terms of their hydrographic features and pri-
mary production (Table 1), as described by previous
reports (Maranoén et al. 2001, Cermeno et al. 2005,

Table 1. Averaged (+1 SD) hydrographic characteristics for the period of sampling of the open-ocean and coastal ecosystems.
Temperature, primary production and chlorophyll a concentration values are from the surface. Brunt-Vaisala frequency is
averaged over the euphotic layer depth

Temp. (°C) Brunt-Vaisala Total primary prod. Total chl a conc. Chl a > 20 pm
frequency (s72) (mg C m=hY) (mg m~3) (%)
Open ocean 253+1.9 0.0002 + 0.0001 0.22 +0.19 0.16 + 0.06 25+ 11
Coastal 151 +1.1 0.017 £ 0.013 19.35 + 19.49 1.90 + 1.37 47 + 27
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2006). In the open-ocean ecosystem, we find warm
surface temperatures, strong stratification (evidenced
by the low values of the Brunt-Vaisdla frequency),
and low nutrient (oligotrophic) concentrations in the
upper mixed layer that result in low phytoplankton
primary production and chl a concentrations domi-
nated by the smallest phytoplankton, the picophyto-
plankton. Hydrodynamically, this system can be re-
garded as being close to steady-state: nutrients enter
the euphotic zone continuously at a slow rate and are
continuously consumed by the phytoplankton, so that
nutrient concentration never increases markedly
(Eppley et al. 1973, Lewis et al. 1986). Conversely,
the coastal ecosystem exhibits low sea surface tem-
peratures and enhanced vertical mixing both inside
and outside Ria de Vigo (evidenced by the high val-
ues of the Brunt-Vadisdla frequency), representing a
highly dynamic and productive ecosystem far from
steady-state, where nutrients enter the euphotic zone
episodically as a result of the coastal upwelling
(Alvarez-Salgado et al. 1996, Moncoiffé et al. 2000).
In this ecosystem, biomass and primary production
are dominated by large-size phytoplankton—the
microphytoplankton. Therefore, these differences in
water column stability and nutrient supply dynamics
justified the site selection, to analyze the variability
of broad-scale macroecological patterns in the rela-
tionship between phytoplankton cell size, abun-
dance, biomass, and metabolism.

Size-scaling of phytoplankton
cell-specific metabolism

The slopes (1.17 for open ocean; 0.90 for coastal
system) of the size—cell-specific carbon fixation
macrospectra were significantly different from 0.75
(t-test, p < 0.001 and p = 0.002, respectively) but sta-
tistically indistinguishable from 1, indicating an iso-
metric relationship between phytoplankton cell-spe-
cific metabolic rate and cell size in both ecosystems
(Fig. 2a). Individual log-log size-scaling relation-
ships determined in the coastal region exhibited a
high variability, with slope values in the range of 0.78
to 1 (Table Al in the Appendix) and, in most cases,
not significantly different from 1 (details of the indi-
vidual relationships from the open ocean are given
by Huete-Ortega et al. 2012). This isometric size-
scaling of cell-specific carbon fixation rate confirms
previous reports about the deviation from the %-power
rule of the metabolism of heterotrophic (Johnson et
al. 2009, DelLong et al. 2010) and photoautotrophic
unicellular organisms; both in culture experiments
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Fig. 2. Pooled individual log-log size-scaling relationships
(macrospectra) of (a) cell-specific carbon fixation rate and
(b) total abundance for surface phytoplankton collected in
the open-ocean (@) and coastal (O) ecosystems, respectively.
Statistical parameters of the Model II regression lines esti-
mated over the macrospectra for the open-ocean and coastal
systems are given, with n being the number of data points
and r? the determination coefficient. Parentheses: boot-
strapped 95 % ClIs for the intercepts and slopes. Phytoplank-
ton size is represented as logj, cell volume and equivalent
spherical diameter (ESD)
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(Lépez-Sandoval et al. 2013, 2014, Maranén et al.
2013) and natural communities (Maranoén et al. 2007,
Huete-Ortega et al. 2012). Interestingly, despite the
fact that the primary production of both systems dif-
fers by >80-fold, the same pattern applies to them,
that is, mass (or volume)-specific carbon fixation
rates are roughly independent of cell size for phyto-
plankton cells spanning >8 orders of magnitude in cell
volume. This result agrees with the observation in
laboratory cultures that large and small species sus-
tain similar growth and carbon specific production
rates (Maranén et al. 2013, Lopez-Sandoval et al.
2014). The former study also found that intermediate
species were able to grow faster than their smaller
and larger counterparts, which corresponds to the
existence of curvature in metabolic scaling (Koloko-
trones et al. 2010, Lopez-Sandoval et al. 2014). Detec-
tion of this curvature in natural assemblages, how-
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Fig. 3. Averaged size-fractionated (a) carbon biomass and
(b) biomass turnover rate for the open-ocean and coastal
ecosystems. Error bars =1 SD

ever, is difficult because aggregation of cells from
multiple species into a few discrete size classes
results in loss of resolution in the determination of
size-metabolism scaling relationships.

The nearly isometric size-scaling of phytoplankton
cell-specific carbon fixation rates may be explained
by a combination of several geometrical, morpholog-
ical, and physiological traits along the size spectrum
(Maranoén et al. 2007, Huete-Ortega et al. 2012). Due
to their small surface to volume ratio and their thicker
diffusive boundary layer, larger phytoplankton cells
are at a disadvantage for the uptake of nutrients, es-
pecially when nutrients are in short supply (Chisholm
1992, Raven 1998, Armstrong 2008). However, sev-
eral traits of large cells may help them to overcome,
at least partially, this size-related constraint. For
instance, large phytoplankton have a large nutrient
storage capacity (Stolte & Riegman 1995), which is
particularly beneficial in environments subjected to
intermittent nutrient supply. Increases in the carbon
to nitrogen and carbon to phosphorus ratio, typically
observed in larger cells, represents a way to increase
in cell size (and thus obtain refuge from predation)
without increasing nutrient requirements to the same
extent (Thingstad et al. 2005). Finally, larger cells
growing in nutrient-enriched environments are able
to sustain higher nitrogen-specific maximum nitro-
gen uptake rates than smaller cells, which results in a
greater ability to acquire nutrients when nutrients
are available in large amounts (Maranon et al. 2013).

Size-scaling of phytoplankton abundance
and biomass

The slope of the size—abundance macrospectrum
constructed for the open-ocean ecosystem was —1.15,
while we found a lower value, —0.73, in the coastal
one (Fig. 2b), wherein the slope values for the individ-
ual log-log size-scaling relationships ranged be-
tween -0.79 and -0.67 (Table A1; details of individual
relationships from the open ocean are given by
Huete-Ortega et al. 2012). This pattern is consistent
with previous inter-ecosystem comparisons of the re-
lationship between phytoplankton abundance and
cell size (Cavender-Bares et al. 2001, Cermefno &
Figueiras 2008, Huete-Ortega et al. 2010). Phyto-
plankton carbon biomass (Phyto-C) varied from 0.9 to
8.2 mg C m™ and from 1.7 to 26.7 mg C m~ in the
open-ocean and coastal ecosystems, respectively (Fig.
3a). Comparing both regions, carbon biomass values
were higher in the coastal ecosystem for all phyto-
plankton size classes except the picophytoplankton,
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for which Phyto-C was 7-fold higher in the open
ocean. We obtained small differences in carbon bio-
mass between both ecosystems for the small and large
nanophytoplankton. While Phyto-C was dominated
by picophytoplankton in the open-ocean ecosystem,
in the coastal ecosystem we observed a change in bio-
mass dominance toward microphytoplankton and an
increased contribution of this large-sized class to total
chl a from 25% to 47 % (Table 1). This change in the
biomass size structure from open-ocean to coastal wa-
ters was in concert with an ~11-fold increase in chl a
concentration and an increase in the total standing
stock of biomass (Table 1, Fig. 3a), as reported in pre-
vious works (Chisholm 1992, Maranén et al. 2012).
This pattern seemed to be also reflected in the slight
departure from the linearity of total cell abundance
between 10° and 10° pm?® (Fig. 2b, white dots), which
implied an increased abundance of cells within some
specific large-sized classes.

Size-scaling of phytoplankton energy use

Following Damuth's energy equivalence rule (EER;
Damuth 1981), previous works have reported that the
flow of energy associated with the photosynthetic
activity of phytoplankton along the size spectrum can
be assessed by multiplying, for each size class, the
cell-specific carbon fixation rate by the total cell
abundance, to obtain a scaling relationship between
total carbon fixation per unit volume and cell size
(Maranon et al. 2007, Huete-Ortega et al. 2012). In
the present study, we found contrasting macroeco-
logical patterns in the size-scaling of energy use in
the 2 ecosystems. In the open-ocean ecosystem, we
did not find statistically significant linear relation-
ships for this variable, either individually (see Huete-
Ortega et al. 2012) or by plotting all the data together
in a single size-carbon fixation rate macrospectrum
(Fig. 4, black dots). This result indicates that the total
use of energy due to phytoplankton photosynthesis is
independent of cell size in the open ocean. Conversely,
we obtained a statistically significant linear relation-
ship with a slope of 0.40 for the size macrospectrum
of total carbon fixation per unit volume in the coastal
ecosystem, meaning that the flow of phytoplankton
photosynthetic energy increases with cell size in this
ecosystem (Fig. 4, white dots). These observations
argue against the idea of a universal invariance of
organisms’ total energy use and agree with recent
reports of deviations toward an increase in the use of
energy by large organisms (Hayward et al. 2009,
DeLong 2011, Isaac et al. 2011).

Mechanisms driving differences in natural
phytoplankton community size structure between
the two ecosystems

A combination of both bottom-up and top-down
factors would determine the different size abundance
distribution patterns of phytoplankton in coastal and
open-ocean ecosystems. The main difference between
the studied sites lies in their water-column dynamics,
which largely determines the nutrient supply. In this
sense, we argue that differences in the magnitude
and variability of this nutrient supply, and their inter-
actions with the physiological constraints of phyto-
plankton, contribute to explain the different way in
which the size-scaling of metabolic rate is function-
ally linked to the size-scaling of abundance in coastal
and open-ocean systems. From this functional link-
age, the size abundance distribution of phytoplank-
ton communities arises, and the size-differential effect
of the grazing pressure on phytoplankton helps to
shape their final size structure.

We observed high variability in phytoplankton bio-
mass turnover rates amongst size classes in the open
ocean (0.01 to 0.04 h™') and coastal (0.14 to 0.64 h')
ecosystems (Fig. 3b), although there was not a clear
pattern of dominance amongst them for both systems.
Phytoplankton turnover rates coincided with previ-
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Fig. 4. Pooled individual log-log relationships (macrospec-
trum) between total carbon fixation rate per unit volume and
cell size for surface phytoplankton collected in the open-
ocean (®) and coastal (O) ecosystems. Model II regression
lines and statistical parameters as in Fig. 1. Phytoplankton
size is represented as log;, cell volume and equivalent spher-
ical diameter (ESD). No details are given for the open-ocean
system, as no statistically significant regression relationship
was found
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ous values reported for the same oceanic regions
(Goericke & Welschmeyer 1998, Lessard & Murrel
1998, Cermeno et al. 2005, Maranén 2005) and were
markedly higher in coastal waters than in the oligo-
trophic open ocean (10-fold difference on average),
consistent with the increasing trend described by a
bio-optical model in Behrenfeld et al. (2005). On aver-
age, phytoplankton growth rate in the open ocean
was 0.13 d"!—much lower than the maximum theo-
retical value (~1.5 d™!) estimated by Eppley (1972) for
phytoplankton growing in tropical oceans. Conversely,
in the coastal ecosystem, we estimated a phytoplank-
ton growth rate of 2.2 d7!, higher than the value of
~1d7! inferred from growth-temperature relation-
ships. We thus conclude that, in contrast to more pro-
ductive and highly dynamic marine ecosystems, a
physiological limitation of phytoplankton growth
throughout the size spectrum exists in the open
ocean. This conclusion is in agreement with ample
experimental evidence that demonstrates that mainly
nitrogen limitation (and sometimes nitrogen and
phosphorus co-limitation) results in physiological
impairment of phytoplankton growth in open-ocean,
oligotrophic regions (Mills et al. 2004, Marané6n 2005,
Moore et al. 2008, 2013).

The superlinear size-scaling of phytoplankton
abundance found for the open-ocean ecosystem was
suggested to be mainly driven by the interaction of
the nutrient supply dynamics typical of nutrient-
impoverished, near steady-state marine environments,
with the nutrient limitation and the size-specific
physiological properties of the phytoplankton inhab-
iting this kind of ecosystem (Huete-Ortega et al.
2012). This interaction would manifest in the reci-
procity found between the size-scalings of phyto-
plankton metabolic rate and abundance (i.e. EER;
Enquist et al. 1998), in which the higher grazing
pressure on the small phytoplankton would be com-
pensated by losses in the large phytoplankton asso-
ciated with higher sedimentation rates. However,
such reciprocity is not observed in the present study
for the more dynamic and nutrient-enriched marine
ecosystem (see Fig. 2 and Fig. Al), suggesting that
additional features might be playing a role in deter-
mining the size-abundance distribution of coastal
phytoplankton.

Coastal ecosystems are characterized by highly
dynamic regimes of light and nutrient concentrations
(Alvarez-Salgado et al. 1996, Gargett 1997). Many
studies have reported a positive relationship between
the temporal variability of resource supply, water col-
umn hydrodynamics and the selection for large
phytoplankton species (Grover 1991, Edwards et al.

2011, Kerimoglu et al. 2012). Large phytoplankton
have high nutrient-specific maximum nutrient uptake
rates and a large nutrient-storage capacity (Stolte &
Riegman 1995, Maranén et al. 2013) in comparison to
smaller cells. These physiological features allow them
to take advantage of intermittent nutrient pulses and
outcompete small-sized species. Additionally, large
species have a greater capacity to survive in fluctuat-
ing-light environments due to the low susceptibility
of their photosynthetic apparatus to damage by high
light intensities (Key et al. 2010). Therefore, the same
biophysical and physiological features described
above to explain the isometric size-scaling of meta-
bolic rate would enable larger species to physiologi-
cally outcompete small ones during conditions of
intermittent nutrient supply. In this study, these
mechanisms increased large phytoplankton abun-
dance and biomass in the nutrient-rich conditions of
the coastal ecosystem, and determined the flow of
photosynthetic energy along the community size
spectrum.

In addition to the interaction between phytoplank-
ton physiology and resource supply dynamics, top-
down factors would also control the size structure of
phytoplankton communities. Traditionally, it has been
widely accepted that grazing pressure tends to favor
the dominance of large cells in settings of enhanced
phytoplankton growth (Kierboe 1993, Macias et al.
2010, Poulin & Franks 2010, Ward et al. 2012). How-
ever, several observational studies have recently
suggested that the size-dependence of phytoplank-
ton mortality due to grazing may be lower than gen-
erally assumed. For instance, Gutiérrez-Rodriguez et
al. (2011) found that phytoplankton groups with very
different mean cell sizes suffered similar rates of
grazing. Similarly, Chang et al. (2013) did not find
any indication of a decrease in grazing pressure with
increasing phytoplankton cell size. Finally, grazing
losses due to microzooplankton, which are the main
consumers of phytoplankton production, are similar
in ecosystems with markedly different phytoplank-
ton size structures (Calbet & Landry 2004, Schmoker
et al. 2013). Despite this open debate about the effect
of grazing pressure along the phytoplankton size
spectrum, it is clear that top-down controls affect
phytoplankton size abundance distribution in both
coastal and open-ocean ecosystems. Therefore, we
hypothesize here that this ecological pressure would
contribute to shape the final size structure of phyto-
plankton communities, in turn determined by the
interaction between the size-scaling of key physio-
logical properties of phytoplankton and the dynamics
of nutrient supply.
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Appendix. Additional data
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Fig. Al. Relationship between the slopes of the size-scaling of cell-specific carbon fixation

rate and total cell abundance obtained for the coastal ecosystem. No significant linear

regression was found (p-value = 0.88), indicating the absence of reciprocity between the
size-scaling of abundance and metabolic rate

Table A1. Statistical parameters of the log—log scaling relationships between cell size, total cell abundance and cell-specific carbon fix-
ation rate obtained for the coastal ecosystem. Sampling at the stations 42.24° N, 8.79° W and 42.16° N, 8.94° W are referred as Inside and
Outside, respectively. For each type of relationship, a and c are the Model I intercepts, b and d refer to the Model II slopes, n indicates
the number of data points, and r? is the determination coefficient. 95 % Cls for the intercepts and slopes are in parentheses. p-value refers
to the comparison between the size-scaling slope of metabolic rate with the expected value of 3%, as detailed by Clarke (1980)

Date of sampling —— Size-scaling of cell-specific carbon fixation rate——  ———— Size-scaling of total abundance

d c Y n P b a rr n
19 May 2010. Inside ~ 0.78 (0.62,0.90) -1.21 (-1.51,-0.96) 0.97 7 0.590 -0.79 (-0.92,-0.64) 3.17 (2.85,3.56) 0.84 20
26 May 2010. Inside  0.95 (0.78,1.11) -1.03 (-1.27,-0.70) 0.97 7 0.007 -0.67 (-0.77,-0.57) 2.99 (2.77,3.25) 0.94 21
2 June 2010. Outside 0.92 (0.66,1.28) -0.74 (-1.46,-0.54) 0.88 7 0.176 -0.71 (-0.79,-0.60) 3.20 (3.02,3.44) 0.90 19
30 June 2010. Outside 0.74 (0.65,0,87) -0.76 (-0.96,-0.50) 0.98 7 0.821 -0.71 (-0.79,-0.60) 3.34 (3.21,3.46) 0.97 20
28 July 2010. Inside ~ 1.00 (0.73,1.53) -0.92 (-1.60,-0.61) 0.87 7 0.076 -0.70 (-0,84,-0.50) 3.51 (3.20,3.93) 0.79 21
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