JOURNAL OF PLANKTON RESEARCH | VOLUME 32 | NUMBER 1 PAGES 1-14 2010

General patterns 1n the size scaling of
phytoplankton abundance in coastal
waters during a 10-year time series

MARIA HUETE-ORTEGA'*, EMILIO MARANON!, MANUEL VARELA? AND ANTONIO BODE?
'DEPARTAMENTO DE ECOLOGIA Y BIOLOGIA ANIMAL, FACULTAD DE CIENCIAS DEL MAR, UNIVERSIDAD DE VIGO, 363 10 VIGO, SPAIN AND 2Il\‘STITUTO ESPANOL
DE O(IEANOGRAFiA, CENTRO OCEANOGRAFICO DE A CORUNA, APDO. 130, 15080 A CORUNA, SPAIN

*CORRESPONDING AUTHOR: mhuete@uvigo.es

Received June 4, 2009; accepted in principle September 29, 2009; accepted for publication October 2, 2009

Corresponding editor: William Li

To ascertain the general patterns in phytoplankton size structure of a temperate,
coastal ecosystem, we determined the scaling relationship between total abundance
and cell size (size spectrum) for nano- and micro-phytoplankton in a shelf station
off NW Iberian Peninsula on a monthly basis during the period 1993-2002. The
inverse linear relationship between log abundance and log cell size was persistent
throughout the water column and across seasonal and inter-annual time scales. In
addition, and despite the high productivity and marked temporal variability in
water column structure at our study site, departures from linearity in the size
spectra were rare. The slope (—0.96) of the overall size spectrum for the entire
time series indicated that roughly equal amounts of biomass were present over
different logarithmic size classes in the size range considered. The phytoplankton
size spectra had similar average slopes during winter mixing, early upwelling,
summer stratification and autumn downwelling, suggesting that, under these
oceanographic conditions, both nano- and micro-phytoplankton respond similarly
to environmental variability. In contrast, significantly less negative slopes were
observed during upwelling relaxation, indicating an increased importance of
larger cells. Our results illustrate the utility of individual size distributions to
provide a synthetic description of phytoplankton community structure in dynamic,
non steady-state marine ecosystems.

INTRODUCTION

higher and most of the primary production is channelled
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. . e through short food chains, resulting in an increased efhi-
Phytoplankton size structure is of critical importance for

the functioning of pelagic ecosystems both from an eco- ciency of the biological pump in transporting carbon
logical and a biogeochemical point of view (Kioerboe,
1993; Legendre and Rassoulzadegan, 1996; Maranon, . ; e e .
2009). When small cells account for the bulk of phyto- of organisms, including lifespan, home range size, meta-

plankton biomass, as is typically the case in oligotrophic bolic rates and resource use (Peters, 1983; Brown et al.,
waters, sedimentation rates are small, a complex 2004), the relationship between body size and abun-

towards deep layers (classical food web; Cushing, 1989).
Given that body size affects all aspects of the biology

microbial food web dominates the cycling of matter and
the potential for downward carbon export is reduced
(microbial loop; Azam et al., 1983). When large cells
dominate the community, sedimentation losses are

dance has long been recognized as a fundamental prop-
erty of communities and ecosystems. One of the most
widely used approaches to study this relationship in
aquatic ecosystems 18 to construct an individual size
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distribution, also known as size spectrum (White et al.,
2007). In this distribution, the total abundance or
biomass of all individuals within each logarithmic size
class, irrespective of species, is plotted against the
nominal or mean cell size of each size class (Sheldon
et al., 1972; Rodriguez and Mullin, 1986; Sprules and
Munawar, 1986; Rodriguez ¢t al., 2001).

When the size spectrum is constructed using total
abundance (), the resulting distribution usually follows a
simple decreasing power function of cell size (M) such
that Noc M’ where b is the size scaling exponent.
Logarithmic transformation yields log N'=a + b log M,
where a and b are the intercept and slope, respectively, of
the linear relationship. The value of b, which typically
takes values between — 1.3 and —0.6, can be regarded as
a synthetic descriptor of the phytoplankton community
size structure. Typically, unproductive ecosystems are
characterized by more negative b values (—1.3 to —1.1),
whereas productive waters show less negative b values
(—0.8 to —0.6) (Cavender-Bares ¢/ al., 2001; Reul et al.,
2005; Maranon et al, 2007). In addition, it has been
shown that more productive ecosystems that are also
subject to stronger hydrodynamical forcing can show irre-
gularities (i.e. nonlinearities) in the size spectrum (Sprules
and Munawar, 1986; Reul ez al., 2006), resulting from the
accumulation of a small number of species.

Despite the fact that the relationship between water
column structure and phytoplankton size spectra has
been studied for decades, most previous analyses either
did not consider seasonal variability or were based on a
small number of observations conducted during just
1 year. Thus, the emphasis has been placed mostly on
the relationship between particular hydrodynamic events
and the resulting changes in phytoplankton size structure
(Rodriguez et al., 1987; Reul et al., 2005, 2006) rather
than in the search of broader patterns across a range of
temporal scales. The present study uses a large set of
monthly data of phytoplankton composition and abun-
dance collected at a shelf station off A Coruna (NW
Iberian Peninsula) during 1993-2002. The region is
characterized by the typical seasonal variability of coastal
temperate seas and, in addition, is subject to intermittent
upwelling pulses during the period April—September
(Fraga, 1981; Casas e al., 1997; Teira et al., 2003), thus
leading to a particularly dynamic pelagic ecosystem. Our
main objectives here are (1) to verify the validity of the
power-law relationship between phytoplankton cell size
and abundance to describe phytoplankton size structure
in a non-steady-state ecosystem; (1i) to describe the seaso-
nal and interannual variability in phytoplankton size
structure; and (iil) to obtain general patterns in the size
scaling of phytoplankton abundance in relation to con-
trasting hydrographic conditions.
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METHOD

Sampling
The data used in the present study were obtained
within the framework of the time-series project
RADIALES, conducted by the Instituto Espafiol de
Oceanografia in the Ria of A Coruila (NW Spain)
(Valdés et al., 2002). This project involves a monthly
sampling of 5 stations along a coast-ocean transect and
has been running since 1989. Our analysis is focused
on the abundance and cell size of phytoplankton col-
lected at the station 2 (depth =80 m; 43°25'30"N,
08°26'20"W; Fig. 1) during the period January 1993—
December 2002. On each sampling visit, the vertical
distribution of temperature and salinity was measured
with a CTD SBE-25 probe. Water samples were col-
lected with 5 L Niskin bottles or a rosette sampler from
depths of 0, 5, 10, 20, 30 and 40 m. For each sampling
depth, samples were collected for the determination of
nutrient concentration, chlorophyll ¢ (Chl 4) concen-
tration and phytoplankton abundance following the
methods previously reported in Casas et al. (Casas et al.,
1997, 1999) and Teira et al. (Teira et al., 2003). In
addition, the daily averaged Ekman offshore transport
of surface water across a transect parallel to the shore-
line was estimated as described by Lavin et al. (Lavin
et al., 1991), using wind speed and direction data
measured every 6 h at the Centro Meteorologico Zonal
of A Coruna (Agencia Estatal de Meteorologia). The
sign and value of this transport are used as indicative of
the occurrence and intensity of the upwelling events,
respectively, as positive values indicate upwelling-
favourable, offshore Ekman transport, whereas negative
values indicate downwelling-favourable, onshore Ekman
transport. Water-column stability was estimated using
the Brunt—Viisald frequency (N) calculated from the
density difference between 0 and 40 m depth:

4-g(0'2 - 0'1) 172
(o9 + 1) (22— 21)

where g is the acceleration gravity value, oy and o are
the densities at 40 and 0 m, respectively, and zo and z;
are the sampling depths.

Phytoplankton abundance and cell size

Phytoplankton samples of volume 50—100 mL were
preserved in Lugol’s solution and kept in the dark until
analysis. Samples were always counted by the same
person using a Nikon Diaphot TMD microscope from
1993 to May 1997 and a Nikon Eclipse TE300
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Fig. 1. Map of the sampling site off A Corufia Shelf (NW Iberian peninsula).

microscope from June 1997 to the end of the time
series, following the technique described by Utermohl
(Lund et al., 1958). A magnification of 100X was used
for large forms, 250x for intermediate forms and
400x and 1000x for microflagellates. Whenever poss-
ible, organisms were classified at the species or genus
level. Cell biovolume for each species was estimated in
some samples from measurements of cell dimensions
under the microscope, assigning a certain geometric
shape to each species (Edler, 1979), and in the case of
colonial species, only the cell size and the cell abun-
dance were considered. An average cell size obtained
from these measurements was used in subsequent analy-
sis. Tor those species or genera for which no cell size
measurements were available, cell volume was taken
from the literature. The cell size range considered in
our analysis was the nano- and micro-phytoplankton
[2-20 and >20 pm of equivalent spherical diameter
(ESD), respectively]. The total number of phytoplank-
ton samples analysed for the present study was 571.

Size—abundance spectra

Size—abundance spectra were constructed using the
phytoplankton abundance and cell size data. Size
classes were established on an octave (logy) scale of bio-
volume and total cell abundance was calculated for
each class by summing the abundance of all species
included in it. The maximum number of size classes
obtained was 19, ranging from 2 to ~200 pm of ESD.
Afterwards, the logjy of total abundance was plotted

against the log of the lower limit of the corresponding
octave size class in order to obtain a linear relationship
(Blanco et al., 1994; Reul et al., 2005). Given that meth-
odological error was present in both variables, a Model
IT regression analysis by the reduced major-axis method
was carried out for each spectrum in order to estimate
the regression slope and the Jintercept (Laws and
Archie, 1981). When a comparison between spectral
slope values was necessary, Student’s /-test following the
Clarke method was used (Clarke, 1980). Size—abun-
dance spectra with a determination coefficient (r”) lower
than 0.5 (less than 15% of all spectra) were eliminated
and discarded from further analysis.

In order to analyse the phytoplankton size structure
along the whole time series, we obtained size—abun-
dance spectra at different levels of integration. At a first
level, we constructed the size—abundance spectra for
each month and sampling depth, obtaining approxi-
mately 600 spectra. In addition, data from the different
sampling depths on each month were pooled together,
thus yielding a size—abundance spectrum for the whole
water column, hereafter referred to as water column
macrospectra. These macrospectra result from plotting
together all the individual spectra obtained for a given
sampling date. Reduced major axis (rm.a.) regression
was applied to these macrospectra with the object of
verifying the existence of linearity in the size—abun-
dance relationship. As explained above for the individ-
ual spectra, those macrospectra with a determination
coeflicient below 0.5 were not considered for further
analysis. At a third level of integration, annual
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macrospectra were also obtained, by plotting together
all the water column macrospectra for each year. Finally,
a single macrospectrum for the entire data set was also
constructed by combining all annual macrospectra.

Time-series analysis

With the aim of analysing the interannual and seasonal
variability in our data set, we carried out a Fourier
analysis in order to assess the periodicity of the time
series, and later the variables were broken down into
different sources of variability such as the seasonality
and the interannual trend or the residuals (Nogueira
et al., 1997). The variables subjected to time-series
analysis were temperature, salinity, mixing layer depth,
nutrient concentration, the size—abundance spectra
slopes at 5 and 40 m depth, the water column macro-
spectra slopes, Ekman transport and the monthly values
of the North Atlantic Oscillation index. Once variables
were broken down, correlation coefficients between the
sources identified were calculated and cross-correlation
tests between them were carried out to assess the
relationship between the abiotic factors (hydrographic
variables and nutrient concentration) and phytoplank-
ton community size structure. Although seasonal
sources were obtained for some of those variables, our
analysis was focused on the interannual variability of
the data set. The level of significance of the identified
interannual trends was tested by first-order regression
analysis. Statistical analyses were made using MATLAB
software (Component Run Time version 7.7).

RESULTS

Hydrography and Chl a

The hydrodynamic pattern at the sampling station was
typical of the NW Iberian peninsula, which is highly
influenced by the predominant winds in each period of
the year. Thus, in autumn and winter, there is a clear
dominance of downwelling, whereas in spring and
summer upwelling pulses prevail (Fig. 2). In spring, the
onset of vertical stratification, mainly as a result of
surface water warming, favours the development of phy-
toplankton blooms (Fig. 3). In addition, sequences of
upwelling—relaxation—downwelling events are frequent
in summer, causing the advection of cold and
nutrient-rich water into the photic layer and the devel-
opment of summer blooms during the relaxation
period.

In spite of its interannual variability, station 2 showed
the characteristic seasonal patterns of temperate coastal
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ecosystems: low temperatures, high nitrate concen-
trations and low Chl « concentration during late
autumn and winter, and warmer temperatures and
higher Chl a concentrations during the rest of the year
(Figs 3 and 4). Vertical mixing was evident from
January until April, with temperatures around 13°C
throughout the water column (Figs 3a and 4b). Warmer
temperatures occurred during summer and ecarly
autumn, when thermal stratification was present,
mainly in summertime (Fig. 3a). The highest tempera-
tures, observed in early autumn, coincided with the
intensification of downwelling events that cause the
accumulation of shelf waters against the coast (Fig. 4b).
In addition, the intense mixing of the water column in
winter resulted in a vertically homogeneous distribution
of nutrients. Conversely, during summer, nutrient con-
centrations increased with depth as a result of active
phytoplankton consumption in the upper layers and the
re-mineralization of sinking organic matter below the
photic layer (Figs 3b and 4c). Finally, the seasonal
pattern was also clearly observable in Chl « concen-
trations, with high values being measured during
summer and lower values in winter (Figs 3¢ and 4d).
Thus, the monthly averaged values of Chl ¢ at 5m
depth ranged between 3.6mgm ° in June and
0.72mgm™° in January. The maximum values were
observed in summer, coinciding with a moderate stratifi-
cation of the water column and higher incident irra-
diances that favour the development of summer blooms
after the enrichment of the photic layer by upwelling
events (Fig. 4d).

Hydrographic periods
With the aim of analysing the seasonal variability of
phytoplankton community size structure, we identified
five hydrographic periods relevant to the phytoplankton
succession during the annual cycle. This classification
was based on the temporal variability of the following
environmental factors: surface temperature, nitrate and
Chl a concentrations, averaged Ekman transport over
the 6 days prior to sampling date and water column
stability estimated by the Brunt—Viisald frequency (V).
The five hydrographic periods identified, whose
characteristics, described in Table I, are similar to those
previously reported for the study area (Casas et al.,
1997; Varela et al., 2001), were: winter-mixing, upwel-
ling type I (initial stage), upwelling type II (final stage),
stratification and downwelling. The two types of upwel-
ling periods identified differ mainly in nutrient and Chl
a concentration. Upwelling I corresponds to the initial
stages of the upwelling event, when nitrate concen-
tration 1is higher and Chl « concentration is still
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Fig. 2. Monthly averaged values of the Ekman transport (m® s ' km™") during the period of study. Positive and negative values of this index
indicate upwelling-favourable and downwelling-favourable conditions, respectively:

relatively low. Upwelling type II corresponds to the final
stages of upwelling events, when the northern winds
relax and a moderate stratification of the water column
leads to bloom development. The winter-mixing period
shows the characteristics of temperate waters in late
autumn and winter, with a high nutrient concentration,
strong vertical mixing and low phytoplankton biomass.
In contrast, the stratification period is characterized by
a strong vertical thermal gradient and a high water-
column stability. Finally, downwelling conditions are fre-
quent in early autumn and involve the advection of
warm water from the shelf towards the coast.

General size—abundance patterns

A significant, inverse linear relationship between abun-
dance and cell size was persistent throughout the study
and at different levels of integration, including (i) individ-
ual samples from a given depth, (i) water-column spectra
and (iii) annual spectra (Fig. 5). During the entire study
period, the slope of the log—log relationship between phy-
toplankton total abundance and cell size in individual
samples ranged from —1.39 to —0.66. In addition, we
found that the slopes of the size—abundance spectra from
different depths on the same sampling date were not sig-
nificantly different from the slopes of the corresponding
water column macrospectra (Clarke test always P << 0.05).
Consequently, we assumed that the water-column macro-
spectra were representative of the phytoplankton commu-
nity size structure for a given sampling date. Finally, when

we pooled together all the observations collected for the
whole time series, the resulting overall macrospectrum
had a slope of —0.96 (Fig. 6).

Size—abundance spectra and hydrographic
variability

Size—abundance macrospectra were obtained from
each hydrographic period identified by plotting together
all the water column macrospectra of the different
sampling dates belonging to each period (Table II). All
hydrographic periods showed similar values of the slope
of the size—abundance relationship (Clarke test, P>
0.05) with the exception of upwelling II, which had a
significantly less negative slope (Table II; Clarke test
always P << 0.0001), indicating an increased importance
of larger species. The intercept of the size—abundance
macrospectra had its lowest value in winter, reflecting
low levels of phytoplankton abundance, whereas the
highest values were recorded during the upwelling type
IT and stratification periods (Table II).

We analysed the vertical variability in the size—abun-
dance spectra during two contrasting hydrographic
periods, winter mixing and stratification, by calculating
the averaged slope of size—abundance spectra for each
depth within each period (Fig. 7). During the winter-
mixing period, the slope of the size—abundance spectra
throughout the water column had very similar values,
ranging between —0.95 and —1.02, reflecting the verti-
cal homogeneity of phytoplankton community size
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Fig. 3. Temporal and vertical variability in (a) temperature (°C), (b) nitrate concentration (wmol 1™ ") and (¢) Chl ¢ concentration (mg m ™).

structure. In contrast, a higher variability in slope
values was observed during the stratification period. In
this case, more negative values were registered in
surface waters and less negative values appeared below
the depth of 20 m, indicating an increasing importance
of larger phytoplankton in deeper waters.

Finally, we tried to ascertain whether or not there
was any relationship between phytoplankton biomass,
as represented by Chl « concentration, and the par-
ameters of the scaling relationship between abundance
and cell size. We classified all the sampling dates into
three groups, according to the values of surface Chl «
concentration: <0.2, 0.2-2 and >2mgChl am °.
Size—abundance macrospectra were then constructed
for each group by plotting together all the water column
macrospectra corresponding to each chlorophyll level.
The slope of the high chlorophyll macrospectrum
(—0.93) was significantly less negative (Clarke test, P <

0.001) than that of the low chlorophyll macrospectrum
(—0.97), indicating a higher relative importance of
larger cells during conditions of high phytoplankton
biomass (Table III). In contrast, no significant differ-
ences were found between the medium chlorophyll
macrospectrum and the other chlorophyll macrospectra
(Clarke test, 7> 0.05). In addition, the intercept of the
low chlorophyll macrospectrum had a significantly
lower value, reflecting a lower phytoplankton abun-
dance in all size classes when compared with the other
two situations. In contrast, the high chlorophyll macro-
spectrum showed the highest value of the intercept, cor-
responding to the highest abundance levels.

Time-series analysis

The temporal variation in the slope of the water
column macrospectra, together with the slopes of the 5
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Table I: Characteristics of the different hydrographic periods identified for the 10-year time series

Hydrographic period n Temperature Nitrate Brunt-Vaiséléd frequency Chla Ekman transport
Winter mixing 41 13.8(0.8) 3.9(1.8) 0.003 1.0 (0.9) —388
Upwelling type | 12 14.0 (1.5) 2.2(2.4) 0.003 1.8 (3.1) 434
Upwelling type Il 20 14.2 (1.4) 1.1(1.2) 0.005 2.4(1.1) 312
Stratification 23 15.9 (1.0) 0.8 (0.9) 0.013 2.5(2.6) 50
Downwelling 1M 16.4 (0.8) 1.8(1.2) 0.008 1.8 (2.4) —624

Shown are mean surface values (5 m depth) for temperature (°C), nitrate concentration (wmol L™') and Chl a concentration (mg m™2). n indicates the
number of stations included in each period. Briint-Viisala frequency was calculated between 0 and 40 m of depth. Ekman transport (m®s~ ' km™")
was averaged over the 6 days prior to sampling date. Standard deviation for each variable is in parentheses.

and 40 m depth size—abundance spectra for the entire
time series, are shown in Fig. 8. We observed a signifi-
cant trend towards less negative slopes in all three vari-
ables (trend slope = 0.014, P < 0.05 for water column
macrospectra slopes, trend slope = 0.015, << 0.05 for
5 m depth spectra slopes and trend slope = 0.015, P <
0.01 for 40 m depth spectra slopes). In order to deter-
mine whether these interannual trends were due to an
increase in the abundance of larger cells or a reduction
in the abundance of smaller species, we examined the
temporal evolution in the biovolume of the three main
phytoplankton groups, namely flagellates (2—9 pm

ESD), dinoflagellates (7—72 wm ESD) and diatoms (3—
230 wm ESD) (data not shown). Only the flagellates
showed a significant change in biovolume during the
study, with lower values towards the end of the sampling
period (P < 0.001 at 5 m and<<0.05 at 40 m depth). We
also found a significant, negative correlation between
flagellate biovolume at a depth of 5 and 40 m and the
spectral slopes at these depths (¥ = 0.23, P< 0.05;
7 =10.19, P< 0.05, respectively). It thus seems that the
temporal trend towards less negative slopes in the size—
abundance relationship (e.g. an increase in the relative
importance of larger cells) would result from a decrease
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Fig. 5. Representative abundance—size spectra at different levels of integration: (a) abundance—size spectra at different depths on a particular
sampling day (November 16, 1994), (b) water-column abundance—size macrospectra for January 1995, March 1995 and August 1995 and
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Table II: Statistical parameters for the relationship between log;, total cell abundance and log;y nominal
size_for the different hydrographic periods analysed during 1993—2002

Hydrographic period n Y-intercept b (slope) r

Winter mixing 2107 3.92 (3.85, 4.00) —0.97 (-0.99, —0.95) 0.65
Upwelling type | 669 4.22 (4.07, 4.38) —0.98 (—1.03, —0.94) 0.58
Upwelling type Il 1066 4.05 (4.05, 4.16) ~0.85 (—0.88, —0.82) 0.50
Stratification 1188 4.35 (4.24, 4.47) —0.99 (—1.03, —0.96) 0.60
Downwelling 470 4.11 (3.96, 4.27) —1.01 (—1.05, —0.96) 0.68

The Y-intercept and slope (b) were obtained using r.m.a. regression analysis. n indicates the number of observations included into the regression
analysis. Confidence limits (95%) for the intercept and slope are given in parentheses.
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Fig. 7. Vertical variability of the mean macrospectrum slopes during (a) winter mixing and (b) summer stratification.

Table III: Statistical — parameters  of  the
mactospectra obtained with samples of different
levels of Chl a concentration (mgm ™)

Chl a n Yintercept b (slope) r

<02mgm™ 2349 3.89(3.83,3.86) —0.97(—0.99, —0.95) 0.70
02-2mgm~> 1440 4.08(3.98,4.18) —0.95(—0.98, —0.92) 059
>2mgm 1936 4.27 (4.18,4.36) —0.93(-0.95, —0.90) 0.52

The Y-intercept and slope (b) were obtained using reduced major axis
regression analysis. n indicates the number of observations included into
the regression analysis. Confidence limits (95%) for the intercept and
slope are given in parentheses.

in flagellate biomass rather than an increase in the
biomass of diatoms or dinoflagellates.

In order to explore the possible causes for the
observed interannual trends in the size—abundance
slope and the biomass of flagellates, we analysed the
temporal variability in sea surface temperature and sal-
inity, nutrient concentration at 5 and 40 m depth,
mixing layer depth, Ekman transport and North Adantic
Oscillation index, as well as their cross-correlation with
the phytoplankton size structure. However, we did not

find any significant correlation between the slope of the
size—abundance spectrum (calculated both on an
annual and a monthly basis) and these hydrographic
and climatic variables. On the contrary, when we ana-
lysed separately the relationship between deseasonalized
flagellate biovolume and deseasonalized hydrographic
variables, we found that the biomass of this phytoplank-
ton group was inversely correlated with mixing layer
depth. This means that, when mixing depth was shal-
lower (and, therefore, water-column stratification was
more intense), flagellates tended to be more abundant.

DISCUSSION

General patterns in the size scaling
of phytoplankton abundance

Although several studies have previously addressed the
temporal (Gilabert, 2001; Reul et al., 2005) and vertical
(Gin et al., 1999, Rodriguez et al., 2001) variability in
the size scaling of phytoplankton abundance in marine
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Fig. 8. Temporal evolution in the slope of (a) water-column macrospectra and (b) spectra from 5 m (white circle, dashed line) and 40 m (dark

circle, solid line) depths.

ecosystems, to our knowledge this is the first study that
includes repeated monthly observations over both seaso-
nal and interannual time scales. The present work thus
provides a robust description of general patterns in the
phytoplankton size structure of coastal waters, which is
based on the analysis of some 600 size—abundance
spectra. Our data indicate that the linear inverse
relationship between abundance and cell size (1) is per-
sistent throughout the water column and across seasonal
and interannual time scales and (ii) can be adequately
described by a power law.

It has been often emphasized that more productive
ecosystems subjected to stronger hydrodynamic forcing
can show departures (i.e., dome-like patterns) in the linear
relationship between abundance and cell size (Sprules
and Munawar, 1986; Dickie ¢t al., 1987), as blooms of one
or a few species would cause a significant departure from
linearity in the log—log relationship between abundance
and cell size (e.g. Reul et al., 2006). In our study, however,
even though more than 10-fold changes in phytoplankton
chlorophyll were observed over seasonal time scales, the
size-scaling relationship could be always adequately

10

described by a statistically significant regression line and
major departures from linearity were seldom observed
(Fig. 5). Recent modelling work has shown that the
power-law relationship between abundance and cell size
results from the size scaling of cellular nutrient require-
ments and growth (Irwin e al., 2006), without the need to
invoke other mechanisms such as competition or size-
dependent changes in grazing and sedimentation.
Although the precise parameters of the functions relating
cell size to resource use and growth rate change according
to taxonomic affiliation and resource availability, among
other factors (Banse, 1982; I'inkel, 2001; Maranon e al.,
2007), these relationships tend to conform to a power law.
This explains our observation that the scaling of phyto-
plankton abundance and cell size, even in a productive
ecosystem, can also be described by a power relationship,
and the persistence of this relationship throughout the
study and at different levels of integration suggests the
importance of bottom-up control of the phytoplankton
size structure 1n the study site.

The scaling of phytoplankton abundance and cell

size depends on resource availability: less productive
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waters are characterized by steeper (more negative)
slopes, indicating a higher relative importance of
smaller species (Gin et al., 1999; Cavender-Bares et al.,
2001; Maranoén et al., 2007). Cermefio and Figueiras
(Cermeno and Figueiras, 2008) provided a review of
size spectra for nano- and micro-phytoplankton
obtained in regions of contrasting trophic status (their
Table 1). They found that the slope of the size spectrum
ranged from values around —0.8 in coastal, eutrophic
ecosystems (where mean primary production over the
year is usually higher than 2 gCm™*day ') to values
as low as —1.3 for the ultra-oligotrophic waters of the
Atlantic subtropical gyres (where typical primary pro-
duction rates are below 0.3g Cm *day”'). The
average slope observed in the present study (—0.96)
agrees with the fact that our study site is characterized
by high productivity (mean primary production over the
period 1993-2002 was 1.7 g Cm *day ). In Ria de
Vigo, a coastal embayment which is located some
150 km to the south of our study site and has an average
primary production of ca. 2.5 ¢ C m™*day” ' (Marafién
et al., 2004; Cermetio et al., 2006), the slope of the phyto-
plankton size spectra takes values between —0.9 and
—0.8 (Maranon et al., 2007; Cermernio and Figueiras,
2008). These results illustrate the macroecological pattern
whereby increasingly productive regions tend to show an
increasing  dominance by larger  phytoplankton
(Chisholm, 1992; Maranon e al., 2001; Marafion, 2009).

Our observations of the scaling between cell size and
abundance have direct implications for the distribution
of phytoplankton biomass along the size spectrum. If
phytoplankton total abundance (V) scales with cell size
(M) according to N oc M’ and phytoplankton carbon
biomass per cell (C) scales with M as C oc M, then total
biomass (N x C) will scale as M"" . Although the deter-
mination of the value of ¢ is subject to several methodo-
logical uncertainties, most recent estimates fall in the
range 0.9-1 (Montagnes and Berges, 1994;
Menden-Deuer and Lessard, 2000; Finkel, 2001), which
implies that, for our study system, b 4 ¢ will take an
average value close to zero. This would mean that,
within the nano- to micro-phytoplankton size range,
approximately equal amounts of biomass are contained
within each logarithmic size class. This result is in
accordance with the early observations of Sheldon ez al.
(Sheldon et al., 1972), although in their case biovolume
rather than biomass was considered.

Hydrography and phytoplankton
size structure

With the exception of the upwelling relaxation phase,
we found that size macrospectra had similar slopes

II
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in the different hydrographic conditions identified
(Table II). This suggests that, under these oceano-
graphic conditions, both nano- and micro-phytoplank-
ton respond similarly to changes in hydrodynamic
forcing and resource availability. Similar observations
have been reported for the southern Bay of Biscay,
where the slopes of size spectra of seston particle biovo-
lume exhibited low variability, despite a large range of
Brunt—Viisald values observed during the seasonal
cycle (Bode and Fernandez, 1992). Although the spectra
constructed by Bode and Fernandez (Bode and
Fernandez, 1992) were normalized biomass size spectra,
the direct comparison with our slope values is possible,
as the regression parameters of both scaling approaches
are equivalent (Blanco et al., 1994). In addition, in the
Galician shelf, the biomass of both nanoplankton and
microplankton increased similarly (by a factor of 2)
from winter to spring bloom conditions (Bode et al.,
1994). Lower standing stocks of phytoplankton in
winter, which result from excessive mixing and low light
availability, are also reflected in our analysis, since the
winter size macrospectra had a significantly lower
Fintercept than those of the stratification and upwelling
periods (Table II).

Upwelling relaxation (defined as upwelling II in our
analysis) brings about the largest increases in phyto-
plankton biomass and productivity in the Galician Rias
and shelf (Bode and Varela, 1994; Casas e/ al., 1999;
Tilstone et al., 2000). During the peak of the upwelling
event, when upward water velocities are highest, rela-
tively strong turbulence and offshore wash-out of cells,
together with the physiological time lag required for
communities to adjust to the new conditions, prevent
the accumulation of large amounts of phytoplankton.
During upwelling relaxation, however, high nutrient
concentrations combined with enhanced water-column
stability and reduced dispersion allow the onset of phy-
toplankton blooms, which are typically dominated by
chain-forming diatoms. In our study, this process is
shown 1in a significantly less negative slope (—0.85) of
the size macrospectrum (Table II), which indicates the
increasing dominance of larger cells. The common
association between increased phytoplankton biomass
and productivity and a higher dominance of large phy-
toplankton, and in particular diatoms, has been often
attributed to trophic effects (Kiorboe, 1993; Irigoien
et al., 2005). In this view, large phytoplankton domi-
nance is not caused by higher intrinsic growth rates,
relative to those of smaller phytoplankton, but rather
from the higher grazing pressure experienced by the
latter. However, there is recent evidence, both from
modelling (Irwin e al., 2006) and experimental studies
(Cermeno et al., 2005; Maranon e al., 2007), which
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suggests that large phytoplankton are capable of
sustaining higher growth rates than small phytoplankton
under conditions of high resource availability.

Our observations also allow us to extract some con-
clusions regarding the vertical variability in phytoplank-
ton size structure (Fig. 7). During the winter-mixing
period, the slope of the size spectrum was constant with
depth, reflecting a relatively homogeneous size structure
throughout the euphotic layer. However, during the stra-
tification period the slope became less negative with
depth (—0.8 at 30 m compared with —1 at the surface),
which indicates that the relative importance of large phy-
toplankton was greater near the bottom of the euphotic
layer. This pattern contrasts with that reported for the
stratified waters of the tropical and subtropical open
ocean, where the deep chlorophyll maximum (DCM) is
characterized by an increased dominance of small phyto-
plankton, compared with the upper mixed layer (Gin
et al., 1999; Pérez et al., 2006; Poulton et al., 2006). These
authors have interpreted this pattern as a result of the
higher light-use efficiency of smaller cells, which would
be advantageous in the low-irradiance conditions of the
bottom of the euphotic layer. It has to be noted, however,
that the DCM in the low-latitude open ocean is a perma-
nent structure characteristic of a near steady-state ecosys-
tem. In our study site, a coastal location subject to
intermittent upwelling during summer, stratification is
never a persistent feature as it is in the typical temperate
zones, but rather appears only between successive upwel-
ling pulses. After each upwelling-caused bloom, intense
sedimentation of large, fast-sinking species takes place
(Figueiras and Pazos, 1991; Varela et al., 1991; Cermefio
et al., 2006), which explains the observed trend towards
less negative size spectrum slopes in subsurface waters.
In contrast, the surface layer, where nutrients are scarcer,
is dominated by smaller species (Varela et al.,, 1991),
which are better adapted to use low concentrations of
nutrients (Chisholm, 1992; Kierboe, 1993).

Interannual variability in size spectra

Although longer time series are needed in order to
establish significant, long-term trends in the structure
and functioning of marine ecosystems (e.g Leterme
et al., 2005), our data set allowed us to explore the inter-
annual variability in phytoplankton size structure, as
represented by the parameters of the size spectra during
a 10-year period. We found that community size struc-
ture showed a significant interannual trend towards less
negative slope values (Fig. 8). Although there was no sig-
nificant correlation between the slope of the size spec-
and the variability in  the
physico-chemical variables, we did find that the

trum interannual

VOLUME 32

12

NUMBER 1 | PAGES I-14 | 2010

observed trend in slope was related to a decrease in
flagellate abundance, rather than to any change in the
abundance of diatoms or dinoflagellates. Moreover, the
biomass of flagellates (<10 pm in ESD) was inversely
correlated to the mixing layer depth, which would
suggest that in more stratified settings flagellates are
favoured relative to other phytoplankton groups. As
mentioned above, the association between enhanced
stratification, reduced nutrient supply and increased
dominance of small cells is a well-established pattern in
1992; Kierboe,
1993). Additional studies are required, however, to

biological oceanography (Chisholm,

ascertain the occurrence and causal mechanisms of
interannual trends in the composition and size structure
of phytoplankton in our study region.

CONCLUSIONS

Even though our study ecosystem is highly productive
and characterized by marked temporal changes in
hydrodynamics, the inverse linear relationship between
phytoplankton abundance and cell size was persistent
over seasonal and interannual time scales. In addition,
it could be adequately described by a power-law model,
which makes it easy to incorporate into size-based
mathematical models of plankton dynamics. The slope
of the size macrospectrum obtained from the overall
time series had a value of —0.96, which indicates that
roughly equal amounts of biomass were present over
the different logarithmic size classes in the nano- to
micro-phytoplankton size range. During the different
hydrographic periods that occur over the year, the slope
of the size macrospectrum had a similar value,
suggesting that both the nanophytoplankton and the
microphytoplankton often respond similarly to environ-
mental forcing. An exception was the upwelling relax-
ation period, when a stronger dominance of large
phytoplankton resulted in a significantly less negative
(—0.85) slope. The vertical variability in the size spec-
trum slope during stratification showed a trend towards
less negative values with depth, probably as a result of
sedimentation of large cells after an upwelling-caused
bloom. Our results illustrate the utility of individual size
distributions to provide a synthetic description of phyto-

plankton ~ community  structure  in  dynamic,
non-steady-state marine ecosystems.
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