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Abstract The size—abundance spectrum (SAS) of
phytoplankton is controlled by the interplay of phys-
ical and biological factors whose particular relevance
varies between ecosystems. Here we report the results
of a study of phytoplankton SAS in a system of eight
estuarine shallow, eutrophic lagoons (Guadalhorce
river, South Spain). SAS were obtained through a
combination of flow cytometry and image analysis
microscopy techniques covering six orders of magni-
tude from picoplankton to microplankton. Cell num-
bers were classified into a log2 scale of cell volume to
model the log-log relation between cell abundance
(cells/mL) and cell volume (um3). The resulting
averaged phytoplankton SAS can be described by a
log—log transformed, power model with a slope of —
0.62 (that is, there is an allometric relation between the
size and abundance of cells). The distribution of
biovolume (um3/1) in broader size categories is
characterized by the dominance of nanoplankton
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(67.4%), followed by microplankton (30.1%) and
picoplankton (2.5%). The minor relative contribution
of picoplankton to total biovolume can be explained
by a combination of high and variable rates of nutrient
inputs, light stress and grazing. The biomass domi-
nance of intermediate-size cells (nanoplankton) is
coherent with experimental findings describing the
unimodal size scaling of growth rate, with maximum
values centered in this size category.

Keywords Phytoplankton - Intermediate-size cell -
Eutrophic - Estuary - Size—abundance spectra

Introduction

Many phytoplankton physiological and ecological
processes (such as metabolic rates, light absorption,
nutrient uptake, sinking rates, and susceptibility to
grazing) are strongly determined by cell size (Fenchel,
1974; Calder, 1983; Peters, 1983; Chisholm, 1992;
Maraiion, 2015). As a consequence, the size structure
of phytoplankton communities is closely related to
numerous ecosystem properties, including food-web
organization, energy flow, matter cycling and stability
(Platt & Denman, 1977; Peters, 1983; Rodriguez & Li,
1994; Gaedke et al., 2004; Acevedo-Trejos et al.,
2015; Moreno-Ostos et al., 2015).

Measurement of the amount of chlorophyll within
different size classes through fractionation methods
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provides a first approximation to the size structure of
phytoplankton. However, a more precise approach is
based on modeling size—abundance spectra (SAS)
(Platt & Denman, 1977; Rodriguez & Mullin, 1986),
which describes cell abundance as a mathematical
function of cell size (both scales log-transformed).
Modeling SAS has led to the consideration of this
approach as a valuable tool for the analysis of aquatic
ecosystems and is on the basis of several theoretical
models on ecological features such as flow of biomass
or ecosystem metabolism (Platt et al, 1984; Geider
et al., 1986; Cozar et al., 2003; Brown et al., 2004;
Gaedke et al., 2004; Glazier, 2009; Marafion, 2009). In
addition to this, the size structure of planktonic
communities can contribute to the management of
aquatic ecosystems. Size—abundance models and
parameters can be used as a sensor for different
anthropogenic pressures on aquatic ecosystem from
the global (e.g., climate change) to the local (e.g.,
nutrients input or the introduction of exotic species)
scales. As a matter of fact, the European Water
Framework Directive proposes phytoplankton com-
munity composition, species abundance, and fre-
quency and intensity of blooms as elements for
phytoplankton-based ecological quality assessment
in coastal and transitional waters. However, phyto-
plankton communities in transitional waterbodies
frequently depicts a marked spatial and temporal
variability, which makes ecological characterization
based on phytoplankton taxonomic features even more
complicated (Lugoli et al., 2012). In this context, there
is a need for the development of complementary
ecological status indicators based on non-taxonomic
criteria, including biomass distribution along cell size
classes (Garmendia et al., 2011). To make these
application possible and useful, it is worthy to
previously achieve a solid knowledge about the shape
of the size-distribution model and the factors control-
ling it.

Phytoplankton communities in the oligotrophic
ocean show rather linear SAS with a slope value
around — 1 (they tend to be isometric), which can be
considered as a conservative ecosystem property
(Cavender-Bares et al., 2001; Quifones et al., 2003;
Huete-Ortega et al., 2010, 2012; Moreno-Ostos et al.,
2015). On the other side, coastal and other productive
ecosystems are usually described by allometric mod-
els with less negative slope values or non-linear
distributions (Rodriguez et al., 1998; Rodriguez et al.,
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2001; Rodriguez et al., 2002; Huete-Ortega et al.,
2014). Slope variability is even more relevant when
considering the phytoplankton SAS of continental
aquatic ecosystems (Sprules & Munawar, 1986;
Echevarria et al., 1990; Rojo & Rodriguez, 1994;
Garcia et al., 1995), where external perturbations and
physical forcing promote frequent and sometimes
intense fluctuations and variability in rates of nutrient
input. This is especially evident in the case of lagoons
and shallow lakes, where SAS tend to be more
irregular, bumpy and particularly fluctuating (Eche-
varria et al., 1990; Quintana et al., 2002; Gaedke et al.,
2004).

The quantitative analysis of abundance of different
size categories suggest that, in productive ecosystems
(coastal and upwelling marine waters, estuaries,
eutrophic and shallow lakes, reservoirs, etc.) the
contribution of picoplankton (cells smaller than
2 um Equivalent Spherical Diameter, ESD; Sieburth
et al., 1978) to total phytoplankton biomass is small
compared to that of larger nanoplankton (2-20 pum
ESD) and microplankton (> 20 um ESD) (Chisholm,
1992; Rodriguez et al., 1998; Rodriguez et al., 2002;
Huete-Ortega et al., 2014). The usual explanations are
(1) that large-size cells would have competitive
advantage over smaller size ones due to their higher
storage capacity, which permits to sustain high uptake
rates for longer periods of time and (2) that small cells
suffer a stronger control from grazing, as compared to
nano- and microphytoplankton (Kigrboe, 1993; Iri-
goien et al., 2005).

However, Marafion et al. (2013) have experimen-
tally demonstrated that, under nutrient-replete, expo-
nential growth conditions, both large-size and small-
size cells sustain lower growth rates than intermediate-
size cells. Such a unimodal size scaling of phyto-
plankton growth would be explained by size-depen-
dent trade-off processes related to taxon-independent,
size-related constraints in nutrient uptake, requirement
and assimilation (Marafién et al., 2013; Ward et al.,
2017). The unimodal size scaling of maximum growth
rate supports a purely physiological mechanism to
explain the variability in size structure as a function of
resource availability, as picophytoplankton would
represent a small contribution of total biomass in rich
waters mainly because they grow more slowly than
larger cells. Furthermore, the unimodal size scaling
pattern predicts that, rather than the largest size
fraction (e.g., microphytoplankton), intermediate-size
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cells (e.g., nanophytoplankton) should dominate envi-
ronments with high resource availability.

In this paper, we first model the size—abundance
spectrum of phytoplankton in a system of eight
estuarine, shallow, eutrophic lagoons (Guadalhorce
river, South Spain) and then use the continuous model
to see how biomass is distributed among discrete size
classes: picoplankton, nanoplankton and microplank-
ton (following Sieburth et al., 1978 or “small,”
“intermediate,” and “large” cells (following Marafién
et al., 2013). The goal is to examine under natural
conditions the experimental results of Marafi6n et al.
(2013) about the dominance of nanoplankton (or
intermediate-size cells) where external perturbations
and physical forcing promote frequent and sometimes
intense fluctuations and variability in rates of nutrient
input.

Materials and methods
Study site

The Guadalhorce river estuarine wetland is located
near Malaga, South Spain (36°40'23.3" N,
4°27'20.8” W). It constitutes a salt marsh area of
67 ha confined between the two Guadalhorce river
branches and the Mediterranean shore (Fig. 1). After
years of anthropic use, the wetland underwent an
intense hydrological and ecological rehabilitation as
waterbirds habitat, and at the present time it is formed
by ten permanent shallow lagoons. To attend to the
conservation of its biodiversity, the Andalusian
Government declared this wetland as a Natural Site
(“Paraje Natural”), a very restrictive protection
figure for ecosystems with a high environmental value.

For this study, we selected eight lagoons (Fig. 1)
with surfaces ranging from 1500 to 67,000 m* and
average depth around 0.5 m. A total of 11 one day
surveys were carried out from October 2015 to
January 2017 covering all seasons (Fig. 2). In each
sampling, all lagoons were sampled early in the
morning.

Physical and chemical variables, nutrients
concentration and chlorophyll a concentration

Due to the reduced surface and shallowness of the
studied lagoons, water samples, and physical and

chemical data were collected from the littoral zone
some meters away from the shore, avoiding any
contact with the sediment. Dissolved oxygen concen-
tration, water temperature, salinity, turbidity, and pH
were determined in situ using a Hanna Instruments
HI9829 multiparameter probe. Dissolved inorganic
nutrients concentration (nitrate, nitrite, ammonium,
phosphate, and silicate) were determined on 50-ml
filtered (GF/C filter) water samples using a Skalar
San + autoanalyzer. Dissolved Inorganic Nitrogen
concentration (DIN) was calculated as the sum of
nitrate, nitrite and ammonium molar concentrations.
Chlorophyll a concentration was determined on 50-ml
filtered (GF/C) water samples. Pigments were
extracted in 90% acetone and their concentration
measured using a Turner Design fluorometer follow-
ing Smith et al. (1981).

Trophic state evaluation

To assess the trophic status of each lagoon, the trophic
index TRIX (Vollenweider et al., 1998) was calculated
from the mean concentration of dissolved nutrients,
chlorophyll a and dissolved oxygen as

TRIX = [log(PO;~ x DIN x Chl-a x D%0,) + 1.5] /1.2

where concentrations of PO4>~, DIN and chlorophyll
a are in mg/m® and D%O, is the % deviation of the
oxygen concentration from saturation conditions.
TRIX values were classified into the eutrophication
ranges provided by Pavlidou et al. (2015).

Cell size and abundance

Cells larger than 20 pm ESD were studied on 250-ml
water samples fixed with 1% Lugol’s iodine and
settled following the Utermdhl method (Lund et al.,
1958). Then we used an inverted Leica DMIL
microscope fitted with an F-145 Allied Vision camera
to count and measure cells. Images were processed
using specific and public software developed by one of
the authors (J.M. Blanco) at University of Malaga
(Fot-O-Matén 1II). Length and width of at least 100
cells/colonies were measured for the different phyto-
plankton geometric shapes (Hillebrand et al., 1999)
present in the samples. Cell volumes were calculated
from the obtained morphological data.
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Fig. 1 Location of Guadalhorce river estuary in the Iberian Peninsula (Malaga, South Spain), and detail of the studied lagoons within
the coastal wetland. Nomenclature of lagoons (#1, #2,...8#) is linked with a sea-land gradient. Black circles show sampling points

Fig. 2 Sampling schedule
showing months in which
samplings were carried out

Cells smaller than 20 pm ESD were analyzed on
fresh water samples using an Accuri flow cytometer
(FC) (Becton Dickinson). To convert FC optical
signals to cell volume, the equipment was calibrated
with the microscopy image analysis system using the
following materials:

(a)

(b)

Standard flow cytometry size calibration kit
(Invitrogen Molecular probes) with non-fluo-
rescent beads (1, 2, 4.2, 6, 10, and 15.4 pm
diameter).

Phytoplankton cultures of 7 different species
(Synechococcus  oceanicus W.T.Hall &
G.Claus, Synechococcus RCC33 C. Nigeli,
Ostreococcus tauri C.Courties & M.-J.Chréti-
ennot-Dinet, Nannochloropsis gaditana L.M.

@ Springer

Samplings

(©)

2015 2016 2017

10| 11/12(01(02(03[04(05[06(07[08[09|10|11{12{01|02
B 0§00 0D 0D 11

Lubian, Isochrysis galbana Parke, Rhodomonas
salina (Wislouch) D.R.A.Hill & R.Wetherbee
and Tetraselmis chui Butcher), covering a range
from 0.5 to 52 um® cell volume (1 to 4.6 pm
ESD).

Several natural samples collected during the
studied period, all of them depicting high cell
abundance and clearly differentiated flow
cytometry signals. Fifteen flow cytometry clus-
ters from natural samples were used in this
calibration, with mean cell size ranging from 1.8
to 34,400 pm® (1.5 to 40 pm ESD) and
comprising 5 phytoplankton taxa (Rhodophyta,
Miozoa, Chlorophyta, Cyanobacteria, and
Euglenozoa). Between 200 and 400 cells were
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measured for each flow cytometry -cluster.
Finally, an exponential regression function
between log cell volume and log FSC-H (“For-
ward Side scatter” signal) was fitted (Fig. 3) to
data. Changes in the relationship between FSC-
H signal and cell size derived from signal drift
(controlled using the FC calibration kit) did not
significantly affect calibration during the period
of study.

Phytoplankton size—abundance spectra

SAS were built by combining the size—abundance
distributions obtained from flow cytometry and
microscope image analysis, following the procedure
detailed in Moreno-Ostos et al. (2015). We classified
cell volume measurements according to an “octave”
(log,) size scale and then analyzed the relationship
between the log-transformed values of abundance
(cells/ml) and nominal cell volume (um3), this being
described by the lower limit (equivalent to the
amplitude) of each log, size class (Blanco et al., 1994).

The use of a log, size scale permits to have a rather
precise estimation of total biovolume (Bv, um3/1) for
any particular size class, since the amplitude of any
size class (2V; — V;) is equal to the lower limit (or
nominal size) of the class. Then, Bv (size class V; to

LogV =-0.55+0.0016 - ¢'-#L09FSC
2 =0.92

@ Bead
A Culture
B Natural

LogV

&)
N

40 45 5.0 5.5 6.0 6.5
LogFSC

Fig. 3 Relationship between cell volume (um®) and flow
cytometry forward side scatter signal (FSC-H)

2V,) = N; x V,, where N, is cell abundance in the size
class and V, the nominal cell volume of that size class.
From here we calculated total biovolume for the
following size categories: picoplankton (0.2-2 um
ESD, nanoplankton (2-20 um ESD) and microplank-
ton (20-200 pm ESD) following Sieburth et al (1978),
and “small” (< 10? um®), “intermediate” (10°-
10* um?®), or “large” (> 10* um?) cells as a derivation
from Marafién et al. (2013) and Marafién (2015)
observations.

Total biovolume for any size class was then
calculated as the sum of biovolumes of the log, size
classes included within any of these categories. As an
example, total biovolume for nanoplankton (cells
between 2 and 20 pm ESD) was obtained as
i=20pmESD

Bv(Nanoplankton) = ZiZZ#mESD (Ni Vi)

Results
Temperature, conductivity and turbidity

Although there is a clear seasonal cycle with temper-
atures ranging between 10 and 300°C, there were no
significant differences among lagoons at any moment
during the period of study (Fig. 4a). Water conduc-
tivity, however, exhibited a marked land-to-sea gra-
dient, with mean values ranging from 16.7 mS/cm in
the innermost lagoon #8 to 128.7 mS/cm in the closest
to the sea lagoon #1 (Fig. 4b). Seasonal changes in
conductivity values were directly related to water
temperature (> = 0.14, n = 88, P < 0.001) through
evaporation, the highest values being recorded in
summer and the lowest during autumn and winter. The
only exception was lagoon #8, where low conductivity
remained stable throughout the study period.

Turbidity exhibited high inter- and intra-lagoon
variability, with values ranging between 5.3 and 80.7
FNU (Table 11). Following the empirical expressions
by Koenings & Edmundson (1991), those turbidity
values should roughly correspond to light extinction
coefficients between 0.8 and 7.6 m~'. Taking into
account that the mean depth of these lagoons is around
0.5 m, it could be concluded that the photic layer
extends to the bottom during most of the year in these
ecosystems.
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Fig. 4 Physical and chemical variables and chlorophyll a
concentration recorded during studied period for each lagoon.
Abscissas for dissolve inorganic nitrogen (DIN), ammonia and
chlorophyll a are represented in log;, scale. Horizontal lines in
boxplots (a, b, d), represent median values, the lower and upper
hinges correspond to the first and third quartiles and the upper
and the lower whiskers extend from the hinge to the largest or
the smallest value no further than 1.5 Points are outliers. In
barplot (c) is represented mean values and standard deviation

Dissolved inorganic nutrients

Dissolved Inorganic Nitrogen concentration (DIN)
showed a decreasing gradient of concentration toward
the interior of the estuary, with values ranging
between a maximum of 379.4 uM in closest to the
sea lagoon #1 and a minimum of 1.2 pM in innermost
lagoon #8 (Fig. 4c). The gradient is driven by
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ammonium concentration, which was 1-2 orders of
magnitude higher than nitrate concentration and
represented more than 90% of DIN close to the coast
(lagoons #1, #2) and less than 70% in the innermost
lagoon #8 (Fig. 4c). We did not observe a clear
gradient of phosphate concentration, with values
ranging between 0.79 pM in lagoon #8 and 2.71 pM
in lagoon #7 (Table 1).

Chlorophyll a and total phytoplankton biovolume

There is a positive and significant relation between
chlorophyll a concentration and total phytoplankton
biovolume (r2 = 0.51, P < 0.001, n = 88), both prop-
erties showing an increasing gradient of concentration
toward the interior of the estuary. Mean values of
chlorophyll concentration ranged between 1.3 and
64 ng/l (Fig. 4d), whereas phytoplankton biovolume
ranged between 1.15 x 107 and 2.27 x 10® um*/ml.

Trophic status

During the studied period, the eight coastal lagoons
showed mean TRIX index values higher than 5.3,
which corresponds to highly eutrophized coastal
ecosystems (Pavlidou et al., 2015). The average TRIX
value in the wetland was 7.72 £ 0.61 (Table 1).

Phytoplankton size—abundance distribution

Cell size range analyzed extends from 0.6 to 125 um
ESD (1 to 10° pm?), thus covering six orders of
magnitude in terms of cell volume, including
picoplankton, nanoplankton, and microplankton. The
averaged size—abundance spectrum of phytoplankton
(Fig. 5) is continuous along the complete size range
observed and can be described by the allometric model
log (N) = 4.9 — 0.62 log (V) (* = 0.95).

Using the classical Sieburth’s categories,
nanoplankton shows the highest biovolume (Fig. 6a),
followed by microplankton and picoplankton. We
have also calculated total biovolume for size cate-
gories identified as “small” (< 10? um3), “interme-
diate” (10>-10* pm?), and “large” (> 10* um?) size
cells with a very similar result, that is, the consistent
dominance of intermediate-size cells (Fig. 6b).
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Table 1 Physical and chemical and biological variables recorded for each studied lagoon

Lagoon NO;~ NO,~ NH,* SRP FNU D.O TRIX

#1 10.6 + 25.1 3.1+£27 138.7 + 103.9 1.6 +1.2 53 +34 57 +£29 6.7+ 1.2
# 134+ 1.1 04 +02 37.4 £ 60.9 1+06 26 + 334 5.8 +2.8 6.8 &= 0.9
#3 42+ 738 14415 30.2 &+ 44.6 1141 5.6+ 5.8 6.2 £ 39 6.9 & 1
#4 0.7 + 04 04+ 0.3 7.9 +£9.8 11407 23.7 + 144 5.9+ 4.8 72 +£0.8
#5 13415 0.4 £ 0.3 303 &+ 44.6 2.1+£23 80.7 & 86.7 6.8 £ 3.6 7.6 £ 0.6
#6 1+1 0.3 £+ 0.3 122 + 21 1+07 27 £ 36.8 74 £26 6.8 &= 0.7
#7 1743 1343 36.6 & 93.1 2.7 £ 44 21 + 142 9.6 & 4.1 7.6 £ 0.6
#3 1+06 03 + 04 284+35 0.8 + 0.5 146 £9.8 55+ 1.9 72405

Nitrate (NO3"), nitrite (NO,”), ammonia (NH,") and soluble reactive phosphorous (SRP) concentrations are expressed in pM,
temperature in °C, turbidity in FNU, conductivity in mS/cm, Chlorophyll a in pg/l, dissolved oxygen in mg/l and trophic status index
in relative units. Values show mean =+ standard deviation for the whole studied period

Fig. 5 Averaged size— 8
abundance spectra 71
combining all 6
measurements from all
lagoons and sampling dates
for the entire studied period.
Points and bars are mean
abundance and standard
deviation, respectively, in
each size class. Second

x axis illustrates cell sizes 01
represented as equivalent 1

logoN(cells/ml)

Small

Intermediate Large

10g1o(N ) =4.9-0.62-10g1o(V)

r2=095

spherical diameter

2 3 4 s 6
log 10V(Hf?3)

Discussion
Trophic status of the Guadalhorce lagoons

Mediterranean estuarine lagoons are among the most
vulnerable and least studied estuarine ecosystems
worldwide (Kennison & Fong, 2014). The intense
anthropic use of Mediterranean coastal areas and
associated watershed modifications typically results in
severe nutrient enrichment and eutrophication. In this
context, our estuarine lagoons system showed high
TRIX values and can be identified as a highly
eutrophized ecosystems following Pavlidou et al.
(2015), with particularly high concentrations of
ammonium, which accounts for more than 85% of
total dissolved inorganic nitrogen.

Such high ammonium concentration could be
driven by agriculture and wastewater anthropogenic

loading as well as to microbial dissimilatory nitrate
reduction to ammonia (DNRA) in the presence of
organic matter under reducing conditions (Gilbert
et al., 2013). A recent study on sediment cores in five
of the Guadalhorce lagoons (Gutiérrez Parejo, 2017)
demonstrates that their sediment—water interface con-
stitutes a reducing environment with high levels of
organic matter, particularly in the lagoons closer to the
coast, which is in agreement with our observations
about ammonium availability (Fig. 4c). This biogeo-
chemical process could be enhanced by the degrada-
tion of the dense adjacent marshes, which supply
organic matter and support reducing environments
within the lagoons. In addition to this, the dense
waterbird populations that inhabit these lagoons could
also contribute to increasing organic matter and
ammonium concentration through the guanotrophica-
tion process (Leentvaar, 1967; Batanero et al., 2017).

@ Springer
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Some preliminary results (Conejo-Orosa & Moreno-
Ostos, 2018) indicate that both nutrient loads and
trophic state in the Guadalhorce lagoons are related to
waterbirds abundance and community composition.
This would also explain the observed gradient since
waterbirds populations depict higher abundances in
the lagoons located near the sea shore, where both
continental and marine waterfowl species coexist.

In coherence with the eutrophic character of the
ecosystem, mean phosphate concentration in most
lagoons was higher than 1.1 uM, the threshold con-
centration for highly eutrophicated transitional and
coastal waters proposed by the European Environment
Agency (EAA) classification for water quality (Crou-
zet et al., 1999).

Recorded DIN and phosphate concentrations were
always higher than the threshold values proposed for
potential nutrient limitation by Ryding & Rast (1992),
Justi¢ et al. (1995a, b), Maberly et al. (2002), and
Reynolds (2006), so it could be concluded that no
nutrient limitation actually occurred in these lagoons
during the study period.

Factors controlling phytoplankton size structure

The size—abundance spectrum model of phytoplank-
ton is allometric, showing a slope of — 0.7 which
clearly differs from the well-known linear size spectra
with slopes around — 1 (or even more negative)
typically described in oligotrophic, open ocean,
pelagic ecosystems (Rodriguez & Mullin, 1986;
Moreno-Ostos et al., 2015). Slope values flatter than
— 1 are usual in productive ecosystems both marine
and freshwater (Rojo & Rodriguez, 1994; Huete-
Ortega et al., 2014).

Although the size structure of the community can
be described by a linear model, data points distribution
is slightly bumpy (Fig. 4). Departure from linearity
has been described in “frequently perturbed,” stressed
aquatic ecosystems, such as marine polar ecosystems
(Witek & Krajewska-Soltys, 1989; Rodriguez et al.
2002), Mediterranean high mountain lakes (Echevar-
ria et al., 1990; Rodriguez et al., 1990), lakes with
extreme environmental conditions (Gasol et al., 1991;
Steinberg et al., 1998a, b), shallow eutrophic lakes
(Garcia et al., 1995; Cézar et al., 2003; Gaedke et al.,
2004) and coastal lagoons (Quintana et al., 2002;
Thomas et al., 2005; Sousa et al., 2007). In this
context, Garcia et al. (1995) conclude that small,

@ Springer

shallow, saline, and eutrophic ecosystems typically
show a higher variability in SAS and a more uneven
biomass distribution, and Cézar et al. (2003) find that
total irregularity in the SAS of a set of subtropical
shallow lakes increased with trophic status. In any
case, although being bumpy and flatter, phytoplankton
SAS in the Guadalhorce estuarine lagoons show a
continuous distribution of phytoplankton abundance
along the complete size range during the whole study
period. According to Gaedke et al. (2004), this
continuity indicates that all potential niches are filled
and has been interpreted as a continuum of functional
guilds, a feature of highly developed food webs
(Gaedke, 1992; Cozar et al., 2003).

The distribution of biomass by size depends on
physiological factors related with nutrient uptake,
biomass production and growth but also on loss
processes such as predation, viral lysis, UV damage,
sinking and resuspension, among other factors, all of
which can be subject to various degrees of size
dependence. The bumpy distribution of data points
around the regression line (Fig. 5) results in the higher
contribution of intermediate-size cells (nanoplankton)
to total phytoplankton biomass in comparison with
that of microphytoplankton and picoplankton
(Fig. 6a), the latter representing less than 5% of total
phytoplankton biomass.

There is ample evidence for the low relative
contribution of picoplankton biomass in eutrophic
ecosystems where nutrient supply is highly intermit-
tent (Rojo & Rodriguez, 1994; Takamura & Nojiri,
1994; Sommaruga & Robarts, 1997; Agawin et al.,
2000; Bell & Kalff, 2001; Burns & Galbraith, 2007).
This decline in relative picophytoplankton biomass in
more productive waters can also be reflected in an
equivalent decline in their contribution to primary
production in inland and marine ecosystems (Agawin
et al., 2000; Bell & Kalff, 2001; Marafion et al., 2012).

Grazing pressure by heterotrophic flagellates (Cal-
lieri, 2008) could also contribute to the low biomass of
picoplankton, favoring larger-size cells in the compe-
tence for nutrients and light (Bell & Kalff, 2001; Burns
& Galbratih, 2007). In this context, Schapira et al.
(2010) found that picoplankton growth was tightly
controlled by fast-growing protozoans under high
nutrient conditions in a South Australian coastal
lagoon. In agreement, previous studies have shown
that picoplankton predominates in hypersaline lakes
when heterotrophic nanoflagellates were absent
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Fig. 6 Phytoplankton biovolume recorded during period
studied for each size category. (a) Total biovolume for
Sieburth’s categories: “picoplankton” (<42 p.rn3),
“nanoplankton” (4.2-4.2 x 10* um®), and “microplankton”
>42 x 10° pm3). (b) Total biovolume for size categories:
“small” (1-10° pm3), “intermediate” (10°>-10* um3), and
“large” (10°-10° pm?) size cells. Horizontal line represents
median values, the lower and upper hinges correspond to the first
and third quartiles and the upper and the lower whiskers extend
from the hinge to the largest or the smallest value no further than
1.5. Point are outliers

(Somogyi et al., 2014). Preliminary analyses show that
heterotrophic nanoflagellates were present in the
Guadalhorce lagoons, with mean abundances of
around 10° cells/ml (data not shown), typical for
temperate inland aquatic ecosystems (Segovia et al.,
2016). Additionally, it has been demonstrated that
Artemia sp., a very common crustacean in the
Guadalhorce lagoons, also graze heavily on Picocystis
cells, a pico-like phytoplankter with 1-3 pm ESD
(Roesler et al., 2002).

Some physical characteristics of the lagoons might
also help to explain the observed comparatively low
contribution of picoplankton to total phytoplankton
biomass. Burns & Galbraith (2007) find an inverse and
significant relationship between the contribution of
picoplankton to total biomass and lake depth, with
lowest contribution in shallow lakes. These authors
show that the contribution of picoplankton to total
microbial biomass comprised < 1% in estuaries and
shallow lakes, while this contribution was signifi-
cantly higher in reservoirs (7.1%) and deep lakes
(16.5%). In this context, Bell & Kalff (2001) suggest
that depth could play a complementary role to trophic
status influencing the size—abundance structure of
phytoplankton communities. These authors also sug-
gest that the frequent recruitment of nano- and
microplankton cells by wind-induced sediment resus-
pension events would explain the inverse relation
between picoplankton contribution to phytoplankton
biomass and depth. In any case, it is difficult to
separate the role of depth from that of the input of
nutrients. Since small water bodies tend to receive (per
unit volume) more nutrients from the environment, the
metabolism of coastal ecosystems like estuaries
accelerates with decreasing water body size (Nid-
zieko, 2018).

It has also been argued that the small size of
picoplankton could be a disadvantage in environments
exposed to high solar radiation as these small organ-
isms find it difficult to accommodate within their cells
sufficient photoprotective substances to avoid visible
and ultraviolet radiation damage and photoinhibition
(Garcia-Pichel, 1994; Raven et al., 2005; Llabrés &
Agusti, 2006; Agusti & Llabrés, 2007; Finkel et al.,
2010; Moreno-Ostos et al., 2011). Under high irradi-
ance levels, pico-sized cells typically show increased
metabolic cost of screening out damaging radiation
(Raven et al., 2005), which results in low growing
rates. Llabrés & Agusti (2006) demonstrated that
picoplankton from the surface of the Atlantic Ocean is
severely affected by exposure to ambient levels of
visible and ultraviolet radiation, inducing abrupt cell
mortality. Rojo et al. (2012) reported that increased
UV radiation in a Central Spanish lake results in
picoplankton lower growth rate, biomass and contri-
bution to total phytoplankton biomass. By contrast,
nano- and microplankton show a higher package
effect, lower susceptibility to photoinhibition and
better metabolic performance under high irradiance
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levels (Hashimoto & Shiomoto, 2002; Cermeiio et al.,
2005; Raven et al., 2005; Finkel et al., 2010; Moreno-
Ostos etal., 2011; Rojoetal., 2012; Neale et al., 2014).
The Guadalhorce lagoons typically depicted low
turbidity waters, with photic zone generally extending
to the bottom. Taking into account the high visible and
ultraviolet radiation levels recorded in the study area
(Aguilera et al., 2003), the average light attenuation
coefficients and the shallowness of these water
masses, we can hypothesize that picoplankton popu-
lations could suffer intense light-induced cell damage
and mortality, which could also contribute to the
observed low relative biomass of this size category.

On the other side of the size spectrum, microplank-
ton (cells larger than 20 pm ESD in Sieburth’s
classification) would be expected to be the dominant
size class in eutrophic productive ecosystems due to
their higher storage capacity, which permits them to
fill up more slowly when acquiring nutrients and,
consequently, sustain high uptake rates for longer
periods of time (Malone, 1980; Stolte & Riegman,
1995; Falkowski & Oliver, 2007; Litchman et al.,
2007; Verdy et al., 2009; Marafion et al., 2013). In
terms of size—abundance modeling, this corresponds
to a log—log, linear model where the slope of the
relation between the numerical abundance and cell
size is < — 1.0 which implies that “biomass per
logarithmic size class” increases with body size (Platt
& Denman, 1977; Rodriguez & Mullin, 1986;
Rodriguez & Li, 1994). Our global SAS (Fig. 5) is
described by the model logN(V) = 4.9 — 0.62 logV,
which implies that biomass per size class would
increase with a slope = + 0.38. Thus, our results
agree with previous observations about the relative
dominance of large versus small cells in eutrophic
ecosystems. However, in addition to this, what our
results are showing is that maximum biomass does not
accumulate in the largest size category of microplank-
ton but in the intermediate-size category of nanoplank-
ton. On the other hand, the effect of size-dependent
sinking loss of largest cells can be discarded because
of turbulence in this shallow water layers. In fact,
turbulence would balance sinking losses through cells
resuspension from the bottom sediment, a phe-
nomenon that can increase the absolute and relative
dominance of very large cells as was demonstrated in
marine ecosystems by Reul et al. (2006).

@ Springer

Dominance by intermediate-size cells

Our detailed size-spectrum approach combining flow
cytometry and microscopy image analysis permits a
more precise analysis of the distribution of phyto-
plankton biomass by size categories in comparison
with classical methods based on size-fractionation of
chlorophyll. Results show that nanoplankton (and not
microplankton) is the size category dominating
biomass distribution in this system of eutrophic
lagoons (Fig. 6), a pattern that agrees with previous
observations. Wehr (1989) showed that phytoplankton
dominance can shift from picoplankton to nanoplank-
ton in nutrient enriched environments (Takamura &
Nojiri, 1994), and Bec et al. (2011) found that frequent
external perturbations (such as nutrient pulses and
turbulent mixing episodes) stimulate fast-growing
nanoplankton in Mediterranean coastal lagoons.
Caroppo (2000) found that nanoplanktonic flagellates
were the dominant phytoplankton group in a Mediter-
ranean brackish lagoon, and Thomas et al. (2005)
showed that phytoplankton biomass was governed by
nanoplankton in two South African eutrophic estuar-
ies. Bell & Kalff (2001) pointed out that the
nanoplankton biomass increases with nutrient rich-
ness, whereas the relative importance of picoplankton
decreases with increasing nutrient load. In productive
estuarine systems (Gobler et al., 2002) and eutrophic
coastal lagoons, nanoplankton can constitute the
dominant phytoplankton size fraction in terms of
abundance and biomass, particularly when ammonia is
the major source of dissolved inorganic nitrogen, as
nanoplankton has the ability to use, and generally
prefer, reduced forms of nitrogen to grow (Bec et al.,
2011). As previously discussed, this is the case of the
Guadalhorce lagoons, where ammonia is, by far, the
major component of DIN.

A more general explanation of these observations
derives from the experimental demonstration by
Maraifién et al (2013) of the unimodal relationship
between the maximum growth rate of phytoplankton
and cell size. Increasing cell size can have opposite
effects on metabolism and growth in small to inter-
mediate species (those with ESDs of approximately
0.6 to 10 pm) and intermediate to large species (those
with ESDs of approximately 10 to > 100 um). In
other words, intermediate-size cells around 10? um3
show the highest growth rate, which declines sharply
as cells become either smaller or larger. This unimodal
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size scaling of phytoplankton growth would arise from
taxonomic, size-dependent trade-off processes related
to nutrient requirement, acquisition, and use (Mar-
afién, 2015). Large-size cells, although characterized
by a high ability to acquire nutrients and a large
storage capacity, are limited by the conversion of
nutrients into biomass. Conversely, small-size cells
are constrained by the rate of maximum nutrient
uptake relative to their nutritional requirements
(Marafion et al., 2013; Marafidon, 2015; Ward et al.,
2017). The biomass dominance of intermediate-size
cells in the nutrient-rich ecosystem studied here agrees
with previous observations indicating that the species
dominating the community biomass during intense
phytoplankton blooms in coastal, productive waters
typically have cell volumes in the range 10-20 pm?’
(Marafién 2015). Intermediate-size cells, thanks to
their larger ability to exploit transient conditions of
increased nutrient supply, are likely to dominate
productive environments and thus play a major role
in food webs and biogeochemical cycles.
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