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RESUMEN (en Inglés)

Phytoplankton organisms account for 50% of global primary production and
hence are central to the comprehension of global biogeochemical cycles. The structural
attributes of the planktonic community, such as abundance, size-structure or taxonomic
diversity, are emergent properties of processes taking place at the cellular, individual
level. The purpose of this PhD thesis is the development of techniques of
characterization of the planktonic community, both structural and physiological, from
the analysis of individual cells that could be applied in a routine basis to the study of
the ecosystems. The Flow Cytometer and Microscope (FlowCAM) is an automatic
sampling device that acquires images of the cells and uses pattern recognition
techniques to identify them. It allows the acquisition of information on a single cell
basis, which not only permits the size structure description but also the exploration of
underlying processes, as aspect that has not been deeply explored.

The size-structure of planktonic communities must be considered when designing
sampling methods whose objective is the enumeration of planktonic cells. Although the
FlowCAM has been used during the past decade to estimate several structural
attributes of plankton community, there is no a standard methodology that ensures the
reliability of the obtained data. In Chapter | of the present PhD thesis, we tackle the
task of determining the trade-offs between number of counted cells, size-range
effectively sampled and time required for analysis. Those considerations are used to
define proper sampling protocols. We demonstrate how, following those guidelines, the
FlowCAM is capable to count reliably a mono-specific cell suspension but also to
estimate the size-structure of natural samples.

Automated sampling devices allow the increment of the sampling resolution and
hence the number of images that can be acquired. Automatic classification of images
appears, then, as a fundamental tool to deal with the identification of these extensive
data bases. A common characteristic of image-based sampling devices is, however,
the disregard of the tridimensional shape of the imaged particles, which can result in
the bias of cellular biovolume estimates. In Chapter Il, we introduce a method to
improve the estimates of cellular biovolume obtained from image-based sampling
devices coupled to a state of the art method for automated classification of images.
The method of classification can be adapted to provide not only taxonomic information,
but also a morphologic classification of the cells, allowing a trustworthy estimate of the
cellular biovolume according to the cell shape predicted.




Once abundance, size and taxonomy have been obtained by FlowCAM analysis,
one can wonder how this data compare with the traditional methods for plankton
enumeration. In Chapter lll, we compared FlowCAM and light microscopy as methods
for the routine determination of the composition and size-structure of the planktonic
community. The effects of the preservation of the sample and the inaccuracies in the
automatic classification are the mainsprings discrepancies in the determination of size-
structure between both methods. Nevertheless, the synoptic vision of the seasonal
variation in abundance, biomass and diversity obtained was similar, which suggests
that the fully automatic method is adequate for exploring these variations in natural
samples.

The structural characterization of the phytoplankton community with FlowCAM
can be applied for a variety of scales, from long to short-term. In Chapter IV, we
analyze the dynamics of the phytoplankton community for a whole year and during two
contrasted scenarios in summer and autumn in the Central Cantabrian Sea. The
description of the hydrographic scenario showed temperature, light and nutrients as the
main drivers of community size structure and physiology. The size structure and carbon
biomass derived from FlowCAM were coupled with bulk measurements of chlorophyll,
allowing a combined approximation to the phytoplankton community dynamics. The
biomass and chlorophyll size spectra followed different trends which translated in
changes in the chlorophyll to carbon ratio, for the whole community but also between
size-fractions. The size dependence to the chlorophyll content was found to vary with
field irradiance.

The structure of the community is the result of physiological processes taking
place at the individual level. Hence, the description of the physiology of the
phytoplankton community based on bulk measurements would go further if an estimate
of pigment content per single cell was available. In Chapter V, we explored the
relationship between the emission of fluorescence of phytoplankton single cells
measured by the FlowCAM and their chlorophyll content. The size-dependence of
chlorophyll content was found to vary with the irradiance experienced by the cells both
at the inter- and intra-specific level. Hence, from a routine sampling of natural samples
it is possible to estimate quantitatively the allometric exponent of chlorophyll content,
which relates with the photosynthetic rates and hence, permits a more detailed
description of the dynamics of the phytoplankton community.

SR. DIRECTOR DE DEPARTAMENTO DE BIOLOGIA DE ORGANISMOS Y SISTEMAS
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General introduction

The autotrophic plankton has a fundamental role in functioning and dynamics of
aquatic ecosystem, acting as a link among the chemical, geological and biological cycles
in the ocean. The photosynthetic activity of the phytoplankton confined in the narrow
illuminated layer of the oceans allows the transformation of the inorganic carbon in
organic carbon that is then included in the trophic network. It is, therefore, an
essential component in ecological models. Significant differences exist, nevertheless,
in the location and extension of the maximum photosynthetic activity imposed by the
physical and chemical conditions. The study of the factors and mechanisms that
modulate the variability of populations of phytoplankton is a fundamental topic in
marine ecology. It is recognized that the planktonic community is particularly
sensitive to external factors, generally associated with changes in the oceanographic
conditions promoted by the atmospheric variability, which operates in an ample range
of temporal and spatial scales (Smayda, 1998).

Imaging cytometry: increased resolution and single cell approach

In the last decades, automatic sampling devices for the enumeration of plankton
have been gaining relevance in oceanographic research (Babin et al, 2005; Benfield et
al, 2007). At the cost of sacrificing certain taxonomic detail, these instruments provide a
rapid analysis of samples that increases substantially the potential number of samples
that can be analyzed. Imaging cytometry is uniquely suited to fill the need of increasing
sampling resolution. Imaging cytometers are instruments triggered by optical properties
and take microscopic pictures of particles directed at a camera’s focal plane (Sieracki et
al., 1998; Olson & Sosik, 2007). Image-based flow cytometers can make observations at
the level of a single cell in near real time, and collect data over a broad geographic

regions and time-series observations.

The Flow Cytometer and Microscope (FlowCAM) combines elements of flow

cytometry, microscopy and image analysis (Sieracki et al, 1998), to count and to



General introduction

photograph particles that are embedded in a moving fluid. The sample fluid moves
across the instrument thanks to a peristaltic pump and passes through a prismatic cell of
glass that is focused by a microscope lens connected to a digital camera. One benefit of
imaged based devices is that pattern recognition techniques can be used to identify the
obtained images (MacLeod et al, 2010). The properties of the planktonic community in
the water column are the result of a series of processes at the individual level
(Rodriguez, 1994). FlowCAM allows the acquisition of information on a single cell basis,
which can be considered its great potential. The cell-level perspective provided and the
capacity to measure large numbers of cells permits the description of the size

distributions of the community.

The methodology used with FlowCAM is as diverse as diverse are their users, not
existing an analysis of the reliability and limitations of the instrument. There is also a
lack of tools for the analysis of data sets obtained from image-based sampling devices,
which, given their own nature, require specific considerations that differ from those
applied to data sets obtained by means of traditional methods. Also, although
FlowCAM pretends to be an alternative to microscopy based methods, results produced
for both methods have not been compared systematically. The fluorescence signals
measured by FlowCAM have not been yet interpreted, opposite to cytometers employed
for pico-phytoplankton analysis, where the detection of molecular probes by
fluorescence signals allow single-cell physiological information to be garnered for a

variety of algae, both in culture and in nature (Toepel et al., 2005).

Phytoplankton community description

Classical models of primary productivity use chlorophyll as their index of
phytoplankton biomass. Hence, net primary production (NPP) is commonly modeled as
a function of chlorophyll concentration, even though it has been long recognized that
variability in intracellular chlorophyll content from light acclimation and nutrient stress
confounds the relationship between chlorophyll and phytoplankton biomass (Westberry
et al, 2008). As other variables become more readily available, both from remote
sensing and in situ sampling, other indices of biomass take up the slack (Huot et al,
2007). Phytoplankton carbon biomass is considered the more appropriately
variable to describe algal standing stocks, especially as it relates to NPP which is a

rate of carbon turnover (and not chlorophyll).

A recent advance is to consider both aspects of the community description when
defining primary production models. On one side, aspects related with the standing
stock of carbon, taxonomic composition and size structure are determinant for the fate

of the production (Nielsen & Hansen, 1999). On the other side, organism size and
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elemental composition constrain the rate of energy acquisition by the phytoplankton
community and influences processes at the level of ecosystems. Hence, cell size and
elemental composition appear as fundamental traits in phytoplankton growth models.
The analysis of the structural and physiological aspects allows us to make inferences of
energetic nature, relative to such questions as the maximum photosynthetic rate, the
efficiency in the energy transfer across the food-web or the fate of the primary

production.

Structural description of the community

The size-structure of the biomass in terrestrial and aquatic ecosystems has been an
important point of attention in ecology in the last decades. The approximation "particle -
size" began to develop in the decade of the twenties of the last century as a unifying
theory that was establishing a relation between the biomass of the organisms in a
certain size-classes and the individual size of these organisms (Rodriguez & Mullin,
1986). The concentration of particles depends on the type and on the status of the
ecosystem and, for a given status, on the size of the organisms. The smallest organisms
are much more abundant than the larger ones. This inverse relationship between size
and abundance is described by means of spectrum of abundance in which the abundance
of cells gathers in size-classes in a geometric scale and is represented against the
individual size in double logarithmic scale (Sheldon et al.,, 1972; Blanco et al., 1994).

The normalized biomass-size spectrum (NBSS) is a structural representation of the
plankton community (Rodriguez & Mullin, 1986) whose slope indicates the relative
contribution of each size-class to the total phytoplankton community. When the NBSS
covers several trophic levels, the slope of the NBSS is, thus, an integration of the
efficiency of biomass transfer to larger organisms and indicates the number of large

individuals that are maintained by small ones (Jennings & Mackinson, 2003).

The structure of the biological community, characterized on the basis of the
species composition, the size-spectrum or the trophic relationships between its
components, is one of the principal determinants of the functioning and the dynamics of
the ecosystems (Tilman, 1999), with important implications in aspects related to the
dynamics of populations, the energetics of the community or the stability of the
ecosystem (Odum, 1969; Reynolds, 1997; Brown et al, 2004). The analysis of the
structural aspects (i. e. dominant species, species associations, diversity or size
structure) allows to go deeper into the processes related to the dynamics of populations
of the different planktonic components, from picoplancton (Calvo-Diaz & Moran, 2006)

to mesozooplancton (Nogueira et al,, 2004).
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Physiological description of the community

New generation ecosystem models are using physiological submodels to describe
phytoplankton “behavior,” therefore future research needs to include, where practical,
cell quotas for elements of interest that allow growth rates to be calculated from uptake
rates. This approach opens the door to understand the range, variability, and controls
on elemental stoichiometry at the population level. Advances in the use of proxies for
intracellular biochemical pools in phytoplankton, if routinely applied, would help to
resolve some of the outstanding questions based on cell counts and/or bulk

measurements.

Cellular biovolume estimates coupled to bulk measurements of chlorophyll
concentration can give a vision of the physiological status of the cells which can be
translated to the community level. Changes in the amount of chlorophyll per biomass
unit indicate an adjustment of cellular pigment levels to match the demands for
photosynthesis, which is driven by changes in light, nutrients and temperature (Geider,
1987). Laboratory studies already showed that the phytoplankton responds to changes
in light, nutrients and temperature fitting the cellular levels of pigment to cover the new
requirements of the photosynthesis, and this response is easily quantifiable in the
changes in the chlorophyll content per biomass unit (Geider, 1987; Maclntyre et al,
2002). A trustworthy esteem of this ratio for routine methods would allow a

characterization of the physiology of the community (Behrenfeld et al., 2005).

Cell size and pigment content obtained on a single cell basis allows the exploration
of the size-scaling of pigment content. The efficiency in the absorption of energy does
not increase linearly with the increase of the concentration of pigment provided that the
geometry of the cell imposes a packing of the molecules in the chloroplasts (Kirk, 1975a;
Kirk, 1975b). This packaging effect must be taken into account to transform values of
fluorescence measured with flow cytometry into chlorophyll. The size dependence of
chlorophyll content changes with growth irradiance (Fujiki & Taguchi, 2002; Finkel,
2004), and relates directly with the size scaling of photosynthetic rates (Finkel, 2004;
Marafién et al, 2007). This can be determinant in primary productivity models since
phytoplankton production can be modeled more realistically by improving current

estimates derived from global primary production models.



Objectives

The global objective of the Thesis is to develop a semi-automated methodology

for plankton enumeration based on FlowCAM that, applied routinely, allows the

structural and physiological characterization of the phytoplankton community.

Here are resumed the particular objectives of each chapter:

Chapter 1

1.

To assess the reliability of FlowCAM to estimate the size-structure

of natural samples.

Chapter I1

2.

To develop a technique to classify automatically images from an

automatic sampling device.

3. To improve the estimation of the biovolume of the cells from
two- dimensional images.
Chapter III
4. To compare the description of microplankton community provided by
a traditional microscopy method and by FlowCAM.
Chapter IV
5. To characterize the hydrographical variability, at seasonal scales and at
short-term scales in contrasted meteo-hydrographic situations (summer
and autumn) in the Cantabrian Sea shellf.
6. To analyze changes in the size-structure of the phytoplankton community in
relation to meteo-hydrographical drivers.
7. To explore the size dependence of photoacclimation processes trough the
changes in the chlorophyll to carbon ratio on natural samples.
Chapter V
8. To interpret the fluorescence signals from FlowCAM to obtain a

taxon- independent conversion from fluorescence to chlorophyll.

To describe the size dependence of chlorophyll content at the inter- and

intra-specific level and the changes related to growth irradiance.






Chapter I. How to effectively sample the
plankton size spectrum? A case study

using FlowCAM

The size-structure of planktonic community must be considered when designing
sampling methods whose objective is the enumeration of planktonic cells. Although the
FlowCAM has been used during the past decade to estimate several structural attributes
of plankton community, there is no a standard methodology that ensures the reliability
of the obtained data. In this chapter we tackle the task of determining the trade-offs
between number of counted cells, size-range effectively sampled and time of analysis.
Those considerations are used to define proper sampling protocols. We demonstrate
how, following those guidelines, the FlowCAM is capable to count reliably a mono-
specific cell suspension but also it is useful to estimate the size-structure of natural

samples.
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Any technique developed to enumerate plankton must take into account the size
structure of the plankton community. Automatic sampling devices must be capable
of analysing a minimum number of cells of the largest size to cover the whole size
range intended to be sampled effectively. The Flow Cytometer And Microscope
(FlowCAM®) has been used in the last decade to estimate the size structure of the
plankton community. Few attempts, however, have been made to compare
FlowCAM measurements with the results provided by traditional microscopy
methods for size-structure estimations. FlowCAM can operate in three working
modes: autoimage, fluorescence triggered and side-scatter triggered. Autoimage
and fluorescence triggered cannot only count accurately a mono-specific suspen-
sion of cells, but they are also useful to estimate the size structure of natural
samples. The side-scatter-triggered mode is not effective to estimate the size struc-
ture of natural samples, although it can count a sparse mono-specific solution
accurately. The analysis of natural samples with FlowCAM requires a planned
pre-processing of the samples to adjust the density of triggering particles (concen-
trating or diluting the sample) and to pre-filtrate the sample to avoid cell clumping
or obstruction of the flow chamber. The size structure obtained with FlowCAM
and with microscopy counts on preserved samples are comparable. Sample preser-
vation, however, alters the size structure of the sample, which suggests that results
based on preserved samples must be taken with caution. Automatic sampling
devices like FlowCAM could provide a more precise analysis of plankton commu-
nities, increasing the resolution of surveys and avoiding the effects of preservation
and sample storage.

KEYWORDS: FlowCAM; light microscopy; community structure; size spectra;
natural populations; sample preservation

INTRODUCTION . S
Characterizing these patterns of variability and under-
The variability of planktonic organisms occurs over a standing their causes and consequences require long-
wide range of scales, from centimetres to basin-scales term high-resolution monitoring. Traditional methods
and from hours to decades (Haury e al, 1978). for plankton enumeration, identification and sizing are,

doi:10.1093/plankt/thr012, available online at www.plankt.oxfordjournals.org. Advance Access publication March 1, 2011
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however, time-consuming. In the last decades, interest
in instruments capable of counting, sizing and identify-
ing plankton automatically has increased (Babin e al.,
2005; Benfield et al, 2007). At the cost of sacrificing
taxonomic detail, the relatively fast analysis of samples
obtained by these instruments substantially increases the
potential number of samples that can be processed.

These new methods share with traditional methods
for plankton enumeration the need to overcome an
intrinsic feature of planktonic ecosystems: particle con-
centration depends both on the type and status of the
ecosystem and, for a given status, on the size of the
organisms. Smaller organisms are much more abundant
than larger organisms, which results in the fact that
when randomly picking a certain number of cells, a
large proportion is small-sized whereas only a few are
large-sized. This inverse relationship between size and
abundance can be described through the normalized
abundance size spectra (NASS) where the total abun-
dance of cells is binned in size classes on an octave
scale, divided by the width of the classes and plotted
against size on a log—log scale (Sheldon et al, 1972;
Blanco et al., 1994). The question that arises is, what is
the minimum number of cells that must be counted to
get a reasonable characterization of the larger particles?
Techniques developed to enumerate plankton must be
capable of analysing this minimum number of cells in a
practical time interval.

The Flow Cytometer And Microscope (FlowCAM®)
is one of such automatic sampling devices. It combines
the capabilities of flow cytometry, microscopy and
image analysis (Sieracki et al, 1998). The FlowCAM
counts and photographs particles moving in a fluid flow.
To create this flow, the water sample is drawn into the
instrument by means of a peristaltic pump. A digital
camera photographs the particles as they pass through a
prismatic glass chamber mounted on a cell holder in
front of a microscope lens. Three working modes can
be used with the FlowCAM: autoimage, fluorescence-
triggered and side-scatter-triggered modes. The differ-
ence between them is in the way the camera is
triggered. In the autoimage mode, photographs are
taken at a constant rate regardless of the concentration
of particles in the sample. The fluorescence-triggered
and side-scatter-triggered modes take photographs only
when a particle matching a triggering criterion passes
through the chamber. This triggering criterion is the
presence of fluorescent particles or the scatter of light
due to any kind of particles. In the three working
modes, after taking the photograph, the software
extracts each particle present in it, a process named
image segmentation. It also records the size and shape
information for each particle. The user can then select

those particles that match a given criteria, for example
a size range or fluorescence level.

The analysis of samples by FlowCAM has been used
with several aims, such as the measurement of culture con-
centration in experimental studies or the estimation of
biomass and size—frequency distribution of autotrophic or
heterotrophic plankton in natural samples (Table I).
Several studies have tested the sizing accuracy of
FlowCAM (Sieracki et al., 1998; Sterling et al., 2004; Tauxe
et al., 2006) and all have shown that the FlowCAM can
properly measure the size of the particles. Some authors
have also verified the accuracy of FlowCAM estimates of
abundance by comparison against traditional microscopy
counts for monocultures, mixed cultures and natural
samples (Table I). These comparisons, however, have been
done over a limited size range and we lack a formal vali-
dation of the capability of the FlowCAM to estimate the
size structure of natural plankton communities.

The characteristic flow and particle detection system
of the FlowCAM makes it very sensitive to the concen-
tration of particles in the sample being processed. This is
supposed to impose important constraints on the size
range that is effectively sampled in a given amount of
time. The minimum number of cells counted to cover a
given size range can saturate the instrument if they are
contained in a very small processing volume, whereas it
can increase substantially the time of analysis per sample
if they are contained in a large processing volume.

The effects of the size structure of planktonic ecosys-
tems on FlowCAM effectiveness for each of the three
working modes has not been specifically addressed in
the literature. The sensitivity of the FlowCAM to the
concentration of particles being analysed is different for
each working mode. While the autoimage mode is very
sensitive to low concentrations, triggered modes are
affected by high concentrations (Sieracki et al., 1998).
Consequently, FlowCAM’s ability to count natural
samples needs to be checked over realistic concen-
trations and compared with abundance size spectra
determined through traditional microscopy. Microscopy
counts are usually carried out on Lugol or formal-
dehyde preserved samples, while with the FlowCAM it
is possible to process fresh samples. The effects of pres-
ervation and storage, such as cell losses and shrinkage
(Menden-Deuer et al., 2001), must be taken into account
to make this comparison (Zarauz and Irigoien, 2008).

The general objective of this work is to assess the
reliability of FlowCAM to estimate the size structure of
natural samples. To this aim: (i) we have estimated the
minimum number of cells to be counted to sample
effectively a given size range. (ii) According to factory-
defined FlowCAM specifications and depending on the
total concentration of particles in the processing sample,
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Table I: Luterature review of Flow CAM applications

PLANKTON SIZE-STRUCTURE ESTIMATION

Reference

FlowCAM application

Methodological comparison

Sieracki et al. (1998)

Vaillancourt et al. (2004)
Sterling et al. (2004)
Lavrentyev et al. (2004)

See et al. (2005)

Clough and Strom (2005)

Liu et al. (2005)

Tauxe et al. (2006)

San Martin et al. (2006a, 2006b)
Koski et al. (2006)

Buskey and Hyatt (2006)

Breier and Buskey (2007)
Zarauz et al. (2007)

Ide et al. (2008)

Cotano et al. (2008)
Zarauz and Irigoien (2008)
Littman et al. (2008)

Kudela et al. (2008)
Buskey (2008)
Gribben et al. (2009)
Zarauz et al. (2009)
Barofsky et al. (2010)

Pedersen et al. (2010)
Tanoi et al. (2010)
Tépper et al. (2010)
Nielsen et al. (2010)
Reynolds et al. (2010)

Brzezinski et al. (2010)

Bauman et al. (2010)

Original paper

Size frequencies of cultures
Sizing of aggregates in aquatic sediments
Abundance of photosynthetic nano-eukaryotes

Abundance of micro-plankton

Abundance of Heterosigma akashivo in cultures
Size frequency of micro-plankton

Size frequency of flocs

Size spectra of nano- and micro-plankton
Differentiation of species by fluorescence
Detection of Karenia brevis in cultures mixtures
Abundance of phytoplankton

Size spectra of nano- and micro-plankton
Abundance of nano- and micro-plankton

Abundance and size structure of micro-plankton
Preservation effect on FlowCAM performance
Abundance of Sybiodinium sp. in coral reefs

Abundance of harmful algae

Abundance of micro-plankton
Abundance of micro-plankton

Size spectra of nano- and micro-plankton
Abundance of protozoa

Size structure and morphology of plankton community
Size and image colonies of Botryococcus braunii
Visual identification of nano-eukaryotes

Total and size-fractionated biovolume of phytoplankton
Particle size distributions

Nano- and micro-plankton abundance

Phytoplankton abundance and diversity

Comparable results of A and F against LM in
mono-cultures

Comparable results of F against EPM in natural samples
(size range: 3—20 pm) but not shown

Comparable results of A against EPM in natural samples
(>15 wm); not comparable results against LM

Comparable results of A against LM in mono-cultures

Comparable results of F against LM and EPM in natural
samples (3-40 pm)

Not comparable results of F or S against LM in natural
samples (size around 10 pm)

Comparable results of A against LM in mesocosms
(11 m® ~30-100 wm) but not shown

Not comparable results of S against LISST and CC in
monocultures and natural samples (15-30 wm)

Not comparable results (mode not specified) against EPM
in microcosms (20 L)

Those works which present results from FlowCAM comparison against other methods are shown: A, F and S stand for autoimage,
fluorescence-triggered and side-scatter-triggered FlowCAM working modes. LM, light microscopy; EPM, epifluorescence microscopy; LISST, Laser In

Situ Scattering and Transmissometry; CC, coulter counter.

we have converted this minimum number of cells in
of analysis, simulating a FlowCAM-specific
relationship between the required time of analysis and
the size range effectively sampled. (i) We have also
tested the different counting accuracy of the three
FlowCAM working modes, the counting accuracy for
samples with a realistic size structure, and whether the
FlowCAM is capable of reproducing accurately the size
spectrum of a natural sample taking into account the
effects of preservation and storage.

time

METHOD

Effective sampling of the plankton size
spectrum

To represent the abundance size spectra of plankton
communities, we used the empirical relationship given

by Blanco et al. (Blanco et al, 1994). They fitted a
linear regression to a collection of NASS from different
sources (the so-called superspectrum). We used this
average “‘superspectrum” slope to calculate how many
particles must be counted to sample effectively the size
spectrum from pico- to meso-plankton. We arbitrarily
defined that at least 10 particles should be counted to
consider a size class to be representatively sampled. A
size range from pico- to meso-plankton is too wide to
be covered by a single methodology, so we estimated
the number of cells to be counted for any possible size
range between a lower and an upper size limit, both
between 0.2 and 2000 wm. And finally, considering the
mean abundance of cells in the ocean given by Blanco
et al. (Blanco et al, 1994), ie. the “superspectrum”
intercept, we estimated what sea-water volume needs
to be collected to count such a representative number
of cells.

1121

10



Chapter I

JOURNAL OF PLANKTON RESEARCH | VOLUME 33 | NUMBER 7 | PAGES 1119-1133 ‘ 2011

Case study using FlowCAM: tradeoffs
between time of analysis and size range
effectively sampled

For the FlowCAM, the limitations in the volume ana-
lysed and the maximum concentration of particles
impose important constraints on the number of cells,
and thus the size range, that is effectively sampled in a
given amount of time. In order to better understand
these limitations, we conducted a series of simulations
to understand the tradeoffs between time of analysis
and size range that can be effectively sampled.

We calculated the amount of time necessary to obtain
a representative count for a given size range and a
given total concentration of particles in the sample
within this size range. This representativeness will vary
with the size of the particles considered. For the smallest
particles, which are relatively more abundant, it will be
possible to obtain a representative count in a lower
amount of time than for large particles, which are
scarcer. We used the average “superspectrum” (Blanco
et al., 1994) to simulate the size range that can be effec-
tively sampled by taking into account the total concen-
tration of particles, the size-spectrum slope and time of
analysis. This would vary for the size range chosen and
for each operating mode.

FlowCAM specifications

The FlowCAM used in this work belongs to the series
V5S4 and was purchased in 2008. FlowCAMs are pro-
vided with several microscope lenses. Each lens has its
respective flow chamber and the focal depth of each
lens is sufficient to cover the depth of the flow chamber
(Sieracki et al., 1998). The depth of the flow chamber
sets the upper limit for the size of the particles that can
be analysed, while the lower limit is determined by the
smaller size resolved by the magnification. In this study,
we have examined the performance at x200, %100
and x40 magnifications which have an optimum,
factory defined, particle size range of 3—50, 15—100
and 30—300 wm, respectively (Table II).

The digital camera has a resolution of 1024 x 768
pixels. For each magnification, a size calibration con-
stant gives the actual dimensions of the camera
field-of-view. This field-of-view is not enough to cover
the whole width of the flow chamber (at least for the
FlowCAM model we have used). The relation between
the total width of the flow chamber and the width of
the field-of-view gives the percentage of the sample that
is analysed (Pi). The volume sampled in one photo-
graph (Vi) is a prism of dimensions: field-of-view
width X field-of-view height x flow-chamber depth.

Table  II: General  characteristics — of
FlowCAM,  setup for each working mode
(autormage, Sfluorescence- and
stde-scatter-triggered modes) and pre-treatment
of the samples for the three magnifications
(200, 100x and 40x ).

Magnification

x200 x 100 x40

General characteristics

Flow chamber depth (um) 50 100 300

Lower limit (um) 3 15 30

Flow chamber width (um) 1000 2000 3000

Calibration constant 0.2953 0.6151 1.6386

(wm pixel™")

Field-of-view width (um) 302.39 629.86 1677.93

Field-of-view heigth (wm) 226.79 472.4 1258.44

Pi: % sample view 30.24 31.49 55.93

Vi: volume per photo (mL) 343 x 107° 2.98x107° 6.33 x 10°*

Max flow rate (mL min~") 0.053 0.53 1.20

Min flow rate (mL min~") 0.012 0.12 0.25

Max frame rate (photos s™') 11 11 I
Autoimage

Number of photos 20000 20000 10000

Time of analysis (min) 30 30 33

Frame rate (photos s™') 11 11 5

Flow rate (mL min~") 0.05 0.4 0.5
Triggered modes

Flow rate (mL min~") 0.04 0.12-0.4 04

Time (min) 25 25 25
Pre-treatment

Filtration (m) 40 100 200

Concentration (um) - 15 15

The final net volume analysed (Vn) depends on the
working mode. In the case of autoimage, photographs
are taken at a constant frame rate. The frame rate must
be low enough to avoid overlapping photos, conse-
quently only a portion of the whole volume passing in
front of the camera is photographed. The final Vn in
autoimage 1is therefore calculated as the volume
sampled in one photograph (Vi) times the number of
photographs taken (frame rate x time of analysis). Both
triggered modes take a photograph of every particle
matching the triggering criterion, so Vn is the whole
volume passing in front of the camera and is equal to
the volume pumped through the instrument (flow
rate X time of analysis) times the percentage of the
sample analysed (Pi). In summary, for a given flow rate,
the autoimage mode will analyse a smaller volume than
the trigger modes.

The maximum concentration of particles in the
sample that the instrument can handle also differs in
autoimage and triggered modes. The limitation in auto-
image is defined by the capability of the software to dis-
criminate individual particles in the photographs
(Sieracki et al., 1998) and of the fluidics system to
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PLANKTON SIZE-STRUCTURE ESTIMATION

Experiment 1
Performance of working modes

Experiment 2
Measurement of the recreated size-specira

Experiment 3
Size-spectra of fresh and preserved natural samples

Recreation of
the size-spectra
—_—
2
H Rossete
% sampler
size system
Reverse I ]
filiration
Settling
¥ ¥ chamber
@ Autoimage Autoimage
Counting Autoimage
chamber N Fluorescence rl;llcvt‘_Tsc
Side-scatter iliration
Inverted
microscope

Fig. 1. Schematic representation of the set of experiments carried out to assess the FlowCAM reliability.

maintain all the particles homogeneously embedded in
the fluid, avoiding obstructions of the flow chamber or
aggregations of particles. For both triggered modes, the
limitation is set by the fact that every particle within the
size range covered by each lens/flow-chamber combi-
nation is capable of triggering the camera but only the
particle that caused the trigger should be present in
cach photograph. In summary, the maximum concen-
tration in triggered modes must be smaller than in the
autoimage mode.

Experiments

A set of experiments have been carried out to tackle
our objectives and validate the results arising from the
simulations. In Experiment 1, we tested the perform-
ance of the three FlowCAM working modes using
monocultures and latex-bead suspensions at different
concentrations. Experiment 2 aimed to check if the
FlowCAM is capable of counting accurately a commu-
nity with a realistic size structure, so we have recreated
size spectra with cultures of known concentration and
then counted them with the FlowCAM in autoimage
in fluorescence-triggered modes. Finally, in
Experiment 3, we compared, for several natural

and

samples, the size spectra determined with FlowCAM,
both on fresh and preserved samples, with those
obtained using traditional microscopy on the preserved
samples (Fig. 1).

General experimental procedures

All samples processed with FlowCAM were pre-filtered
through a mesh smaller than the depth of the flow
chamber in order to avoid obstructions. Dense samples
were diluted with culture media (L1, 32 psu) in
Experiment 1 or with filtered sea-water (0.2 um,
32 psu) in Experiment 2. The samples analysed at
100x and 40X magnifications were concentrated by
reverse filtration (Dodson and Thomas, 1978) with a
15 wm mesh (Table II). Although this concentration
procedure resulted in some samples being analysed
beyond the FlowCAM specification limits, this was done
in order to validate the results arising from the simu-
lations. The total number of cells counted was divided
by the Vn and multiplied by the dilution factor to deter-
mine the cell concentration in the initial sample.

Experiment 1: performance of FlowCAM working modes
Seven phytoplankton cultures were used to test the per-
formance of each of the three working modes. The cul-
tures were obtained from the Toxic Phytoplankton Culture
Collection from the Centro Oceanografico de Vigo
(Instituto Espafiol de Oceanografia) and are summarized
in Fig. 2 where their images, size and combination magni-
fication/flow chamber used to count them are shown.

To determine the cell concentration in the cultures,
an aliquot of 4 mL was fixed with 20 pL. of Lugol sol-
ution, homogenized and then 1 mL was placed in a
Sedgwick-Rafter counting chamber and counted under
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A. tamarense
1006/ 100 wm

e
A

K. mierum
E. huxleyi 000/50 um
200%/50 pm

1.004

Relative frequency

L. polyedrum
100/ 100 UM

Gambierdiscus sp.
100/ 100 pm

G. catenatum
A05/300 pm

50
ESD (um)

Fig. 2. Relative size frequencies of the seven cultures used in Experiment 1. Only six of them were used to reproduce the min, average- and

max-NASS in Experiment 2 (see Table III).

Table IIT: Abundance (cells L™") predicted from the empirical NASS given by Blanco et al. (Blanco

et al., 1994) for each biovolume class

Abundance Abundance Abundance Abundance
Bio-volume class (um?) ESD (um) (Blanco et al., 1994) Species min-NASS average-NASS max-NASS
16 3 2.33 x 10°
32 4 1.19 x 10° E. huxleyi 413 x 10* 413 x 10° 413 x 10°
64 5 6.06 x 10*
128 6 3.09 x 10*
256 8 1.67 x 10* K. micrum 5.47 x 10° 5.47 x 10* 5.47 x 10°
512 10 8.03 x 10°
1024 13 4.09 x 10°
2048 16 2.09 x 10° A. tamarense 724 7.24 x 10° 7.24 x 10*
4096 20 1.06 x 10°
8192 25 542
16384 32 276 L. polyedrum 96 960 9.60 x 10°
32768 40 141
65536 50 71.8
131072 63 36.6 Gambierdiscus sp. 13 127 1.27 x 10°
262144 79 18.7
524 288 100 9.52
1048576 126 4.85 G. catenatum 2 17 168
2097 152 159 247

The biovolume class is defined by its lower limit, from which the corresponding ESD is also shown. The cultured species used to recreate the size
spectra are shown together with their abundances (cells L™") in each of the three reference size spectra: min-, average- and max-NASS.

a NIKON inverted microscope. Each culture was then
diluted and counted again under the inverted micro-
scope following the procedure previously described.
The difference between the desired concentration and
the actual one was calculated as a manipulation error
and was on average 6%.

Each sample was processed with the FlowCAM in
triplicate with the specifications shown in Table II.
Samples counted with the 100x and the 40 X magnifi-
cations were analysed in the three working modes.
Samples counted with the 200X magnification were
analysed only in autoimage and in the fluorescence-
triggered mode because the side-scatter detection was
unreliable at this magnification in the FlowCAM instru-
ment used. An additional series of experiments with

latex beads were conducted to establish the limitations
of the side-scatter-triggered mode (see Supplementary
Data, Appendix A).

The results were compared to the microscopy counts
with a ttest (Zar, 1999). Size information from this
experiment was used to determine the size—frequency of
each culture (Fig. 2) in order to decide which cultures to
use in the recreation of the size spectra (Experiment 2).

Experiment 2: measurement of the recreated size spectra

With the regression line given by Blanco et al. (Blanco
et al., 1994) (normalized abundance = 6.538 — 1.972 x
biovolume), we predicted the abundances in each biovo-
lume class for particles between 3 and 200 wm

(Table III). The intercept of this regression was
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increased and decreased one unit to obtain an upper
and a lower limit of abundance, respectively, which
means a variation of two orders of magnitude in abun-
dance and encompasses most variability in the data
compiled by Blanco ¢t al. (Blanco et al., 1994). These
three reference size spectra are referred
min-NASS, average-NASS and max-NASS.

To recreate these reference NASS, we combined six
cultures from Experiment 1. Prorocentrum balticum was
excluded because it was difficult to distinguish from
Karlodintum micrum by size or morphology (Fig. 2). Each
culture represented three biovolume-classes from Blanco
et al. (Blanco et al., 1994) and the desired concentration
calculated as the sum of these three classes

to as

was
(Table III). The six cultures were kept close to the
optimal concentration tested in Experiment 1 in their
respective culture flasks growing in L1 culture media
with controlled photo-period (14:10 light—dark), irradi-
ance (~90 wmol quantam™?s ') and temperature
(24 + 1°C for Gambierdiscus sp. and 18 + 1°C for the
rest). Each day, the cultures were counted with the
FlowCAM in the autoimage mode taking 10000
photos with 200x and 100 x magnifications and 5000
photos with 40 x magnification since our results from
Experiment 1 showed that this procedure resulted in
reliable counts. Once the six concentrations were
known, the culture volumes needed to recreate 5 L. of
each of the three reference size spectra were calculated.
Each day of the experiment, one of the reference size
spectra was recreated in filtered sea-water.

Three replicates of each sample were analysed
(Table II). Each replicate was processed in autoimage
and in the fluorescence-triggered mode with the 200 x
and 100X magnifications but only in autoimage with
the 40X magnification due to malfunction of the
fluorescence-triggered mode at this magnification in the
FlowCAM used. Cells from each species were separated
by visual inspection of the images taken. Only bins with
at least 10 counted particles in two of the replicates
were included. The parameters of the regression line
fitted to the measured NASS were compared with the
slope and intercepts of the three reference NASS using
a (-test (Zar, 1999).

PLANKTON SIZE-STRUCTURE ESTIMATION

Experiment 3: size spectra of fresh and preserved

natural samples

Natural samples were taken with a rosette sampler
system at a coastal (46.4219°N, 1.8477°W, 25 m) and a
mid-shelf station (45.7943°N, 3.3714°W, 142 m) in the
Bay of Biscay. At each site, three replicates, each using a
separate Niskin bottle, were taken at the depth of the
chlorophyll maximum, 12 and 30 m, respectively.

For each replicate, four 1-L samples were taken. One
was kept fresh, stored in the dark and analysed with the
FlowCAM in the autoimage mode within the next 12 h.
Another was preserved with Lugol solution 1% final
concentration and used to count and size microplank-
ton under the inverted microscope. Two litres were pre-
served with Lugol 1% and formaldehyde 2%,
respectively, and analysed with the FlowCAM in the
autoimage mode within the next month.

For analysis under the microscope, 25 mL for the
coastal and 100 mL for the mid-shelf station were dis-
pensed into Utermohl settling chambers and the phyto-
plankton cells were allowed to settle for 24 and 72 h,
respectively (Utermohl, 1958). Chambers were imaged
at 100X (two stripes) and 200X (one stripe) using a
LEICA inverted microscope equipped with a digital
photo-camera. Length and width for each individual
organism in the images were measured. The projected
area of each particle was calculated based on its shape
(rectangle or ellipse) and converted to an equivalent
spherical diameter (ESD) comparable with that pro-
vided by FlowCAM. The images provided by the
FlowCAM were manually classified in order to elimin-
ate non-valid images (detritus, bubbles . . .) in both fresh
and preserved samples. The Vn and total number of
cells sized with each methodology are summarized in
Table I'V.

A t-test on the NASS calculated for Lugol-preserved
samples was applied to compare the size spectra
obtained with FlowCAM and traditional microscopy.
To compare the effects of preservation, a one-way
ANOVA and a Tukey test (Zar, 1999) were applied to
the INASS calculated for fresh,
formaldehyde-preserved ~ samples
FlowCAM.

and
with

and Lugol
analysed

Table IV: Net sampled volume (mL) and number of cells counted and sized (between 5 and 20 pm_for
200x magnification and 20—100 for 100X magnification) with FlowCAM and microscopy for the

two natural samples

Sample Magnification Volume FlowCAM Volume microscope Sized cells FlowCAM Sized cells microscope
Mid-shelf %100 23.8 10.28 33 16
%200 0.14 2.17 N 104
Coastal x 100 9.84 2.57 750 384
%200 0.08 0.54 39 243
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RESULTS

What is the minimum number of counted
cells needed to have a good representation
of a given size range?

Figure 3 illustrates the total number of cells that must
be counted to cover a given size range and how this
number translates in sea-water collected volume. The
total number of cells counted is independent of the total
concentration of cells in the sample, and only depends
on the relative abundance of each size class, i.e. the
spectrum slope. Figure 3A shows the total number of
cells that must be counted to cover the whole size spec-
trum from pico-plankton up to an upper limit. For
instance, to sample effectively micro-plankton, we must
count 6.24 x 10 cells between 0.2 and 200 pm.

However, to consider the total number of cells from
pico-plankton to the size object of study seems not very
practical. It is more useful to calculate a minimum
number of cells within a downward-limited size range.
Figure 3B shows the number of counted cells needed to
cover a specific size range defined by a lower and an
upper limit. Following the example with the micro-
plankton, the total number of counted cells between 20
and 200 wm must be 8760 cells within this size range.
Note that this number is not the simple difference
between the required number of cells for sampling up
to 20 wm and the cells for sampling up to 200 pm, but
the cells needed for sampling up to 200 wm minus all
cells smaller than 20 wm included in this minimum
number and correspond to the dashed area in Fig. 3A.

Figure 3C translates the variable counted cells into
collected volume considering the mean abundance of
cells given by Blanco, i.e. the spectrum intercept. In our
example of sampling micro-plankton, the required
volume is 4.04 L.
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Case study using FlowCAM: tradeoffs
between time of analysis and size range
effectively sampled

Figure 4 illustrates the results of the simulation obtained
for the x 100 magnification and the factory defined size
range of 15100 wm (similar simulations for 200 x /3~
50 pm and 40x/30-300 pm are shown
Supplementary Data, Figs SI and S2 and Appendix B).
The upper panels (Fig. 4A—C) show how as the concen-
tration of particles increases, the time required to
sample effectively decreases. Figure 4D-F shows
examples of how these graphs should be interpreted.
Taking into account that in natural samples the total

n

concentration of particles in the size range of 15—
100 pm is 8 cells per mL according to the “superspec-
trum” of Blanco et al. (Blanco et al., 1994), the time
required to sample effectively the whole factory defined
size range would be 454 h in the autoimage mode
(Fig. 4D) and 54 h in the triggered modes (Fig. 4LE).
This is achieved at the maximum frame rate of 11
frames per second in the autoimage mode and the
maximum flow rate of 0.53 mLmin~ ' in the triggered
modes. These graphs are achieved by drawing vertical
lines in Fig. 4A and B or C at this concentration of 8
cells per mL and plotting the intersection of this line
with the isoclines of upper size range sampled effec-
tively versus time.

In the triggered modes, there is a limitation in the
number of events per second that the instrument can
handle: 2 and 0.5 events per second in the fluorescence
(Sieracki et al., 1998) and side scatter triggered modes
(Brown, 2010), respectively (see Supplementary Data,
Appendix A). Thus, when the concentration in a sample
is so high that this limit is surpassed at the maximum
flow rate (above 226 and 57 cells mL~" for fluorescence
and side-scatter-triggered modes, respectively), the flow
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Fig. 3. Minimum number of counted cells needed to have a good representation of a given size range. (A) Total number of cells to be counted
to sample effectively the size range from pico-plankton up to an upper limit (um); (B) minimum number of cells to be counted to sample
effectively a size range defined by a lower and a upper limit (wm); and (C) minimum sea-water volume needed to be collected to sample up to
an upper limit (wm). Dotted line (A) indicates an example for the sampling up to nano-plankton (0.2—20 wm). Dashed lines (A and C) indicate
an example for the sampling up to micro-plankton (0.2-200 wm) and the dashed area (A) and the little square (B) indicates an example for the
sampling of micro-plankton (20—200 wm).
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Fig. 4. Simulation for the combination magnification/flow chamber 100 x 100 pwm. The upper panels show the upper size limit sampled
effectively given the total concentration of particles in the size range of 15100 pm and the time of analysis for the (A) autoimage mode, (B)
fluorescence-triggered mode and (C) side-scatter-triggered mode. The correspondence of each shaded area with the ESD (um) is indicated in
the right axis of each panel. Lower panels show examples of upper size limit sampled versus time for (D and E) a mean natural sample
concentration of 8 cells mL ™', calculated according to Blanco ef al. (Blanco et al., 1994) and indicated as vertical lines in (A)—(C), for (D)
autoimage and (E) triggered modes. (F) shows the same relationship for the concentrations at which the saturation of the triggered modes is
reached, indicated as vertical dashed and dotted lines in (B) and (C), respectively.

rate should be reduced. So at concentrations higher than
these thresholds, there are no means to reduce the
amount of time necessary to sample effectively because
the possible events per second is set. This results in the
fact that above these threshold concentrations the iso-
clines in Fig. 4B and C are horizontal and the time
required to sample effectively is constant as represented
in Fig. 4F: 2h in fluorescence-triggered and 8 h in
side-scatter-triggered modes. However, the flow rate
cannot be decreased infinitely so the cell density at
which the events per second limit is reached at minimum
flow rate sets an overall upper limit for the densities
cach trigger mode can count accurately (1000 and
250 cells mL™"  for and  side-scatter-
triggered modes, respectively).

Obviously 454 and 54 h is unacceptably long for a
sample analysis, which explains the need for concentrat-
ing natural samples to obtain reliable estimates of the size
spectra. Considering 30 min to be a reasonable amount
of time for processing each sample, in the side-scatter
mode, the maximum total number of particles that can
be analysed in 30 min is 279 (i.e. 30 events per minute
times Pi = 0.31). This implies that in 30 min only the size
range between 15 and 32 pm can be sampled, even if the

fluorescence-

sample is concentrated. In the fluorescence mode, this
maximum total number of particles that can be analysed
in 30 min is 1116 (i.e. 120 events per minute times Pi =
0.31). So in 30 min, it is possible to cover effectively the
range between 15 and 50 pm.

Experiment 1: performance of each
working mode

The performance in the autoimage mode was good
(Fig. 5). The slope of the relationship between auto-
image and microscopy counts was 1.038 + 0.045 (R? =
0.9648, P-value < 0.0001, n=21), not significantly
different to the 1:1 line (P-value = 0.4163). The average
percentage error, calculated as the absolute difference
between FlowCAM and microscopy counts relative to
the microscopy counts, was 14.8%. As an index of the
reproducibility of the counts, we calculated the coeffi-
cient of variation within the three replicates for each
culture. The average coefficient of variation in the auto-
image mode was 12.4%.

In the fluorescence-triggered mode, the relationship
had a slope of 0.905 + 0.030 (R* = 0.9824, P-value <
0.0001, n=18) not statistically different from the 1:1
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Fig. 5. FlowCAM counting accuracy. Comparison between

microscopy and FlowCAM counts for seven different phytoplankton
cultures in the three FlowCAM working modes and three latex beads
solutions in the side-scatter-triggered mode. Solid thin line shows the
1:1 relationship. The dark triangle and dark rectangles represent
points not included in the comparison because they did not meet the
factory defined settings.

relationship (P-value = 0.0528). The average percentage
error in the fluorescence-triggered mode was 18.1%
and the average coefficient of variation was 6.6%. One
of the samples had a concentration that was too high
for this mode and was analysed at an events per second
rate above FlowCAM specifications. As expected, this
point fell below the 1:1 line and if included in the cal-
culations caused the slope to be statistically different
from 1 (P-value = 0.0231, n = 21).

In the side-scatter-triggered mode, the relationship
considering only those samples processed under 0.5
events per second (experiment using bead solutions, see
Supplementary Data), within the factory specifications
for this triggered mode, had a slope of 0.9243 + 0.044
(R* = 0.9579, P-value < 0.0001, n=21) marginally
statistically different to the 1:1 relationship (P-value =
0.010). The percentage error was on average of 5.6%
and an average coefficient of variation of 14.8%. The
performance with the other samples exceeding the
events per second limitation was poor, with a percen-
tage of error on average of 53.0%.

Experiment 2: measurement of the
recreated size spectra

FlowCAM sizing capability is a useful tool to analyse
the size—frequency of the samples and we have used it

to decide which cultures to include in our simulated
size spectra (Fig. 2). The size—frequency distributions of
Emiliana  huxleyt, K. micrum and Gambierdiscus sp. were
unimodal, Alexandrium tamarense and Lygulodinium polye-
drum distributions were bimodal, caused by the presence
of doublets and two separate sizes, respectively, and
Gymnodintum catenatum shows three modal peaks given its
appearance in single cells, doublets, quartets and even
octets, a consequence of its division mechanism. The
size distributions were overlapped which forced the
experimental design to use each culture to represent
one bin of the recreated size spectra and not to use the
biovolume of the to build the NASS
(Table III).

To cover the size range of 3—200 wm, each of the
three recreated NASS was analysed with the three mag-
nifications. Those bins with less than 10 counted par-
ticles because of the relative low volume analysed result
in curvature of the spectrum and were not included as

particles

they could cause potential error in the calculation of the
parameters. For instance, bin 6 represented by G. calena-
tum was not properly sampled in any of the three size
spectra due to the low volume analysed.

According to this representativeness criterion, the
bins properly sampled in the autoimage mode were: 1
(E. huxleyr), 3 (A. tamarense) and 4 (L. polyedrum) for the
min-NASS; 1, 3, 4 and 5 (Gambierdiscus sp.) for the
average-NASS; and from 1 to 5 for the max-NASS

—— Reference 0200x
—a=— Autoimage  ©100x
== Fluorescence  ®40x

£
1

(]
1

logl0(normalized abundance)

L)
1 2 3 4 5 [
log10(biovolume)

T T T T 1
4 8 16 32 63 126

ESD (um)

Fig. 6. Mecasurement of the recreated size spectra. NASS obtained
with  FlowCAM  in  the autoimage (solid line) and
fluorescence-triggered modes (dashed line) sampling the three
recreated spectra, min-, average- and max-NASS (solid thin lines).
Each sample was analysed as the combination of three subsamples:
200 (white), 100x (gray) and 40 x (black). In the x-axis, in addition
to logjg(biovolume), the geometric mean of the ESD covered by each
sampled bin is shown.

1128

17



Results

E. ALVAREZ ET AL.

(Fig. 6). Bins number 2 (K. micrum) (the larger size class
analysed at 200 x magnification) and 5 (the larger size
class analysed at 100x magnification) were not ade-
quately sampled because the time of analysis (net
volume analysed) was too short (low) to obtain represen-
tative counts, in accordance with the simulation exper-
iments. Taking into account only those bins that were
representatively sampled, the autoimage mode can
reproduce accurately the three reference NASS (Fig. 6;
min-NASS:  P-value = 0.0606, n=9; mean-NASS:
P-value = 0.7055, n=12; max-NASS: P-value =
0.2113, n=15).

In the fluorescence-triggered mode, the bins that
were properly sampled were 1, 3 and 4 for the
min-NASS and from 1 to 5 for the average-NASS
(Fig. 6). Taking these bins, the
fluorescence-triggered mode can reproduce accurately
the reference min- and average-NASS (P-value =
0.1946, n = 8; P-value = 0.3529, n = 14). However, for
the max-NASS, which was analysed at a trigger rate
higher than 2 events per second, the measured size
spectrum was significantly different from the reference
NASS (P-value < 0.0001, n = 14).

into account

Experiment 3: size spectra of fresh and
preserved natural samples

When analysing fresh and preserved samples (Lugol or
formaldehyde) with FlowCAM in the autoimage mode,
the spectra were significantly different (mid-shelf station:

PLANKTON SIZE-STRUCTURE ESTIMATION

P-value < 0.001, n=44, Fig. 7B—D; coastal station:
P-value < 0.001, »=101, Tig 7F-H). The
spectrum slope was higher in the fresh samples
compared to the preserved samples due to an under-
estimation of the abundance of small cells and an
overestimation of the abundance of the medium-sized
particles in the preserved samples. The variance of the
NASS bins was larger in the preserved samples than in
the fresh samples.

size-

When comparing FlowCAM and microscopy on pre-
served samples, using only those size bins sampled by
both methods, there were no significant differences in
the size-spectrum slopes in the mid-shelf sample
(P-value = 0.111, n =31, Fig. 7A and C), but signifi-
cant differences in the coastal one (P-value < 0.001,
n =281, Fig. 7E and G). It must be taken into account,
however, that the size ranges covered by each method
do not overlap completely. The lower limit of detection
was 3 pum for FlowCAM and 5 pm for the microscope
technique. The upper limit was determined by the net
volume sampled (Table IV), 32 um in the mid-shelf
sample and 100 wm in the coastal station. In the coastal
samples, although the sampled volume was representa-
tive (Table IV), the FlowCAM did not sample the last
size class (Fig. 7F—H).

Another  difference  between  microscopy and
FlowCAM methods is that the former can sample the
size spectra continuously from the lower to the upper
limit, while the later does not sample several bins in the
middle of the size range, one in the coastal sample and

A Microscopy B FlowCAM fresh C FlowCAM lugol D FlowCAM formaldehyde
(‘ - — ] —
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o ]
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Fig. 7. NASS obtained with microscopy and FlowCAM with different preservation techniques. The upper panels (A—D) correspond to the
mid-shelf sample and the lower panels (E~H) to the coastal sample. The sample analysed with microscopy was preserved only with lugol
solution, whereas the fresh sample and two preservation treatments (lugol and formaldehyde) were examined with FlowCAM. Each sample was
analysed as the combination of two subsamples: 200 x (white) and 100x (grey). In the x-axis, in addition to log;g(biovolume), the min ESD of
each sampled bin is shown. Size bins with less than 10 cells imaged are included in the representation (@) but not in the regression analysis.
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three in the mid-shelf sample. The un-sampled bins are
due to the low volume analysed with the 200x
(Table IV). As a consequence, there were few bins in
common to compare the size spectra obtained with
microscopy and FlowCAM in the mid-shelf sample redu-
cing the power of the statistical test. From the simulations,
it is possible to calculate that the additional time necess-
ary to fill the gap with the 200x would be 911 min in
the mid-shelf sample and 45 min in the coastal one. The
time of analysis in the side-scatter-triggered mode would
has been 139 and 22 min, respectively.

DISCUSSION

We have described the scenario in which any plankton
sampling methodology must operate, in terms of
counted cells and sampled volume. We have then tested
the capacity of FlowCAM to work within these limits
describing its specific tradeoff between time of analysis
and size range effectively sampled.

The main concern when using automatic sampling
devices is whether they provide reliable results. For this
reason, we have tested the accuracy of FlowCAM in
estimating the size structure of natural samples against
the results obtained with light microscopy, the tra-
ditional method for plankton enumeration and sizing
As long as the factory-defined limitations are con-
sidered, our results show that the three working modes
can  provide
Phytoplankton cultures or latex bead suspensions with
concentrations within the factory-defined limits were
measured accurately, whereas the suspensions with con-

accurate abundance estimates.

centrations beyond the limits were not (Fig. 5). Some
studies have reported poor performance of FlowCAM
compared with other methodologies (Table I), but it
appears that they operate the FlowCAM outside the
factory-defined limits (Reynolds et al., 2010).

When the purpose is to reproduce the size spectra
(Fig. 6), it is necessary to count enough cells in each size
class. We have defined an arbitrary value of 10 sampled
cells as the minimum to consider a size class to be effec-
tively sampled. We consider it important to establish this
representativeness criterion because a size bin sampled
only with a couple of cells can potentially bias the size-
spectrum estimation. Our simulations to calculate the size
range of particles effectively sampled by each magnifi-
cation/flow-chamber combination are based on factory-
defined parameters (Table II), so they can be reproduced
before experimental work to identify the required proces-
sing time and sample concentration protocol.

The first point that arises from the simulation is the
need to analyse the

same sample using several

magnification/flow-chamber combinations to cover the
complete size spectra. The second point is the necessity
to concentrate natural samples in some of the magnifi-
cation/flow-chamber combinations, because the time of
analysis required to estimate the complete size spectra
is too high for routine work. The need to concentrate
the sample also depends on the status of the ecosystem.
Tor example in Fig. 7, at the coastal site, the 3—15 pm
size range is effectively sampled by the %200 magnifi-
cation without the need for concentration, but in the
mid-shelf sample concentration was required. For
micro-plankton, the sample will always require concen-
tration due to their relative low concentration in natural
systems.

The degree of sample concentration required will
depend on the chosen working mode. In autoimage,
the sample can be concentrated up to the limitations
imposed by the software and the fluidics (i.e. segmenta-
tion of the images and homogeneous distribution of
particles in the fluid). These limits are sufficiently high
to permit the concentration of natural samples and
their accurate analysis in less than 30 min.

For triggered modes, in contrast, the number of
events per second sets an upper limit to the concen-
tration of the samples. This maximum trigger rate in
the fluorescence-triggered mode is sufficiently high to
measure the size structure of most natural samples in a
reasonable amount of time. In the side-scatter-triggered
mode, in contrast, the trigger rate is so low that, even
concentrating the sample to the limit, the processing
time is too high; consequently, it is not the appropriate
working mode to estimate the size structure of natural
samples. The problem with the need to concentrate the
sample, in addition to possible artefacts and damage to
the cells, is that it is necessary to know beforehand the
natural cell densities to determine the degree of sample
concentration required (maybe using proxies such as
fluorescence or transmittance from automatic sensors).

The discrete sampling rate in autoimage requires that
the cell distribution must be homogeneous to obtain
reliable results, so it is very important to stir carefully
the sample before and during the analysis especially if it
contains large cells. Also, many particles are cut in the
images as they can be placed in any of the four borders
of the photograph and a too high concentration can
increase the probability of coincident counts (Buskey
and Hyatt, 2006). In the fluorescence-triggered mode,
the counting is not as dependent on the homogeneity of
the sample as in autoimage. Coincidence counting is
unusual if the factory-defined limits regarding cell
density are followed. Also, particles are captured prefer-
ably in the middle of the field-of-view so they can only
be cut in the left and right borders of the image.
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Depending on the study aim, it might be also necess-
ary to analyse several subsamples each with a different
working mode. For instance, if the aim is to distinguish
autotrophic from heterotrophic organisms, and since
autoimage and fluorescence-triggered modes cannot
work together given their different designs, the only
option would be to activate side-scatter and fluorescence
together to count every particle differentiating the fluor-
escent ones. However, then the sample has to be pro-
cessed within the strict analysing time limitations
imposed by the side-scatter mode (Fig. 4F). Besides,
some heterotrophic organism can have a fluorescence
signal due to gut contents. In summary, to estimate the
size spectrum of a natural sample, differentiating auto-
trophic and heterotrophic individuals could take a pro-
hibitive amount of time, if the experimental protocol is
not planned very carefully and taking the limitations of
the instrument into account. Another option is to use
only autoimage mode and try to classify the FlowCAM
images in taxonomic or functional groups. This classifi-
cation can be done a posteriori through visual inspection
of the images, but it is time-consuming. Alternatively,
the images can be classified automatically using classifi-
cation algorithms (Blaschko ez al., 2005).

If FlowCAM can reproduce accurately the size struc-
ture of natural samples, at least working in autoimage
and fluorescence-trigger modes, the next question is
whether it can work with preserved samples. Our
results show that there are not major differences
between the size spectra obtained with FlowCAM and
with light microscopy for preserved samples. It must be
noted, however, that the size range each method can
sample effectively is different. To cover the size range
between 3 and 100 pwm, both methods need to combine
at least two magnifications. The lower size limit of the
x 100 magnification in FlowCAM is 15 wm which
requires that the X200 magnification samples from 3 to
15 wm. In the microscope, the lower limit of the x 100
magnification is around 10 um and the volume
sampled with the x200 is larger than in the FlowCAM
(Table IV), so it is easier to sample the complete size
spectrum with the traditional microscopy method.

The FlowCAM tends to underestimate the cell abun-
dance in the size classes close to the upper size limit of
the magnification/flow chamber. This underestimation
of large cells can be caused by obstruction of the flow
chamber. Cell clumping was not a problem with the
cultures in Experiments 1 and 2 because cells are all
elliptical without spines or chaetae, but it can be a
problem in natural samples, where clumped cells can
cause underestimation of cell abundance or even
obstruction of the flow chamber. This effect is greater in
preserved samples where cells tend to form aggregates

PLANKTON SIZE-STRUCTURE ESTIMATION

larger than the flow-chamber depth (Zarauz and
Irigoien, 2008).

Therefore, and considering all their limitations, the
size-spectrum estimates obtained with FlowCAM can
be as valid as the estimates obtained with microscope,
but the time spent with each methodology is very differ-
ent. FlowCAM can be slow, as we have shown pre-
viously, and can take a couple of hours to estimate the
size spectrum of a sample over a wide size range, but to
do exactly the same task, that is, count and size every
particle, with a microscope can take more than a day. If
the aim of the study is not size structure but simple enu-
meration, the microscope can be competitive in terms
of time with FlowCAM (Littman et al., 2008).

The size structure of preserved samples can be differ-
ent to the size spectra of fresh samples (Zarauz and
Irigoien, 2008). There are two effects causing this
change, the different preservation response of organisms
to fixation and the different effect of shrinkage (Leakey
et al., 1994; Menden-Deuer et al., 2001). The decrease in
the intercept and slope suggests a degradation of small
cells due to a lack of rigid structures or a strong shrinkage
what might cause the size of these particles to fall below
the detection limit (James, 1991). The decrease in the
slope can also be due to a disintegration of larger cells
(Zarauz and Irigoien, 2008). This implies that the results
from size-structure studies based on preserved samples,
although correctly estimated, must be considered with
caution, because they might not be showing the actual
size structure of the community. If the actual size struc-
ture of the community can only be described with fresh
samples, automatic sampling methods like FlowCAM
are not only a faster alternative to traditional methods
but the only choice. To be used in routine work, it is
necessary that the device is highly robust or, at least, that
there is a low incidence of mechanical failure, which,
from our experience, may not always be the case with
the present design of FlowCAM. For instance, during
our experiments, we have experienced malfunction in
the fluorescence and side-scatter detectors that have
required shipment of the instrument back to the manu-
facturer for fixing. This has been the case with three
FlowCAM devices our lab has worked with.

SUMMARY AND CONCLUSIONS

The inverse relationship between size and abundance in
nature determines the sampling techniques used to est-
mate the size structure of the planktonic community.
Automatic sampling devices must be capable of analys-
ing a sufficient number of cells within a size range to
ensure the representation of the largest/scarcest particles
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of the range. We provide an analysis which allows the
estimation of the volume or total number of particles
that have to be counted to obtain a representative
sample of the size spectrum. Some automatic devices,
like the FlowCAM, have characteristic flow and particle
detection systems which impose limits to the concen-
tration of the samples to be processed leading to impor-
tant constraints on the size range that can be effectively
sampled in a given amount of time. Thus, the analysis of
the size structure of natural samples with FlowCAM
requires a planned pre-processing of the samples.

The side-scatter-triggered mode can count accurately
a sparse solution of particles, but it has an analysis rate
that is too low to estimate the size structure of natural
samples. In contrast, autoimage and fluorescence-
triggered modes cannot only count a mono-specific sol-
ution of cells accurately but can also estimate the size
structure of natural samples. However, the requirements
of each working mode in terms of sample concentration
are different so the concentration procedure should be
carefully chosen and some a priori knowledge about the
cell density in the sample is needed.

The size structure obtained with FlowCAM and with
light microscopy on preserved samples coincides but
they differs from the size structure obtained on fresh
samples. This suggests that automatic sampling devices
could provide a more precise vision of plankton com-
munity avoiding the effects of sampling preservation
and storage and increasing the resolution of the surveys.

SUPPLEMENTARY DATA

Supplementary data can be found online at http://
plankt.oxfordjournals.org
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Supplementary material

Appendix A: Maximum events per second in triggered modes.

In the triggered modes, there is a limitation in the number of events per second that the
instrument can handle. For fluorescence-triggered mode we considered the limit of 2 events per
second given by (Sieracki et al., 1998). For the side-scatter-triggered mode the available information
states that cell densities up to 100 cells mL-! can be counted accurately in this mode (Brown, 2010). No
information about the maximum number of events per second is given, so we carried out a series of

tests (Table SI) to establish the maximum events per second of this mode.

We prepared three bead solutions with the same concentrations tested in (Brown, 2010). They
were counted by triplicate under the microscope and with the FlowCAM in side-scatter-triggered
mode with different flow rates. Counting accuracy in the solution of 94 beads mL-! decreased when
flow rate was above 0.35 mL min-1, which means a maximum number of events per second to count

accurately of 0.5.

Table SI. Counting accuracy in side-scatter-triggered mode for the combination magnification/flow-chamber
100x/100pm with 45 pm latex beads solutions at three concentrations and different flow rates.

Concentration (beads mL-1)

Flow rate (mL min1) 8.5 50 94.7
0.24 99.5 92.8
0.35 88.9 92.8
0.43 99.6 95.3 66.5
0.53 92.1 67.0

Appendix B: Sampling effectively, a function of particle concentration and time.

Fig. S1 and S2 illustrate the simulation for the 200x and 40x magnification and their respective

factory defined size ranges in a similar manner as it is shown for the 100x magnification in Fig. 4.

Taking into account that in natural samples the total concentration of particles in the size range
of 3-50 pum is 475 cells mL-! according to the “superspectrum” of Blanco et al. (Blanco et al., 1994), the
time required to sample effectively the whole factory defined size range would be 522 hours in
autoimage mode (Fig. S1D), and 74.4 hours in the triggered modes (Fig. S1E). This is achieved at the
maximum frame rate of 11 frames per second in autoimage mode and the maximum flow rate of 0.053
mL min' in the triggered modes.
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The points of inflection in the simulations, corresponding to the concentration of particles at
which the events per second limit is reached at the maximum flow rate are 2264 and 566 cells mL-1
for fluorescence and side-scatter-triggered modes respectively. When the concentration is higher than
this value, the time required to sample effectively turns constant as represented in Fig. S1F: 15.6 hours
in fluorescence-triggered and 62.5 hours in side-scatter-triggered modes. The concentration at which
the events per second is reached at the minimum flow rate sets the overall maximum concentration
that can be processed (10000 and 2500 cells mL-1 for fluorescence and side-scatter-triggered modes
respectively). Considering 30 minutes to be a reasonable amount of time for processing each sample,
in the side-scatter mode, only the size range between 3 and 8 um can be sampled, even if the sample is
concentrated. In the fluorescence mode, in 30 minutes it is possible to cover effectively the range

between 3 and 13 pm.

Fig. S2 illustrates the simulation obtained for the 40x magnification and the factory defined size

range of 30-300pm. In natural samples the total concentration of particles in the size range of 3-
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Fig. S1. Simulation for the combination magnification/flow-chamber 200x/50um. The upper panels show the
upper size limit sampled effectively given the total concentration of particles in the size range 3-50 pm and the
time of analysis for (A) autoimage, (B) fluorescence-triggered mode and (C) side-scatter-triggered mode. The
correspondence of each coloured area with the equivalent spherical diameter (um) is indicated in the right
axis of each panel. Lower panels show examples of upper size limit sampled versus time for (D and E) a mean
natural sample concentration of 475 cells mL-, calculated according to Blanco et al. (Blanco et al., 1994) and
indicated as vertical lines in A-C, for (D) autoimage and (E) triggered modes. (F) shows the same relationship
for the concentrations at which the saturation of the triggered modes is reached, indicated as vertical dashed
and dotted lines in B and C respectively.
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300um is 0.56 cells mL-! according to the “superspectrum” of Blanco et al. (Blanco et al., 1994), so the
time required to sample effectively the whole factory defined size range would be 620 hours in
autoimage mode (Fig. S2D), and 386 hours in the triggered modes (Fig. S2E). This is achieved at the
maximum frame rate of 11 frames per second in autoimage mode and the maximum flow rate of 1.2

mL min! in the triggered modes.

Above the points of inflection (100 and 25 cells mL! for fluorescence and side-scatter-triggered
mode respectively) the time required to sample effectively is constant: 2.2 hours in fluorescence-
triggered and 8.7 hours in side-scatter-triggered mode (Fig. S2F). The overall maximum concentration
that can be processed is 480 and 120 cells mL-1 for fluorescence and side-scatter-triggered mode
respectively. In 30 minutes, in the side-scatter mode, only the size range between 30 and 100 um can
be sampled, even if the sample is concentrated. In the fluorescence mode, in 30 minutes it is possible

to cover effectively the range between 30 and 160 pm.
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Fig. S2. Simulation for the combination magnification/flow-chamber 40x/300um. The upper panels show the
upper size limit sampled effectively given the total concentration of particles in the size range 30-300 pm and
the time of analysis for (A) autoimage, (B) fluorescence-triggered mode and (C) side-scatter-triggered mode.
The correspondence of each coloured area with the equivalent spherical diameter (um) is indicated in the right
axis of each panel. Lower panels show examples of upper size limit sampled versus time for (D and E) a mean
natural sample concentration of 0.56 cells mL-1, calculated according to Blanco et al. (Blanco et al, 1994) and
indicated as vertical lines in A-C, for (D) autoimage and (E) triggered modes. (F) shows the same relationship
for the concentrations at which the saturation of the triggered modes is reached, indicated as vertical dashed
and dotted lines in B and C respectively.
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Chapter II. Improvement of plankton biovolume
estimates derived from image-based automatic

sampling devices: application to FlowCAM

Automated sampling devices allow the increment of the sampling resolution and
hence the number of images that must be managed. Automatic classification of images
appears, then, as a fundamental tool to deal with the identification of these growing data
bases. A common characteristic of image-based sampling devices is, however, the
ignoring of the tridimensional shape of the imaged particles which can misestimate the
cellular biovolume. In this chapter we introduce a method to improve the estimates of
cellular biovolume obtained from image based sampling devices coupled to a state of the
art method for automated classification of images. The method of classification can be
adapted to provide not only taxonomic information, but also a morphologic
classification of the cells that allows obtaining a trustworthy estimate of the cellular

biovolume according to the cell shape predicted.
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The most commonly used biomass estimate for microalgae is obtained from cell
biovolume, usually calculated from microscopically measured linear dimensions.
Although reliable, this is a highly time-consuming and specialized technique.
Automated sampling devices that acquire images of cells and use pattern recogni-
tion techniques to identify the images have been developed as an alternative to mi-
croscopy-based methods. There are some aspects of automatic sampling and
classification methods, however, which can be improved for the analysis of field
samples including living and non-living particles. In this work, we demonstrate
how the accuracy of a state-of the-art technique for plankton classification
(Support Vector Machine) can be improved up to 86% if a previous automated
step designed to remove non-living images is included. There is a tendency with
the currently applied automatic methods to misestimate cell biovolume due to the
two-dimensionality of the images. Here, we present a data set of more than 500
samples to show that the greatest effect is caused by the incorrect estimation of
biovolume of the chain-forming diatoms. This results in an overestimate of
biomass of between 20 and 100% where chain-forming diatoms represent more
than the 20% of the biomass of the sample. We show how the classification
method can be adapted to provide not only taxonomic but also the morphological
classification of cells in order to obtain a more reliable estimate of biovolume
according to the predicted cell shape, in a way comparable with microscopy-based
estimates.

KEYWORDS: biovolume; biomass; size spectra; machine learning; Support
Vector Machine (SVM); FlowCAM

INTRODUCTION unifying theory that established a relationship between
The biomass size distribution in aquatic and terrestrial —the biomass of organisms in any size category and the
ecosystems has been an important focus of research in  individual body weight of these organisms (Rodriguez
ecology during the last decades. The “particle-size” and Mullin, 1986). The planktonic community soon
approach began to develop in the last century as a appeared to be a very appropriate object of study to test
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the hypotheses of the “particle-size” approach due to its
wide size range (Quinones ¢ al, 2003). An extensive
oceanic survey carried out by Sheldon et al. (Sheldon
et al, 1972) provided the first empirical evidence of a
general feature of marine ecosystems: the same amount
of biomass is allocated in logarithmically equal biovo-
lume ranges (Sheldon ¢ al., 1972). The study of this rela-
tionship was carried out with a Coulter counter (Sheldon
and Parsons, 1967), a device capable of counting and
sizing particles in a fluid, which enabled the authors to
analyse more than a hundred of un-preserved samples
distributed all over the world ocean.

The introduction of automated sampling devices
designed to characterize the abundance and size of
planktonic organisms in a reasonable amount of time
has furthered the application of this “particle-size”
approach. One disadvantage, however, of these faster
methods such as the Coulter counter is the lack of iden-
tification of the particles analysed. In an attempt to
solve the problem of knowing what kind of particles are
sampled, several automated devices that acquire images
of the particles have been developed. These new tech-
nologies brought together the need to examine, identify
and automatically measure large numbers of images
(Benfield et al., 2007). The automated classification of
plankton images has specific challenges because of the
highly variable proportion groups
depending upon location, time and nature of the survey,

of taxonomic

morphological heterogeneity, variable proportion of
non-living targets, different orientations, partial occlu-
sion and single images containing more than one
particle. In order to overcome these challenges, several
authors have developed automatic classification techni-
ques based on pattern recognition that have yielded
very promising results. These classification techniques
are general mathematical techniques that can be
applied to the images obtained from different instru-
ments, e.g. the Video Plankton Recorder (Tang et al.,
1998; Davis et al., 2004), the Shadow Imaging Particle
Profiling Evaluation Recorder (Luo et al, 2004), the
ZooScan (Grosjean et al., 2004; Gorsky et al., 2010), the
FlowCytobot (Sosik and Olson, 2007) or the Flow
Cytometer And Microscope (FlowCAM; Blaschko e al.,
2005; Zarauz et al., 2009).

With the exception of holographic methods, all image-
based automatic sampling devices have in common that
they do not capture the three-dimensional shape of the
particles. To calculate the volume of planktonic cells, the
methods based on two-dimensional images usually
consider all cells as spheres and use the equivalent spher-
ical diameter (ESD) of the area projected by the cell on a
flat surface. This is a good approximation in the case of
spherical or elliptical cells but a poor one in the case of

PLANKTON BIOVOLUME FROM IMAGE-BASED SAMPLING METHODS

cylindrical cells. A cylinder with an aspect ratio of 0.5
has a volume 26% lower than the volume of a sphere
with the same projected area; the underestimate reaches
54% if the aspect ratio is of 0.2. On the other hand, a
discus with an aspect ratio of 0.5 has a volume 47%
higher than the volume of the equivalent sphere; the
overestimate reaches 136% if the aspect ratio is of 0.2.
This can bias the estimation of biovolume when the par-
ticles are placed preferably in some orientations, a typical
effect that occurs when particles lay on a flat surface (e.g
microscopy, scanner) or are embedded in a moving fluid
(e.g. FlowCAM). The effect is dependent on the propor-
tion of cylindrical cells in the sample. Under these condi-
tions, the simplification of assuming that all particles are
spheres can render poor biovolume or biomass estimates
per group, genera or species, even with a perfect classifi-
cation at these prescribed taxonomic levels.
Microscopy-based methods are considered the most
accurate for plankton enumeration and biovolume esti-
mate and have been the most extensively used method-
ology for the study of microplankton community size
structure (Cermeno and Figueiras, 2008). The most
widely used protocol is the one proposed by Utermohl
(Utermohl, 1958), in which the preserved water sample is
settled on a microscope slide. An expert taxonomist
examines the slide under the microscope, identifies the
taxonomic groups and estimates the abundance of each
group. To estimate the biovolume of the cells, the expert
needs to assign a geometrical shape to each taxonomic
group, measure a certain number of linear dimensions
and estimate the hidden dimensions following aspect
ratios previously calculated. Hillebrand et al. (Hillebrand
et al., 1999) proposed a set of 20 geometric models to be
use for the determination of microalgal biovolume.
Although this set of shapes was thought to minimize the
effort of microscopic measurement, it also aims to be as
close to the actual shape of the organism as possible, so
the shape that describes a cell can be as simple as a
sphere, or complex, formed by various geometrical
bodies that require the measurement of several dimen-
sions. However, the description of a cell with a complex
shape usually requires accommodating structures that do
not constitute a large proportion of the total volume of
the cell, such as spines or setae (Menden-Deuer e al.,
2000). For this reason, considering the intrinsic error of
microscopic volume measurements and the sometimes
inaccurate designation of composite shapes, the descrip-
tion of complex shapes can be approximated by three
simple shapes: sphere, ellipsoid and cylinder (Menden-
Deuer et al., 2000). The effort needed to process samples
according to this technique turns it into a highly time-
consuming and specialized task, although this technique
is considered the most reliable and is used as a
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benchmark for the assessment of new techniques for
plankton enumeration and biovolume estimation.

In order to provide biovolume estimates comparable
to those obtained with microscopy-based techniques
using automated classification devices, it is necessary to
consider the three-dimensional shape of the cells. Our
strategy in the present work has been to imitate the
working procedures followed by microscopy-based tech-
niques, that is, to predict the shape of the cells and
make some assumptions about the hidden dimension.
To do this, we adapted the currently used techniques to
automatically classify the images not only taxonomically
but also morphologically. The aim of this work is to
develop a technique to classify automatically images
from an automatic sampling device (FlowCAM) that
permits at the same time a more accurate estimate of
the biovolume of the cells. With this aim we have: (i)
adapted the state-of-the-art classification techniques to
classify images from FlowCAM in order to obtain
morphological information of the cells; (i) used the
morphological information to improve the estimate of
the biovolume of the cells digitized in two-dimensional
images and (ii) used the taxonomic information to
identify situations where poor size-structure character-
ization or biomass estimation may result.

METHOD

A total of 526 natural samples were taken with a rosette
sampler system in the Bay of Biscay between August
2008 and April 2010 at 313 different sampling stations.
Figure 1 shows the geographic location of all sampling
stations and the season of the year when they were
sampled. At all the stations, samples were collected at
the surface, and additional 213 samples were obtained
between 10 and 75 m. All samples were pre-filtered at
sea through a 200-wm mesh-size net, kept fresh, stored
in the dark and analysed with FlowCAM on board or in
the laboratory within a few hours. All samples consti-
tuted our data set, subdivided into: a training set used to
train the automated classifier, a test set to evaluate it and
a field evaluation set to illustrate the application of the
automatic classificaion method. The training set was
built using images from 86 randomly selected samples
and indicated in Fig. 1 as grey dots. The test set con-
sisted of 17 samples, obtained over 2 years in a monthly
sampling of a coastal station located in the Cantabrian
Sea, so these samples cover the whole seasonal cycle.
Another two samples, taken on the French shelf, were
collected in triplicate and used to explore the different
calculations of biovolume. Finally, the rest of the samples
constituted the field evaluation set.
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Fig. 1. Geographical location of the sampling stations. The shape of
the point indicates the season when the samples were taken. Grey dots
indicate samples used to build the training set. The upward arrow
indicates the location of the series of samples used as the test set.
Downward arrows indicate the location of samples used to explore the
effect of different ways of calculating the cell biovolume.

Automatic processing of FlowCAM samples

The automatic processing of FlowCAM samples consists
of several steps:

Dugitalization of samples

Each sample was split in an un-concentrated subsample
for analysis with the 200 x magnification to digitize par-
ticles between 3 and 50 pm, and in a concentrated
subsample (1 L. concentrated by reverse filtration
(Dodson and Thomas, 1978) down to around 20 mL)
for the 100 x magnification to digitize particles between
6 and 100 pm. The lower limit for both magnifications
corresponds to particles covering an area smaller than
10 x 10 pixels that do not have enough resolution to be
identified, even by a human expert, and thus they are
not considered. Photographs can be captured following
three working modes: in autoimage mode photographs
are taken at a constant rate (in our case, 11 frames s_]),
while in fluorescence-triggered and side-scatter-triggered
modes photographs are taken only when a particle that
emits fluorescence or scatters light, respectively, passes
in front of the camera. Samples were analysed in auto-
image and fluorescence-triggered modes; side-scattered
mode was not used as it has been shown to give unreli-
able results (Alvarez et al., 2011). Thirty minutes were
considered a maximum time for each
subsample. In the subsamples processed with auto-
image, 20 000 photos were taken, which corresponds to

running
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a net volume of 0.072 mL in 20x and 14.91 mL in
10x. In the subsamples processed with fluorescence
triggered  mode, I mLL  was  processed  at
0.0333 mLmin~' in the 20x and 10mL at
0.3333 mL min~ ' in the 10 x. The FlowCAM software,
Visual SpreadSheet, extracts each particle present in a
photograph (a process called image segmentation), and
stores the rectangular section on disk. The result is a
plankton sample turned into a collection of images,
each containing an individual particle. All rectangular
sections are combined in collages that constitute the
raw output of the VisualSpreadSheet.

Description of the images

We followed the philosophy of the SCOR 130 working
group (Benfield ¢t al., 2007) promoting the intercompari-
son of plankton pictures from various origins. Zoo/
Phytolmage is an open source software based on R for
plankton image analysis that can be modified to meet
the requirements of the user and accommodate many
different imaging systems (Grosjean, 2005). We followed
the instructions proposed by the Zoo/Phytolmage plat-
form in terms of the conventional names of the
samples, the inclusion of metadata and the format of
the images and the data.

In order to import the raw data into the Zoo/
Phytolmage convention, we used the EBImage R package
from Bioconductor (Sklyar and Huber, 2006; Pau e al.,
2010), which provides general purpose functionality for the
reading, writing, processing and analysis of images as well
as tools to transform the images, segment cells and extract
quantitative cellular descriptors. The collage files provided
by the FlowCAM software were separated in individual
images and a series of morphological features were calcu-
lated for each image. To localize the particle within each
rectangular section we used the intensity-based method
proposed by Tang (Tang et al., 1998). Once the particle was
located, new features were extracted. These included
simple shape and texture descriptors (Blaschko et al., 2005),
invariant moments (Hu, 1962), granulometric features
(Lo et al., 2004; Blaschko et al., 2005), edge features (Sklyar
and Huber, 2006), texture features from the co-occurrence
matrix (Haralick e/ al., 1979) and Zernike features (Zernike,
1934). In total, 136 features or image attributes described
each particle (see Supplementary Data).

Generation of a training and a lest set

A training set is a group of example images classified by
a human expert that is used to train the classification
algorithm. In our case, these images come from 86
randomly selected samples of the data set. To manage
the images we used the tools provided by the Zoo/
PhytoImage software. The training set was established

PLANKTON BIOVOLUME FROM IMAGE-BASED SAMPLING METHODS

by means of the ad hoc method, that is, with a variable
number of items within each group as chosen by the
user (Davis et al., 2004), so that the largest diversity of
organisms could be considered. We have created three
different training sets (T'S): (1) for the images obtained
with the 200 x magnification (TS200x, composed by
3600 images); (2) for the images smaller than 20 wm in
ESD  obtained with the 100X  magnification
(TS100X <99, 9500 images); and (3) for the images
larger than 20 pm ESD obtained with the 100 X magni-
fication (T'S100 X =50, 9500 images). We divided each of
the training sets in a group of artefacts, a group of
detritus and a variable number of living-particle groups
indicated in Table I and Fig. 2. These living groups were
made based on three criteria: size, taxonomy and
morphology (Bakker ¢t al., 1985). Each group was homo-
geneous for each of the criteria, containing cells of the
same size range, same taxon and same shape. The train-
ing sets TS200x and TS100X ~9y separate organisms
based only on their shape and size, without taxonomic
differentiation (Groups 1 to 4 in Table I). In the
TS100 X =90, each living group includes individuals
which are taxonomic and morphologically homoge-
neous (Groups 5 to 34 in Table I).

The test set is a group of images classified by a
human expert and not included in the training set that
is used to evaluate the efficiency of the classifier. The
test set consisted of 19 samples of the data set with 70
900 images between 3 and 100 pm. The living particles
were separated from detritus and artefacts by visual
mspection and compared with predictions of the classi-
fier to estimate the efficiency of the automated method.

Pretreatment of the images for the elimination of artefacts
and detritus

The relative importance of non-living particles, which
include artefacts (bubbles, background images and
repeated images) and detritus, and the living particles
differs depending on the FlowCAM working mode used
to digitize the sample. The fluorescence-triggered mode
does not record many non-living particles because they
are not photographed due to their absence of red fluor-
escence, whereas autoimage mode captures a variable
and usually large amount of images of non-living parti-
cles that interferes with the classification of living
particles.

Instead of eliminating artefacts and detritus manually,
as it is commonly done (Zarauz et al., 2007), we imple-
mented a series of cleaning filters. For the artefacts, we
designed the filters using the information of the time of
recording and the position in the field of view of the par-
ticles. We considered as bubbles, those images segmen-
ted with a frequency higher than 10 per second; as
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Table I: Classification of FlowCAM images in groups according to size, shape and taxonomic affiliation

Taxon class Groups Shape class
1. Others (all <20 um) Spherical cells (1) Sphere
Elliptical cells (2) Ellipsoid
Discoid cells (3) Disc
Cylindrical cells (4) Cylinder
2. Others >20 pm Cells unidentified (5) Ellipsoid
Flagellates (6) Ellipsoid
3. Silicoflagellates Silicoflagellates (7) Ellipsoid
4. Dinoflagellates Small dinoflagellates (8) Ellipsoid
Prorocentrum micans (9) Ellipsoid
Genera Prorocentrum (10) Ellipsoid
Genera Dinophysis (11) Ellipsoid
Globose un-horned cells (e.g. Protoperidinium) (12) Ellipsoid
Globose horned cells (e.g. Ceratium) (13) Ellipsoid
5. Ciliates Mesodinium rubrum (14) Ellipsoid
Few cilia in apical position (e.g. Laboea, Strombidium) (15) Ellipsoid
Few cilia in lateral position (e.g. Euplotes, Diophrys) (16) Ellipsoid
Tintinnids with extended lorica (e.g. Salpingella) (17) Ellipsoid
Tintinnids with globular lorica (e.g. Codonella, Dictyocysta) (18) Ellipsoid
6. Diatoms Pennate cells (19) Ellipsoid
Centric cells with height < diameter (20) Disc
Centric cells with height > diameter (21) Cylinder
Cylindrical cells with round ends (e.g. Ditylum, Stephanopyxis, Corethron) (22) Cylinder
Cylindrical cells with spine-like ends (e.g. Rhizosolenia) (23) Cylinder
Wide chains with closed connected cells (e.g. Detonula, Guinardia) (24) Cylinder
Narrow chains with closed connected cells (e.g. Leptocylindrus) (25) Cylinder
Chains with slightly connected cells (e.g. Eucampia) (26) Cylinder
Chains with long setae (e.g. Chaetoceros) (27) Cylinder
Chains with intercellular spaces (e.g. Skeletonema) (28) Cylinder
Chains with cells connected by gelatinous threads (e.g. Thalassiosira rotula) (29) Cylinder
Chains of needle-like cells (e.g. Nitzschia) (30) Cylinder
Colonial star-shaped (e.g. Asterionellopsis) (31) Sphere
Colonial zig-zag (e.g. Thalassionema) (32) Sphere
Gelatinous spheres (e.g. Phaeocystis, Thalassiosira subtilis) (33) Sphere
7. Crustaceans Crustaceans (34) Ellipsoid

8. Detritus
9. Artefacts

Faecal pellets, exuvia, dead fragments —
Bubbles, empty images, background noise —

The name of the groups that contains a description of the species included are based on the classification of Bakker et al. (Bakker et al., 1985). These
groups are merged, after automatic classification, in the taxon and shape classes indicated.

background images, those recorded more than 10 times
in the same position of the camera field of view; and as
repeated images, those recorded in consecutive photo-
graphs and with an Euclidean distance between their
image attributes lower than 50. For the detritus, we have
explored the 136 image attributes searching for a
selected subset of them able to discriminate between
detritus and living particles. In Fig. 3, two of these
selected attributes are shown to illustrate the procedure
we have followed: the mean value of grey intensity for
each particle (Fig. 3A), that represented a lower limit for
living particles, and the skewness of grey intensity
(Fig. 3B), that represented an upper limit for living parti-
cles. Thus, setting a lower and an upper limit value,
respectively, for these two attributes permits the identifi-
cation of many non-living particles. Obviously, there is
not a single image attribute that can distinguish between
detritus and living particles unequivocally, but a combin-
ation of attributes can be used to establish a statistical

filter to identify most of detritus particles. In total, a
subset of 50 attributes were selected as they discriminate
living particles in their upper limit and a subset of 10
attributes were selected as they discriminate living parti-
cles in their lower limit. The range of these attributes for
the living particles in the training set were extended a
5% for the 200X images and a 2% for the 100 x
images in their discrimination limit, to establish a confi-
dence interval within the living particles are expected to
be included. We labelled as detritus those images in the
test and field evaluation sets that show values of any of
the attributes selected outside its confidence interval.

Training the algorithm

Support Vector Machine (SVM) was used to classify the
rest of the particles after the pretreatment of the images.
We used the library LIBSVM (Chang and Lin, 2009)
with its R interface: ¢/071 package (Karatzoglou et al.,
2006) and ipred package (Peters and Hothorn, 2009).
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Spheres Cylinders Ellipsoids
Others < 20pm Dinoflagellates
200x - . 200x 200x . - -
Diatoms

; .

Silicoflagellates
Crustaceans I

Fig. 2. Groups in the automatic classification and their correspondence in taxonomic and morphological classes. Dashed lines separate
morphological classes, dotted lines taxonomic classes and solid lines both. The number in the left upper corner of the images corresponds to the
description of the group given in Table I. All image magnifications are X 100 except when indicated.

Others > 20pum

Mean (grey intensity)
Skewness (grey intensity)

ESD ESD

Fig. 3. Example of two attributes selected to design a statistical filter to eliminate non-living particles prior to the automatic classification. Both
are texture attributes related to grey intensity that range from 0 to 1: (A) mean and (B) skewness versus the ESD of the particles. Living particles
are plotted in black and detritus and artefacts in grey. Horizontal lines show the value used to discriminate living from non-living particles in the
lower and the upper limit of the variable, respectively.

Each training set of images with its 136 attributes per grid search over parameter ranges, testing the maxi-
image, scaled previously, constitutes the input for the mization of accuracy by 5-fold cross-validation. Cross
LIBSVM. The Gaussian Radial Basis Function was validation randomly separates the training set in several
used as the kernel and parameters were tuned using a  sets of images (five sets in our case); the images of each
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of these sets are classified with a tool built with the
remainder (four) sets. The predicted assignations are
compared with the actual assignations, and the number
of elements correctly classified with respect to the total
number of elements gives the global accuracy of the
classifier.

Predicting new samples

The three classifiers obtained (i.e. for 200x, 100x<9q
and 100x=9) make up a classifier tool that can predict
any FlowCAM sample described in the same way as the
example images. Each image was classified in one of
the 34 groups and assigned to the corresponding taxon
class and shape class (Table I). The result was each
particle being classified in one of the 6 taxonomic
categories (diatoms, dinoflagellates, silicoflagellates, cili-
ates, crustaceans and other living particles) and of the 4
morphological categories (spheres, ellipsoids, cylinders
and discuses) (Table I). For instance, a species of the
genus Lauderia is included in the taxon-class diatoms but
also in the shape-class cylinders, while a species of the
genus Prorocentrum is included in the taxon-class dinofla-
gellates and in the shape-class ellipsoids.

Evaluation of the classifier

The most widely used technique to estimate the effi-
ciency of the automatic classification is the cross valid-
ation, described above. The cross validation, however,
has been shown to give higher efficiencies than the est-
mate over a test set of independent samples (Davis et al.,
2004; Sosik and Olson, 2007). The testing over natural
samples consists in automatically classifying a set of
images (1.e. the test set) that has been previously classified
by an expert and are not included in the training set.
The efficiency is tested with the construction of a
confusion matrix, a table where the manual classes are
placed in rows and automatic classes in columns and
cach image counted in the cell determined by its
manual and automatic assignation. The efficiency of the
automatic classification was assessed by: (i) global
accuracy, that is the percentage of elements correctly
classified, estimated as the ratio between total elements
in the diagonal of the confusion matrix (true positives)
and the total number of elements, and (ii) accuracy per
class, that is the ratio between the number of particles
classified as belonging to a class and the actual number
of particles in that class. The global accuracy can not
be higher than one, whereas the accuracy per class is
lower than one when the automatic classification counts
fewer particles than actual ones and is higher than one
when automatic classification overestimates the number
of particles. It should be noted that the accuracy per
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class only takes into account the total number classified
and does not consider whether particles are correctly
classified or not. For instance, in a sample with 100
diatoms where we classify 10 diatoms correctly and 80
detrital particles as diatoms, the accuracy per class is
90% (90 of 100 particles were classified as diatoms).
Two measures are used to evaluate this type of error: (i)
specificity, that is the percentage of the elements that
really belong to the class where they have been classi-
fied (true positives/total classified), and (ii) probability of
detection, that is the percentage of elements in a class
correctly classified (true positives/total
manual). In the previous example, the specificity would

which are

have been 11.1% (10 of the 90 particles were correctly
classified as diatoms), and the probability of detection
10% (10 of the 100 diatoms were classified correctly).

To estimate these parameters for the taxonomic clas-
sification, 17 samples of the test set, obtained during 2
years in a monthly sampling of a coastal station located
in the Cantabrian Sea (at 46.42°N, 1.85°W, z = 100 m),
were analysed. Only the living particles were selected
and separated into six taxonomic classes (dinoflagellates,
silicoflagellates, diatoms, ciliates, crustaceans and other
living particles) by visual inspection, constituting a test
set of 61 700 images between 3 and 100 wm. The other
two natural samples of the test set, corresponding to a
coastal (at 46.42°N, 1.85°W, z = 25 m) and a mid-shelf
location (at 45.79°N, 3.37°W, z = 142 m) in the Bay of
Biscay (October 2009), were used to estimate the para-
meters for the morphological classification, constituting
a test set of 9200 images between 20 and 100 wm sepa-
rated into four morphological classes (spheres, ellipses,
cylinders and discuses).

To account for the possible variation in the accuracy
of each sample (i.e. changes in taxonomic composition
and variations in image quality related to lightning and
focus), we have computed for each sample the abun-
dance of living particles in the size range 3—100 wm
manually and automatically classified and compared
with an expected one-to-one relationship with a ‘-test.

Estimation of biovolume

Two natural samples were used to explore the effect of
the different ways of calculating the biovolume of the
particles. These two samples were taken in triplicate,
cach replicate taken using a separate Niskin bottle and
analysed as described above. Only the living particles
were selected, obtaining 1378, 1475 and 1470 particles
in the coastal sample and 243, 170 and 205 particles in
the shelf sample. Particles were separated in four shape
classes (spheres, ellipses, cylinders and discuses) by
visual inspection.
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The biovolume of each living particle recorded by
the FlowCAM was calculated in three ways: (i) the pro-
jected area of each particle was used to calculate their
biovolume considering a spherical shape (i.e. area-
based); (i) the length and width were measured manu-
ally and the biovolume calculated as a revolution
volume according to the shape manually assigned (i.c.
shape-based); and (iii) the biovolume was calculated
according to the shape predicted by the classification
algorithm and the automatic measurements made by
the image analysis (i.e. automatic-shape-based). Depth
and width dimensions were considered equivalent since
the orientation of the particles results in one or the
other being measured randomly. The normalized abun-
dance size spectra (NASS) obtained with area-based,
shape-based and automatic-shape-based biovolumes
were compared with a one-way ANOVA and a Tukey
test. Only those bins of the spectra for which a
minimum of five particles were measured were consid-
ered for the comparison.

Field evaluation

For the field evaluation set of samples (n = 509), the
same calculations were done but only for those corre-
sponding to automatic assignments. The total abun-
dance of living cells was estimated and the biovolume
for each living particle was calculated based on the
area-based and the automatic-shape-based method.
The NASS for both data sets were built and compared
with a t-test.

The area-based and the automatic-shape-based biovo-
lume obtained for the living particles were converted to
carbon. Different conversions factors were applied for
cells: smaller than 3000 pwm?, larger than 3000 pwm®
except diatoms, and diatoms larger than 3000 pm’
(Menden-Deuer et al, 2000). The abundance and
biomass per taxon class were calculated and the
percentage that each taxon represents in the sample was

PLANKTON BIOVOLUME FROM IMAGE-BASED SAMPLING METHODS

estimated. The misestimation of autotrophic biomass was
calculated comparing the area-based and the shape-based
biomass only for autotrophic and mixotrophic taxa.

RESULTS

Automatic classification of FlowCAM
images
We used the test set to estimate the efficiency of the
automated method to classify living particles. The
global processing  of
FlowCAM sorting living from non-living particles was
86% (Table II). The accuracy per class for both types of
images is close to 1 which means that the number of
particles given for each class fits the actual value. The
specificity is lower because it does not consider the false
positives, but it is still above 80% and the probability of
detection is above the 84%.

There are no significant differences in the global

accuracy of the automatic

accuracy of autoimage and fluorescence (87 and 85%
respectively). The accuracy per class is, however,
different depending on the working mode. Whereas the
accuracy per class in fluorescence is close to 1 for
detritus and living particles, in autoimage the misclassi-
fication of living particles is high (124%). This is caused
by the large amount of detritus present in autoimage
samples; even with a good classification of detritus
(95%), their proportion is so high (32000 non-living
from 38000 particles) that it causes the inclusion of
many false positives in the counts of living particles.
The efficiency estimated over the confusion matrix
depends on the size and composition of the test set
(Solow et al., 2001). Since our test set is constituted by
complete samples, a very abundant sample well classified
can determine the efficiency of the classification. The
abundance of living particles in the size range 3—100 pm
manually and automatically classified for each sample is

Table II: Confusion matrix for the automatic classification of lving and non-living particles, digitized

with the two FlowCAM working modes

Automatic

Mode Manual Non-living Living Global accuracy ~ Accuracy per class Specificity Probability of detection
Total Non-living 38324 5628  0.86 0.97 0.90 0.87

Living 4408 22525 1.05 0.80 0.84
Autoimage mode Non-living 31699 3701 0.87 0.95 0.94 0.90

Living 1972 5298 1.24 0.59 0.73
Fluorescence-triggered mode Non-living 6625 1927 0.85 1.06 0.73 0.77

Living 2436 17227 0.97 0.90 0.88

The parameters that account for the efficiency of the classifier are: global accuracy (true positives/total particles), accuracy per class (total classifier/
total manual), specificity (true positives/total classifier) and probability of detection (true positives/total manual).
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Fig. 4. Accuracy classifying living particles. (A) Counts of living particles manually and automatically classified in the size range 3—100 pm for
each sample of the test set. Autoimage samples in dots and solid line and fluorescence-triggered samples in squares and dashed line. (B) NASS
built with living cells manually (dots and solid line) and automatically (squares and dashed line) classified for an example sample. (C)
Comparison of the slope of the NASS obtained with the living particles manually and automatically classified between 3 and 100 pm.
Autoimage samples in dots and solid line and fluorescence samples in squares and dashed line.

shown in Fig. 4A. The relationship between the abun-
dances is not different from 1 in autoimage (P= 0.1868,
n=17) and in fluorescence-triggered mode (P = 0.4760,
n=12). In autoimage, the 7* is lower than in fluores-
cence (0.97 versus 1) given the higher error on classifica-
tion explained above. A sample with 5009 living particles
in manual assighment and 4668 in automatic assighment
was considered an outlier and eliminated.

The NASS were built only with living particles, so the
efficiency classifying living particles also determines the
accuracy of the parameters of the spectra. Figure 4B
shows the NASS and the parameters of the regression
line fitted to the NASS, for an example sample that has
been manually and automatically classified. The slope of
the regression line fitted to the NASS based on manual
and automatic estimates of abundance of all samples in
the test set (Fig. 4C), did not differ significantly. The rela-
tionship for the whole test set of samples is not different
from the expected one-to-one relationship, both for auto-
image (slope automatic = 1.0056 X slope manual, P=
0.8127, n=17) and fluorescence working modes (slope
automatic = 0.9793 X slope manual, P=0.0564, n=
13). Since the NASS include all living organisms it
means that the error in the classification is smaller than
the variations in abundance needed to observe a change
in the parameters of the NASS.

The confusion matrix of abundance for taxon-class
assignation and the parameters of efficiency are shown in
Table III. The global accuracy of taxon assignation, once
the detritus is eliminated, is 87%. The accuracy per class
is low in classes with fewer individuals (ciliates and crus-
taceans) and in diatoms. The specificity is above 74% in
all classes except in ciliates, a very heterogeneous class.
The probability of detection is above 60% in all classes.
Figure 5 shows a comparison between the counts

obtained by the manual and automatic classification in
each sample for the different taxonomic classes of micro-
plankton (20—100 wm). In autoimage, the relationship
was different from the expected one-to-one for ciliates,
crustaceans and the “others” class, which are the taxo-
nomic classes with fewer individuals (ciliates: = 0.0031,
n=13; crustaceans: P=0.0105, n=06; others: P<
0.0001, n =15). The relationship for diatoms, dinoflagel-
lates and silicoflagellates was not different from the
expected one-to-one (diatoms: P = 0.2209, n = 14; dino-
P=0.3422, n=15;
0.5910, n = 6). In fluorescence-triggered mode, the only
relationship different from the expected one-to-one was
the class “others” (P << 0.0001, n = 12).

The confusion matrix of abundance for shape-class

flagellates: silicoflagellates: P =

assignation and the parameters of efficiency are shown
in Table IV. The global accuracy of shape assignation,
once the detritus was eliminated, is 78%, although the
accuracy per class is variable. The class that is better
classified is that of cylinders (104%), which is in fact the
class that may cause the highest overestimate of biovo-
(see below). There
between spheres and ellipses but, since the geometrical
body of a sphere is a particular case of an ellipse, the
error does not greatly influence the estimate of biovo-
lume. However, if the shape classification is used for

lume is high misclassification

other purposes, this must be improved. The specificity
is high for cylinders and low for ellipses and spheres.
The probability of detection followed the same pattern
but always above the 60%.

Cell biovolume estimation

Figure 6 shows the NASS built with biovolume data
calculated from area-based, shape-based and automatic-
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Table I1I: Confusion matrix _for the taxonomic classification with the parameters to account for the efficiency of the classifier

Automatic

Probabilityof detection

Specificity

Accuracy per class

Artefacts

Detritus

Dinoflagellates Ciliates Crustaceans Others

Silicoflagellates

Diatoms

Manual

0.64
0.76
0.78
0.61
0.60
0.99

0.97
0.89
0.74
0.42
0.75
0.84

1.50
1.18

240
0.95
0.70
1.25
0.86

393

1915

35 28

10
244

3590

Diatoms

51

74
34

11

Silicoflagellates
Dinoflagellates

Ciliates

28
21

12
42

201
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Crustaceans
Others

1921 419

27713

11078

15
93

28
59

17
33

96
285

101

889
6944

4242

Detritus

729

28

Artefacts

Efficiency parameters are calculated only for the living organisms groups.
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shape-based methods. The NASS of the coastal station
has an ordinate higher than the NASS of the shelf
station given the higher concentration of particles in the
coastal one. The slopes of the regression lines fitted to
the NASS were different at the coastal station (P=
0.0024, n=23), whereas they were not significantly
different at the oceanic station (P=0.7283, n= 1)5).
The coastal station is dominated by chain-forming
diatoms, and thus the proportion of cylinders relative to
the other basic shapes is 75%, with an average aspect
ratio (height/diameter) of 0.35. In the oceanic sample,
there were a significantly lower proportion of cylinders,
around 14%, with an average aspect ratio of 0.40.
Given the overestimation of biovolume caused by the
utilization of the area-based method, more conspicuous
when the cylinders are abundant and with a large
height, the regression lines were different. On the other
hand, the spectra calculated with the shape-based
method, with manual or automatic measures, were not
different (coastal: P=0.6393, n=21; oceanic: P=
0.6016, n = 14), which suggests that the efficiency in
shape assignment is sufficiently high to improve the bio-
volume estimate.

Field evaluation

The parameters of the regression line fitted to the
NASS calculated with area-based and automatic-shape-
based methods were different only in 13 samples
(2.5%). Even when the parameters of the NASS were
not different in many cases, the misestimation of
biomass is higher than the 20% in 132 samples (14%).
In Fig. 7A, where the concentration of carbon (ng C
L") in the sample is plotted against the concentration
of carbon that corresponds to chain-forming centric or
pennate diatoms, these samples are indicated with grey
solid dots. It must be noted that the samples with over-
estimation higher than 20% are the points closer to the
1:1 relationship, that is, the samples where the biomass
of chain-forming diatoms is dominant.

In Fig. 7B the percentage that the biomass of chain-
forming centric or pennate diatoms represents of the
total biomass in the sample against the percentage of
misestimation of the autotrophic biomass is shown. The
overestimate of autotrophic biomass is directly propor-
tional to the percentage of biomass that corresponds to
chain-forming diatoms. The slope of the regression line
between both variables is significantly different from
zero (P<<0.0001, n»=882). The percentage of chain-
forming diatoms reaches 71% and their average aspect
ratio (height/diameter) per sample range from 0.04 to
0.72 with an average of 0.35.
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Fig. 5. Comparison of manual and automatic counts per taxonomic class (size range 20—100 wm) for the test samples analysed in (A)

autoimage and (B) fluorescence-triggered modes.

Table 1V: Confusion matrix for the morphological classification with the parameters to account for the

efficiency of the classifier

Automatic
Manual Cylinder Discus Ellipsoid Sphere Detritus Artefacts Accuracy per class Specificity Probability of detection
Cylinder 2332 12 161 25 282 593 1.04 0.96 0.92
Discus 28 208 64 1 4 64 1.27 0.88 0.69
Ellipsoid 54 8 974 571 196 89 1.20 0.72 0.61
Sphere 18 9 145 447 40 53 0.59 0.43 0.72
Detritus 241 4 256 72 1047 820 — — —
Artefacts 174 — 19 7 59 123 — — —

Efficiency parameters are calculated only for the living organisms groups.

Log,,(normalized abundance)
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Fig. 6. NASS for FlowCAM counts of two samples, a coastal station
in the upper part (i.e. higher normalized abundance) and a shelf
station in the lower part of the figure. Biovolume data are calculated
with area-based (squares and dashed line), shape-based (dots and solid
line) and automatic shape-based methods (diamonds and dotted line).

However, the situation is not the same with the single

cell centric diatoms, whose geometrical shape is

expected to cause the opposite effect to chain-forming

diatoms (Fig. 7C). The slope of the regression line
between the underestimate of autotrophic biomass and
the percentage of biomass that corresponds to single cell
centric diatoms is not significantly different from zero
(P=0.1359, n=2882). The percentage of single cell
centric diatoms does not exceed 35% in any sample
and their aspect ratios (diameter/height) ranged from
0.29 to 0.99 with an average of 0.84.

This means that a relatively high error in biomass
estimation could not be detected in the parameters of the
size spectrum. However, when more that the 20% of the
biomass of the sample corresponds to chain-forming
centric or pennate diatoms, using the area-based method
to estimate the biovolume causes an overestimate of auto-
trophic biomass higher than the 20%. A 20% or larger
biomass corresponding to chain-forming diatoms is not
unusual, very common in fact during the spring bloom
at temperate and boreal locations.

DISCUSSION

The main objective of automated classification techni-
ques is, most frequently, to estimate the abundance of
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Fig. 7. (A) Relationship between the concentration of total carbon in the samples of the field evaluation set (ng C L', size range 4100 pm)
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20% in the biomass estimate.

each predicted class. Sometimes, however, the research
focuses on other ecosystem properties, such as biovo-
lume, biomass or cell attributes (i.e. pigment or carbon
content), for which the estimation of cell biovolume is
required. The goal of the present study was to improve
the estimation of cell biovolume using automated classi-
fication of FlowCAM images. With this aim we solved
two challenges of the automated classification of
plankton images with no additional effort using
state-of-the-art automatic classification methods: (1) the
need to classifying automatically and with a high speci-
ficity (i.e. correct assignation to a given class) a hetero-
geneous set of images, which include living and
non-living particles (artefacts and detritus); and (2) the
tendency to misestimate cell biovolume due to the two-
dimensionality of the images. These two characteristics
of the FlowCAM are common to other image-based
devices for plankton identification and enumeration.
The automated classification of plankton images has
improved over the last years. For instance, the methods
and algorithms explored have been diverse, although in
the last years SVM has been the most widely used algo-
rithm. Other authors who have used linear discriminant
analysis or random forest algorithms obtained compar-
able results (Irigoien et al., 2009). In the first attempts at
automatic classification of plankton samples the number
of classified groups was below 10 while in the last years
it has increased to more than 20 (Sosik and Olson,
2007). The description of images began being merely
based on shape features but, later, texture features were
included, increasing the accuracy of classification
considerably (Tang e al., 1998). The accuracy of classifi-
cation has increased from below 75% to near the 90%
(Gorsky et al., 2010), although it depends on the digit-

ization device.

Several aspects can be improved in automated classi-
fication of plankton samples. We have carried out a
series of tests in order to improve the prediction of
particle biomass by the algorithm. However, even when
the results have been promising (Gonzalez et al., 2010),
further room for improvement, may arise, according to
our experience, from the refinement of the image acqui-
sition stage. One challenge is in the digitization of high-
quality images, which permits the extraction of new
attributes. Some of them more class-specific, as it has
been done with mesoplankton organisms, considering
specific structures of each taxonomic class (Tang et al.,
2006). Another challenge relies on the improvement of
the digitization protocols, in order to be more selective
with the particles that are going to be included in the
classification. When the training set used to train the
classifier is large enough the accuracy of the classifica-
tion is a property of the classifier and does not depend
on the composition of the predicted samples (Solow
et al., 2001). However, even if the training set was repre-
sentative and the accuracy of classification was constant,
a large number of non-target images reduce the specifi-
city and probability of detection of the classification,
and hence the biovolume or biomass estimates per class
are incorrect. Related to this we have shown that the
fluorescence-triggered mode obtains better classification
efficiencies because it is a much more selective digitiza-
tion method, recording fewer detritus images. On the
other hand, autoimage, a non-selective digitization
method, has lower efficiencies.

Non-living particles (i.e. device-specific artefacts and
detritus) form a group of recurrent images in the digitiza-
tion devices that can affect the prediction of new
samples, providing poor estimates of biomass of living
Artefacts  are recorded by the

particles. images
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digitization devices that do not correspond to any
particle in the sample. The characteristics of these arte-
facts are very specific to the process of acquisition of
images of each type of automatic sampling device, and
thus it is not possible to develop a general tool to remove
them. The ideal situation is to minimize their appear-
ance, but, in case this cannot be achieved, we have
shown how a series of filters can be designed taking into
account the characteristics of the digitization mechanism.
These filters allowed us to remove the artefacts with high
confidence, avoiding the need to eliminate them manu-
ally, which can be a highly time-consuming process.

The presence of detritus in the samples is, however, a
common feature of plankton imaging devices. The
problem has been addressed with different strategies by
other authors. Some have included detritus in their cal-
culations since they consider it part of the energetics of
the ecosystem (San Martin ¢ al., 2006), while others have
eliminated it by visual recognition (Barofsky et al., 2010),
avoided the digitization of detritus using cell staining
(Alcaraz, 2003) or, as we have done, tried to classify them
automatically (Irigoien et al., 2009; Zarauz et al., 2009).
The automatic method we have developed, based on
statistical differences between certain image attributes of
detritus and living particles, has improved the classifica-
tion. We have shown that it is possible to automate the
elimination of non-target images before the classification
in order to obtain acceptable classification efficiencies in
a non-selective digitization method, although the uncer-
tainty in the autoimage samples is still higher than in
fluorescence mode. This demonstrated that a previous
step designed to eliminate artefacts and detritus is highly
recommended. It can be done recording with the images
a discriminative variable such as the presence of fluores-
cence or staining, or using a statistical filter that applied
to the description of the images permits discrimination of
most of the non-target images.

The second challenge addressed, the problem with
the two-dimensionality of the images, is common to
including sedimentation
microscopy (Utermohl, 1958)
continuous sampling with sample-in-flow techniques
such as FlowCAM (Sieracki et al., 1998). In this work
the classification scheme we adopted permits not only a

several sampling methods

techniques for or

taxonomic but also a morphological characterization of
the particles. We used the morphological information of
the particles provided by the automatic classification to
calculate their biovolume, a method similar to the one
used by microscopists. The unique requirement is to
form groups in the training set having in mind that they
must contain individuals of the same taxonomic class
and the same morphological class. For instance, if the
desired taxonomic resolution includes a taxon class of
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diatoms, we can create a group with various diatom
species as long as all they can be assigned univocally to
a shape class. This way, the prediction of an image to
belong to a group provides taxonomic and morpho-
logical information that permits the calculation of the
biovolume of each particle as a revolution volume
specific for its geometric shape. With this information
we can implement an automatic-based method that
renders comparable results to the microscopy-based
method. For nanoplankton cells, smaller than 20 wm in
ESD, taxonomic information is not available, since the
resolution of the images does not permit the separation
of taxonomic groups. Without taxonomy, information
about the third dimension cannot be inferred but it has
been demonstrated that in nanoplankton cells the meas-
urement of the third dimension can be omitted since
most cells can be assumed to be spheres or ellipsoids
with equal depth and width (Verity et al., 1992).

SVM classification algorithms have been shown to
classify plankton images obtained with FlowCAM with
relatively high accuracy (Blaschko et al., 2005). We have
applied SVM trained with our morphologically oriented
training set together with the filters described above
successfully to a data set of FlowCAM plankton images
obtained on a seasonal basis in the Bay of Biscay area.
The extent of our training set and testing and field
evaluation data ensures that the approach is robust and
reliable across a range of conditions. The global
accuracy we have obtained in classifying morphological
and taxonomic classes is comparable to that obtained in
similar studies, specifically, in those focused on the classi-
fication of microplankton that tested the accuracy over
independent natural samples and with a similar number
of taxonomic categories considered (Sosik and Olson,
2007). The accuracy per class differs from one class to
another; it is lower for the less abundant and more
heterogeneous taxonomic classes, such as crustaceans
and ciliates. This is a common feature in the automatic
classification of plankton due to its heterogeneity and
poses, in fact, a specific challenge for the automatic clas-
sification of plankton images. The accuracy per class
compensates for false negatives excluded from a class
with false positives included within it, provided the error
is homogeneously distributed. This parameter is a good
estimator of the effectiveness in the estimate of abun-
dance per class. On the other hand the specificity evalu-
ates the percentage of cells that really correspond to a
certain class in relation to the total cells classified in that
class. The specificity must be taken into account as an
evaluation parameter when the aim is not only the esti-
mate of abundance but the estimate of another variable
related with size. A high specificity is desirable because
the estimates can not be

error in  biovolume
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compensated between false assignations. At class level,
in the prediction of a taxon class, a high specificity is an
indicator of high accuracy in the estimate of biovolume
or biomass per class. At individual level, a high specifi-
city in the prediction of shape indicates that the prob-
ability of the
biovolume is also high, which implies that the estimate
of biovolume per class can be improved.

The shape assignment has been demonstrated to be
sufficiently accurate to correct the biovolume estimates

correct geometrical calculation of

based on two-dimensional images. Thus, the discrepan-
cies between the NASS of natural samples constructed
using area-based and automatic-shape-based biovolume
estimates are expected to be caused by the misestimation
of biovolume associated with the area-based method.
Cylinders and discuses are the geometric shapes that have
more different biovolumes considering area-based or
shape-based biovolume. The biovolume of discuses is
underestimated and the biovolume of cylinders is overest-
mated when area-based biovolume is considered: the
higher the aspect ratio, the higher the misestimation of
biovolume. Single cell centric diatoms, which usually
present high aspect ratios, do not cause large underest-
mation of biovolume if it is calculated with the area-based
method. Chain-forming centric or pennate diatoms
present lower aspect ratios and can cause large overest-
mation of biovolume when the area-based method is
applied. Thus, in samples with a large proportion of
chain-forming centric or pennate diatoms the effect can
be conspicuous, although determined by the aspect ratio
of the chains. For instance, in a hypothetical sample com-
posed of a 100% of chain-forming diatoms with an aspect
ratio of 0.2 or 0.1, the biomass would be, respectively,
duplicated or triplicated. A similar effect occurs with the
Coulter counter, which tends to underestimate the
biomass of cells with a shape differing strongly from
spheres (Bakker et al, 1985). That is important when
analysing samples, because depending on where and
when they are collected and their taxonomic composition,
they can be susceptible to poor estimation of biomass or
even poor size-structure characterization. The misestima-
tion of autotrophic biomass is presented as an example of
the error that can be made assigning biomass to a certain
trophic status. This can be important in the analysis of
trophic webs or when applying a modelling approach. For
instance, in samples collected during the spring bloom,
when the abundance of diatoms is high and they repre-
sent the main part of the microplankton community;, an
accurate estimate of biomass is important to estimate, for
instance, the transfer of energy and/or the sedimentation
of biological carbon.

However, it does not matter how good this new
approximation is if it cannot be applied easily to the

PLANKTON BIOVOLUME FROM IMAGE-BASED SAMPLING METHODS

analysis of plankton samples. Our approach is easy to
use since it adapts the state of the art techniques of
automatic classification of plankton. Only two aspects
must be considered, the morphological division of the
training set and the calculation of biovolume depending
on the shape predicted. Both tasks do not imply neces-
sary additional work. For instance, the classification
scheme applied by Sosik and Olson (Sosik and Olson,
2007) is susceptible to use this approximation, since
their 22 categories are morphologically independent.
Besides, the linear dimensions of the cells needed to
calculate biovolume as a revolution volume are attri-
butes extracted routinely from plankton images. In fact
they have been used recently to estimate biovolume as a
revolution volume (Jakobsen and Carstensen, 2011),
although without shape differentiation. Gathering both
aspects permits substantial improvement of biovolume
estimates in a routine work, making our approach a
candidate to join the available set of tools developed for
automated classification of plankton images.

In summary, an improved method to estimate the bio-
volume of the cells coupled with an automated image
acquisition system, such as FlowCAM, presents obvious
advantages. The system can deal with many images
providing information at scales of variability that have
been inaccessible with traditional methods, but, at the
same time providing more accurate biovolume estimation
resulting in this information being more reliable.

SUPPLEMENTARY DATA

Supplementary data can be found online at http://
plankt.oxfordjournals.org
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Supplementary material

R implementation of the importation and image analysis of FlowCAM files to the
Zoo/Phytolmage convention

Introduction

Various functions were written in R (R_Development_Core_Team, 2010) to transform the raw
files generated by the FlowCAM software (VisualSpreadsheet) into a file that matches the
Zoo/Phytolmage (Grosjean, 2005) requirements. The result follows the Zoo/Phytolmage convention
in terms of name of the samples, inclusion of metadata, name and format of the images and description
of the images. Thanks to this adaptation FlowCAM images can be compared with images coming from
other sources, analyzed in the Zoo/Phytolmage or other platforms.

Requirements

The R package EBImage (Sklyar et al, 2011) was used for this implementation. The function
make.RData() provided in Zoo/Phytolmage (Grosjean, 2005) and the package svMisc (Grosjean, 2011)
were also needed. The functions are checked for R running on Windows and for FlowCAM samples

obtained with software versions of VisualSpreadsheet between 1.5.14 and 2.2.7.
Previous work

The disposition of the archives to be processed is shown in Figure S1. Our functions are
prepared to process a folder (Cruise) containing one or various samples . Each sample processed has
an independent folder (Sample_1); inside this folder the raw files generated by the FlowCAM, that can
be a variable number, must be placed. The raw files generated by the FlowCAM must maintain the
format of the name given by the FlowCAM (000-000001). For each raw file the data of all particles
must be exported to a CSV file with the option File>Export Data in VisualSpreadsheet. It is necessary to
generate a metadata file named ZIM.csv and placed in the basis folder (Fig. S1). The metadata file must
contain the fields shown in Table SI, which must be populated for each sample.

R implementation

The functions contained in Alvarez_et_al_Rfunctions.txt implement the importation method as it
is described by Alvarez et al. The function process() is the one to work with, it will call the other
functions, all must be read previously with a source() function. At the end of the processing a warning
is displayed but it must be omitted.

The function process() has two inputs:

folder: path to the folder where the samples together with the ZIM.csv file are placed. All the
result files will be placed on this location (Fig. S1).

COLOR: if FALSE is specified the particle images are stored in grey scale, if TRUE the colour
images are stored when available.
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The function returns three new folders:

1_Ordered: that contains the original files with the conventional name and their metadata in a
notes file to make self-referenced. It can be used to store in disk.

2_Processed: that contains the processed files, one folder per sample containing the separated
images with the conventional name, their metadata and data in a .zim file and data in a Rdata file. It
can be used to collect images for the training set or to store in disk.

3_ProRdata: that contains a .Rdata file for each sample, if the sample was formed by various
FlowCAM analysis, they are all merged in one file to facilitate the calculations. It can be used to be
predicted and analyzed.

Table SI Fields to be populated in the metadata file (ZIM.csv), their description and examples. Fields from
Series to Code are used to form the name of the sample under the Zoo/Phytolmage convention (in the
example it will be WEE006.2010-03-28.000.F1+C). To find details about the formation of sample names under
the Zoo/Phytolmage convention see (Grosjean, 2005). The three fields concerning sample volume are
crucial; in the example exposed volumes correspond to a sample processed in triggered mode: 1000 mL
were concentrated down to 20 mL and only 10 mL were processed with the FlowCAM. In samples processed

in autoimage, the three volumes must be populated with the same value.

Field Content Example

File Raw name of the sample 14
Series Code for the series (maximum one digit) w
Cruise Code for the cruise (maximum two digits) EE
Station Code for the sampling station (maximum three digits) 6
Year Year 2010
Month Month 3
Day Day 28
Mode Code to distinguish working modes (maximum one digit) F
Replicate Code to distinguish replicates(maximum one digit)

Code C.OQe to distinguish size-fractions or subsamples. (maximum one C

digit)

Min Minimum size in um (if there are not lower limit: -1) 15
Max Maximum size in pm (if there are not higher limit: -1) 100
LocationName Name of the sampling location BayofBiscay
LocationLatitude Decimal latitude (2) 42.2548
LocationLongitude Decimal longitude (2) -8.9497
LocationDepth Depth of sampling (m) 0
TotalVolume Initial volume (mL) 1000
ConcentratedVolume Concentrated volume (mL) 20
NetVolume Volume processed with the FlowCAM (mL) 10
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The files obtained match the requirements of Zoo/Phytolmage. So, from here, all calculations can
be done with the Zoo/Phytolmage platform. In Alvarez et al. we use Zoo/Phytolmage functions for the
generation of the training and testing tests but we choose to work with the LIBSVM (Chang & Lin,
2009) for image classification, since the Support Vector Machine (SVM) algorithm is not implemented
in Zoo/Phytolmage yet.

Example:
source("C:/.../Alvarez_et_al_Rfunctions.txt")

folder<-"C:/.../Cruise"
process(folder, COLOR=TRUE)

Reproducing Alvarez et al. results

All this code, as well as some pre- and post-processed examples, can be found at:

http: lanktonimages.wordpress.com
folder samples raw ftiles
™
BN zivicsy

e P

Cruise l

000-000001 ctx

000-000001 000001 uff
000-000001

Sample | 1

data_export.csv

—

Sample n 1 000-00000n l

Figure S1 Input for the function process(). The argument folder corresponds to the path where the samples
are contained. Additionally a ZIM.csv file containing all the metadata of the samples must be included. Each
sample folder must contain the original folders stored by FlowCAM with its raw name (ddd-hhmmss), it can
go from one to n, later they will be combined into one file. Along the files generated by VisualSpreadsheet
must be the data_export.csv file, exported after each FlowCAM analysis.
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Chapter III. Routine determination of plankton
community composition and size structure: a
comparison between FlowCAM and light

microscopy

Once abundance, size and taxonomy have been obtained from FlowCAM one can
wonder how this data compare with the traditional methods for plankton enumeration.
In this chapter we compared FlowCAM and light microscopy as methods for the routine
determination of the composition and size-structure of the planktonic community. The
effects of the preservation of the sample and the inaccuracies in the automatic
classification are the mainsprings discrepancies in the determination of size-structure
between both methods. Nevertheless, the synoptic vision of the seasonal variation in
abundance, biomass and diversity obtained was similar, which suggests that the fully

automatic method is adequate for exploring these variations.
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INTRODUCTION

The demanding task of gathering information on plank-
ton composition and abundance has traditionally relied
on taxonomists who identify and enumerate specimens
under the microscope. The Utermohl method is the most
widely used protocol to enumerate nano- and micro-
plankton (Utermohl, 1958). To estimate cell biovolume,
experts describe each taxonomic group by a geometrical
shape (Hillebrand e al, 1999), and estimate a suitable
number of linear dimensions, either by direct measure-
ment or by using known aspect ratios (Olenina et al.,
2006). This traditional method is highly time-consuming
and thus imposes limitations on the number of samples
that can be processed. In addition, the use of fixatives to
preserve samples introduces biases in the biovolume esti-
mates due to cell shrinkage (Montagnes ¢t al., 1994). This
traditional technique is considered to be the most accur-
ate for the identification and enumeration of nano- and
microplankton and is the benchmark methodology.
Nevertheless, several human factors such as fatigue and
inexperience of the operator can affect the quality of the
analysis (Culverhouse et al., 2003).

Opver the past two decades, combinations of automated
sampling devices, image analysis technologies and
machine learning algorithms have been developed to
count and size plankton organisms more rapidly
(Benfield et al., 2007). However, all methods for plankton
enumeration have uncertainties when estimating the
actual composition and abundance of the community,
and the proper interpretation of the results requires as-
sessment of the confidence limits of each method. The re-
liability of the data provided by new automated methods
based on image analysis is still under assessment. There
is a need to demonstrate their benefits and disadvantages
through comparison against the standard, traditional
methods (Jakobsen and Carstensen, 2011).

The Flow Cytometer And Microscope (FlowCAM) is
an automated technique for particle enumeration that
combines flow cytometry and microscopy (Sieracki e al.,
1998). It adds to the growing collection of methods for
plankton enumeration based on image analysis. The
characteristic step of all these systems is representation of
the organisms present in a water sample by a set of
images, a process called digitalization. In the FlowCAM,
digitalization is based on the capture of images from a
water sample flowing through a rectangular glass
chamber, the flow cell. A microscope lens coupled to the
digital camera magnifies the particles up to 200 times
and a calibration factor (microns per pixel) provides their
actual size. Depending on the instrument setup and
microscope objective used, the FlowCAM can detect
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cells or particles that range from 3 to 3000 wm in size.
One advantage of FlowCAM is that samples can be digi-
tized in vivo eliminating the need for preservation (Zarauz
and Irigoien, 2008). Image analysis of FlowCAM digi-
tized images provides precise estimates of the abundance
and size of particles (Sieracki ez al., 1998; See et al., 2005;
Buskey and Hyatt, 2006; Ide et al., 2008; Alvarez et al.,
2011). Automatic classification techniques based on
pattern recognition provide accuracies reliable enough
for most ecological studies (Blaschko et al., 2005; Zarauz
et al., 2009; Alvarez et al., 2012). However, traditional mi-
croscopy can easily identify cells to the species level,
whereas automated methods that utilize automatic classi-
fication of images (obtained from FlowCAM or other
automatic sampling devices) usually attain a taxonomic
level of genus or above. The tendency to misestimate cell
biovolume due to the two-dimensionality of the images
can be overcome with the currently applied analysis algo-
rithms that take into account the three-dimensional
shape of the particles in estimating their biovolume
(Alvarez et al., 2012; Moberg and Sosik, 2012). Hence,
FlowCAM sampling coupled with an automatic classifi-
cation of the images generated aims to obtain informa-
tion comparable with that provided by microscopy but
with minimum human intervention, considerably redu-
cing the sample processing time and the dependence on
the operator.

FlowCAM can be considered complimentary to mi-
croscopy. It provides an analysis with low taxonomic reso-
lution at a high rate, while traditional microscopy can
achieve higher taxonomic resolution for a lesser number
of samples. Nevertheless, the estimates of abundance,
size structure and taxonomic composition obtained by
both methods should be comparable. The aim of this
work is to assess the similarity in the characterization of
nano- and microplankton communities obtained with
FlowCAM and with traditional microscopy. Sample ac-
quisition for the comparison was simultaneous, but
sample treatment and counting strategy followed the spe-
cific protocol for each method. The intention was to
compare not only the counting and sizing ability of the
methods, but their full capability to characterize the attri-
butes of the plankton community.

METHOD

Monthly sampling was carried out in the central
Cantabrian Sea in the framework of the time series moni-
toring program RADIALES (Oceanographic Time
Series Program; http://wwwseriestemporales-ico.com).
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Seawater samples were taken with a rosette sampler
system at 2, 30 and 75 m from November 2008 to March
2010 at a coastal station (43.67°N, 5.58°W, bottom-
depth = 100 m). Subsamples (1 L) to be analysed fresh
with FlowCAM were pre-filtered at sea with a 200 wm
mesh, kept fresh, stored in the dark and analysed in the
laboratory within 3 h after collection. Subsamples
(100 mL) for analysis of preserved samples with both mi-
croscopy and FlowCAM were poured into brown glass
bottles with acid Lugol’s solution and kept in the dark
until analysis.

FlowCAM counts

Fresh samples were analysed with FlowCAM using two
working modes. In autoimage mode, FlowCAM takes
photographs at a fixed rate and the net sample volume
imaged depends on the number of photographs taken. In
fluorescence-triggered mode, digital images are taken of
only those particles that emit red fluorescence, and the
net sample volume imaged is roughly a third of the
volume poured into the instrument. In both working
modes, FlowCAM images only a subset of the particles in
the sample and calculates their concentration taking into
account the net sampled volume. An un-concentrated
subsample was filtered with a 53 wm mesh and used for
analysis at X200 magnification (Xx20 objective and
50 pm flow cell), both in autoimage (20000 photos,
30 min sample processing time) and in fluorescence-
triggered mode (1 mL, 30 min sample processing time).
A concentrated subsample (1 L. down to around 20 mL)
was filtered with a 100 wm mesh and used for analysis at
x 100 magnification (x 10 objective and 100 wm flow
cell), both in autoimage (20 000 photos, 30 min sample
processing time) and in fluorescence-triggered mode
(10 mL, 30 min sample processing time). To minimize
the damage to living cells, samples were concentrated by
reverse filtration (Dodson and Thomas, 1978) through a
15 wm mesh. The preserved samples were not concen-
trated because of the small volume of the sample. They
were analysed in two working modes: autoimage and
side-scatter-triggered. In the latter, FlowCAM digitizes
all particles scattering light and the net sample volume
imaged is roughly a third of the volume poured into the
instrument. Preserved samples were filtered with a
53 pm mesh and analysed at x200 magnification in
autoimage mode (40 000 photos, 1 h sample processing
time) and filtered with a 100 pm mesh and analyzed
with
mode (15 mL, 3 h sample processing time). Hence, three
subsamples described each sample: one analysed in
fluorescence-triggered mode to account for the auto-

x 100 magnification in side-scatter-triggered

trophic nano- and microplankton community, one
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analysed in autoimage mode to account for the whole
nano- and microplankton community in fresh samples
and one analysed in both autoimage and side-scatter-
triggered mode to account for the whole nano- and
microplankton community in preserved samples.

Classification of FlowCAM images

Tor preserved samples, the images were sorted as living
versus non-living particles by visual inspection. Biovolume
was calculated from the equivalent spherical diameter of
the particle (called ABD diameter in the FlowCAM soft-
ware), corrected for shrinkage (Montagnes et al., 1994) and
converted to carbon content (Menden-Deuer ez al., 2000).
Tor fresh samples, in order to obtain taxonomic informa-
tion from the FlowCAM images, we applied the automatic
classification technique described by Alvarez et al. (Alvarez
et al., 2012). Briefly, the technique applies an image ana-
lysis algorithm to describe numerically each image
recorded by the FlowCAM. The Support Vector Machine
(SVM) algorithm then separates the particles into 34
groups. These 34 groups are merged from a taxonomic
point of view into seven “functional classes” (diatoms, sili-
coflagellates, dinoflagellates, ciliates, crustaceans, other
living particles and detritus) and from a morphological
perspective as four “shape classes” (spheres, ellipsoids,
cylinders and discs). Simplification of taxonomic categor-
ies permits comparison with other methods whose taxo-
nomic resolution is not the same as that attained by the
automatic classification. Morphological description of par-
ticles, although only as simple geometrical shapes, gives a
better estimation of cell biovolume and allows comparison
with methods not based on two-dimensional images.
Hence, the automated classification of the samples pro-
duced both a functional class and a simple shape assign-
ment for each image. Particle biovolume was calculated
as a revolution volume appropriate to the assigned simple
shape and the dimensions (length and width) measured
by the image analysis. Biovolume was converted to carbon
according to the functional class predicted. Different con-
version factors were applied for cells smaller than
3000 pm?®, cells larger than 3000 wm® except diatoms and
diatoms larger than 3000 wm® (Menden-Deuer ¢ al,
2000).

Microscopy counts

For microscopical analyses, the samples preserved in
Lugol’s solution were enumerated following the
Utermohl  technique (Utermohl, 1958; Edler and
Elbréchter, 2010). Between 25 and 50 mL of the sample
were dispensed into settling chambers and cells were
allowed to settle for at least 15 and up to 30 h. Cells were
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counted with X100, x200 and x400 magnifications
using a NIKON inverted microscope in evenly spaced
stripes. Whenever possible, organisms were classified at
the species or genus level. A total of 144 taxonomic groups
were identified in the 17 samples analysed. Some of these
taxa were separated into several size classes (e.g., Chaetoceros
subgenus Phaeoceros 10—20 pm and 20—40 pm) given
their wide size ranges (Olenina ¢ al., 2006).

Biovolume estimation on microscopy counts

The initial database for microscopical counts consists of
a series of taxonomic groups and their estimated abun-
dances in each sample. Starting from the taxonomic in-
formation,
information about the biovolume and the trophic status
of each taxonomic group. Table I shows an example of
this treatment for a given taxon (Chaetoceros compressus).
Each taxon was assigned to a functional class (diatoms,
silicoflagellates, dinoflagellates, ciliates or other living
particles) to match the taxonomic resolution of the
FlowCAM (Supplementary data, Correspondances). In
addition, each taxon was assigned to a trophic status (het-
erotrophic or autotrophic/mixotrophic) in order to make
possible comparison with the results provided by the dif-
ferent FlowCAM working modes. The shape of each
taxonomic group was defined according to composite
geometric  bodies extracted from the literature
(Hillebrand et al., 1999; Sun and Liu, 2003; Olenina et al.,
2006), obtaining a total of 24 composite shapes for the
taxonomic groups present in the samples analysed.
Those 24 composite shapes were simplified to three:
sphere, ellipsoid and cylinder (Supplementary data,
Correspondances). The linear measurements needed to
describe a composite shape ranged from only one (e.g
sphere) to seven (e.g. flattened ellipsoid + cylinder + two

we made several inferences to obtain
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cones). Tor each taxonomic group, the range of these
composite cell dimensions was taken from the literature
(Cupp, 1977; Dodge, 1982; Tomas, 1997; Bérard-
Therriault ¢/ al., 1999; Olenina et al., 2006). Since simple
shapes are only defined by two linear measurements
(length and width), composite cell dimensions were
reduced to simple cell dimensions considering only the
main body of the cell and its most likely orientation on a
flat surface. Minimum and maximum cell biovolume for
each taxonomic group was calculated as a revolution
volume considering the simple shape and the range
of cell dimensions. Cell biovolumes were converted to
carbon as previously described (Menden-Deuer et al.,
2000).

Cell biovolume inferred from a subset
of cells

An important difference between traditional and auto-
mated methods for plankton enumeration is the fact that
with the latter it is possible to count and measure all
cells imaged during the analysis of a sample. Traditional
microscopic methods only allow measurement of a
limited number of cells or use previously published cell
dimensions. In order to analyse the effect of measuring
only a subset of cells during microscopical analyses, we
used two approximations to assign biovolume to each of
the cells counted in the taxonomic group. First, the biovo-
lume of every cell counted was assumed to be equal to
the average biovolume of the taxon (“average biovo-
lume”), which is the most widely used method for ana-
lysis of the size structure of nano- and microplankton
using microscopy (e.g. Cermefio and Figueiras, 2008;
Huete-Ortega e al., 2010). However, cells within a popu-
lation do not have equal sizes, rather their biovolumes
distribute within the range defined by the maximum and

Table I: Example of the treatment given to each taxonomic group_found in the microscopy counts to obtain

information about the biovolume of each cell

Taxonomical group Functional class Tropic status

Composite shape

Simple shape

Chaetoceros compressus ~ Diatoms Autotrophic

Oval cylinder

Cylinder
| A

Height (h)

I
Composite cell dimensions (pm)

s
|. Diameter (d1) 5 10

Diameter (d2) 4.25

|
max  Simple cell dimensions (um) min

min max
d
5 14 Height (h) 5 14
h
@ Diameter (d) ot 10

8.5

Biovolumerange of the group:

Min and max simple biovolumes

Two biovolume data sets were considered: average and distributed biovolume. Composite shape and cell dimensions from Olenina et al. (2006). See

online supplementary data for a colour version of this table.
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the minimum of the species. Consequently, the second
approximation assigns a biovolume to each cell within
the biovolume range of the group (“distributed biovo-
lume”). In the case of species counted only in one size
category, we considered the cell biovolumes to be nor-
mally distributed and assigned a random-Normal value
from a distribution with the appropriate mean size and a
standard deviation equal to 0.21 times the range
(maximum—minimum). In the case of groups combining
several species (1.e. Ciliates) or species divided in several
size classes (i.e. the taxonomist counted cells of taxon in
two size categories; for example, Chaeloceros subgenus
Phaeoceros 10—20 pm and C. sg Phaeoceros 20—40 pm), we
considered uniform distributions of biovolumes.

Size spectra

In order to establish a basis for further comparisons, the
characteristics of the community were estimated separately
for distinct biovolume classes. In order to obtain the abun-
dance size spectrum (ASS) and the biomass size spectrum
(BSS), cell abundance (cells L") and biomass (wg C L™
were distributed in biovolume classes established on an
octave scale, from 2* to 2'® um? in biovolume, which cor-
responds to a size range from 3 to 100 wm of equivalent
spherical diameter. The ASS and the BSS conform to a

power law:

Ny=axs (1)
where s is the lower limit of the biovolume class, s is also
the width of the class interval, N is the abundance in the
biovolume class and a and 4 are the parameters of the
power law. The ASS and the BSS were normalized by div-
iding each class by its width in biovolume units (As), obtain-
ing the normalized abundance size spectrum (NASS) and
the normalized biomass size spectrum (NBSS), both of
which follow a linear relationship when plotted in a log—
log scale:

log (%) = log(a) + b x log(S) (2)

The slope (b) and the intercept (log(a)) of the NASS for
each sample were estimated by fitting a linear regression
model to the points of each normalized spectrum. To avoid
biases in the calculation of the spectra due to curvature at
the extremes of the size range, we rejected those biovolume
classes with less than 5 cell counts or located to the left of
the modal class (Garcia et al., 1994).

Diversity

Species diversity may be defined as a measure of species
composition, in terms of both the number of species and
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their relative abundances (Legendre and Legendre,
1998). The taxonomic richness (S) simply takes into
account the number of taxonomic groups present in the
community, whereas higher order indices, such as
Shannon’s index (H), consider also the relative abun-
dance of each group:

H=— Z i x log(p:) (3)

where ¢ is the number of taxonomic groups and P the
abundance of each group relative to the total abundance.
Indices S and H were estimated from both FlowCAM
and microscopical counts. For microscopy data, we con-
sidered the 144 taxonomic groups identified and their
abundances, whereas for FlowCAM data, we used the 34
groups and their abundances provided by the automatic
classification. The calculation of diversity indices only
considered individuals in reliably sampled biovolume
classes. A biovolume class was considered reliably
sampled when the abundance obtained with FlowCAM
did not exceed double or fall below half of the abundance
obtained with light microscopy.

RESULTS

Size spectra estimation from microscopy
counts

As previous studies have shown, there are no significant
differences between composite shapes and simple shapes
for estimating the biovolume of cells in order to charac-
terize size spectra (Menden-Deuer ¢t al., 2000), with the
advantage that the latter method requires measurement
of only two cell dimensions. The most widely used biovo-
lume method for microscopy is to estimate an average for
a subset of cells and assign that average biovolume to all
cells of a given taxon. That is not realistic. When we mea-
sured every cell counted during analysis of a sample
using the FlowCAM analysis, distributions of cell biovo-
lumes emerged (Fig. 1). The biovolume distributions esti-
mated from FlowCAM images for four exemplary
species of microplankton span at least two biovolume
classes of the size spectra (delimited by the vertical lines in
Fig. 1). These biovolume distributions were approximately
Normal. Hence, to infer the Normal distribution for the
species analysed by microscopy for which only the biovo-
lume range was available, we calculated the ratio between
the standard deviation of the biovolume distribution and
the biovolume range based on these four exemplary
species. This ratio was very similar for the four species
(0.2125 + 0.0374). Hence, the Normal distribution for
each species was calculated using the average of the

174



Chapter III

E.ALVAREZ ETAL.

Prorocentrum micans Mesodinium rubrum
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Fig. 1. Biovolume frequency for cells of four selected species present in natural samples analysed with FlowCAM: Prorocentrum micans, Prorocentrum
sp. (dinoflagellates), Mesodinium rubrum (ciliate) and Lauderia sp. (chain-forming diatom). Vertical lines show the limits of the biovolume classes of the
size spectra to indicate how a single species can spread through several biovolume classes. The number in the upper right corner of each panel

indicates the total number of cells.
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Fig. 2. Normalized abundance size spectra of analysed samples (NASS) from microscopy counts for (A) the “average biovolume” data set and

(B) the “distributed biovolume” data set.

biovolume range limits and 0.2125 times that range as the
standard deviation. The NASS constructed using this new
abundance distribution for each taxon in its biovolume
range (Fig. 2B) do not show the peak-valley pattern of the
average biovolume spectra (Fig. 2A), in which several
classes had abundance/biomass lower than expected,
whereas other bins had higher abundances/biomass.

To determine which parameters of the size spectra
(slope and/or intercept) were affected, we compared
both methods of biovolume assignment (average and dis-
tributed) in the microscopy data sets (Fig. 3). The slopes
of the average and distributed NASS were not statistically
different (P = 0.0830, n = 17), whereas the intercepts
were significantly different (» < 0.0001, » = 17). To de-
termine which parts of the size spectra were most
affected, we compared the means of the abundance and

biomass in each biovolume class for the average and dis-
tributed microscopy data sets using a Student’s (-test
(Fig. 4). Artefacts in the average biovolume data set were
more conspicuous in the smallest biovolume classes.
When applying the distribution of biovolume to the
counts of each taxonomic group, the variability between
contiguous biovolume class decreases. When comparing
the mean abundance and biomass for each biovolume
class, as determined by the average and distributed data
sets, significant differences appeared in the biovolume
classes below 10 pm ESD (P < 0.05, n = 17). The differ-
ences between the two data sets for the remaining biovo-
lume classes were not significant. Differences in the
larger size classes, however, cannot be ruled out, as the
power of the statistical test is reduced due to the smaller
numbers of cells in the larger biovolume classes.
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Comparison between FlowCAM and light
microscopy

Analysis of the intra-method variability has been
reported previously for FlowCAM, as well as for light mi-
croscopy. Previous studies evaluated the variability of
FlowCAM measurements by triplicate counting of single-
species cultures, obtaining coeflicients of variation (cv)
within replicates ranging only from 2 to 11% for the
fluorescence-triggered mode (Sieracki et al., 1998) and
from 6.6 to 53.0% when considering the three
FlowCAM working modes (12.4% in autoimage, 6.6%
in fluorescence triggered and 53.0% in side-scatter trig-
gered mode) (Alvarez et al., 2011). Microscopical counts
of subsamples analysed by the same taxonomist yield cv’s
ranging from 4 to 19%, increasing to 13—42% when the
samples are counted by different experts (Willén, 1976;
Vuorio et al, 2007). To include the effect of this

intra-method variability in the comparison between
FlowCAM and microscopy, we established a margin of
error of 100% as an acceptable threshold, meaning that
the difference in estimated cell concentrations between
the methods is lower than a factor of two. The compari-
sons between FlowCAM and microscopy counts for each
sample included estimates of abundance, biomass and
community attributes such as size structure and diversity.
The results obtained with FlowCAM for preserved
and fresh samples in autoimage mode were compared
with the distributed biovolume data set obtained with
microscopy. The results obtained with FlowCAM in
fluorescence-triggered mode were compared with the dis-
tributed biovolume data set obtained with microscopy
only for autotrophic cells.

Figure 5 shows the abundance (cells L_l) and biomass
(wg C L") per biovolume class estimated with microscopy
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Abundance microscopy

Biomass microscopy

Fig. 5. Comparison of abundance (cells ™" (left panels) and biomass (g C L") (right panels) obtained with light microscopy (x-axis) versus the
abundance or biomass obtained with FlowCAM (y-axis) in each biovolume class of the size spectra for (A and D) preserved samples and fresh
samples analysed in (B and E) autoimage and (G and F) fluorescence-triggered mode. The colour of the point indicates to which biovolume class the
abundance/biomass belongs, and the schematic size spectrum to the right shows the distribution of colours. The dashed lines represent the 100%
scatter lines. See online supplementary data for a colour version of this figure.

against those estimated with FlowCAM. Differences arose
in preserved samples as well as in fresh samples analysed
in autoimage and fluorescence-triggered  modes.
Regarding abundance, the percentages of biovolume
classes falling within a scatter area of 100% around the 1:1
relationship, were: 66.67% for preserved samples
(Fig. 5A), 52.31% for fresh samples considering the total
community (Fig. 5B) and 73.28% for fresh samples consid-
ering only autotrophic cells (Fig. 5C). In terms of biomass,
the percentages of biovolume classes that meet the count-
ing precision criteria of 100% were: 61.17% for preserved
samples (Fig. 5D), 48.80% for the total community
(Fig. 5E) and 68.14% when considering only autotrophic
cells (Fig. 5F). For each FlowCAM working mode, the
points deviating from the 1:1 relationship can be grouped
by biovolume class. Whereas in the preserved samples, the
error is homogeneously distributed, in the autoimage
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samples the FlowCAM overestimated the smaller biovo-
lume classes. On the other hand, FlowCAM generally
underestimated larger biovolume classes in fresh samples.
Within functional classes (Fig. 6), there were differences
in the abundance (cells L™ ") and biomass (ug C L") per
biovolume and
FlowCAM on fresh samples analysed with autoimage
(Fig. 6A for ASS and Fig. 6C for BSS) and with
fluorescence-triggered modes (Fig. 6B for ASS and Fig. 6D
for BSS). Table II shows the percentages of biovolume
classes that fall in the 100% scatter area around the 1:1
relationship. The percentage is relatively high for diatoms
(from 64.29 to 84.31%) and dinoflagellates (from 86.67 to
100.00%), and lower for ciliates (from 33.33 to 62.50%),
silicoflagellates (50.00 to 60.00%) and other living particles
smaller than 20 wm (from 15.49 to 66.13%). Particularly
low is the percentage of other living particles larger that

class estimated with microscopy
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Abundance microscopy

Biomass microscopy

Fig. 6. Comparison of abundance (cells L™ Y (left panels) and biomass (ug C L~ Y (right panels) obtained with light microscopy (x-axis) versus the
abundance/biomass obtained with FlowCAM (y-axis) in each functional class for fresh samples analysed in (A and C) autoimage and (B and D)
fluorescence-triggered modes. The colour and shape of the point indicates to which functional class the abundance/biomass belongs. The dashed
lines represent the 100% scatter lines. See online supplementary data for a colour version of this figure.

Table II: Percentage of biovolume classes of the size spectra for each functional class whose difference in
estimated cell concentrations between FlowCAM and microscopy was less than a factor of two, which means

a margin of error of 100%

Variable Community Others <20 pm Others >20 pm Diatoms Dinoflagellates Ciliates Silicoflagellates

Abundance Total 21.33 16.67 64.29 100.00 62.50 50.00
Autotrophic 66.13 14.29 80.77 86.67 50.00 60.00

Biomass Total 15.49 0.00 71.05 100.00 62.50 50.00
Autotrophic 61.67 14.29 84.31 86.67 33.33 60.00

“Total nano- and microplankton community” compares the results obtained with FlowCAM in autoimage mode with all cells counted in microscopy,
whereas the “autotrophic community” compares the results obtained with FlowCAM in fluorescence-triggered mode to only the autotrophic cells
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counted with microscopy.

20 pm (from 0.00 to 16.67%). The catch-all nature of the
group “others > 20 pm” in the FlowCAM methodology
explains its poor comparison. This group is designated as
living particles that are not classified within a functional
class due to the poor FlowCAM image quality It is a
group that is usually absent in traditional microscopy ana-
lyses, since cells greater than 20 pm are usually always
classified. In the “others < 20 wm” group, there are large
differences in the accuracy of fluorescence-triggered

(63.90% on average) and autoimage modes (18.41%), due,
as seen previously, to the overestimation of small cells by
the FlowCAM in autoimage mode.

Regarding community attributes, we explored the size
structure and the diversity of the samples obtained with
both methodologies. Figure 7 compares the parameters
of the NASS from microscopy counts with the para-
meters of the NASS from FlowCAM. The adjustments to
the 1:1 relationship of the slopes of the NASS from
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Fig. 8. Comparison of the diversity, (A) taxonomic richness and (B) Shannon index, for each sample obtained with light microscopy against the
diversity obtained with the automatic classification of FlowCAM images. For each index, the slope, the r-squared of the relationship and the P-value
of the t~test that examines whether the correlation is significant are displayed.

microscopy against FlowCAM were tested with a
Student’s ¢-test. When the slopes were not significantly
different, the intercepts were calculated assuming a con-
stant slope, and the 1:1 relationship between the inter-
cepts of FlowCAM and microscopy were tested with a
t-test. The slope relationship for preserved samples
was not different from the 1:1 line (slope: P = 0.1434,
intercept P = 0.7265, n=13). The relationships were
different from the 1:1 relationship for fresh samples
analysed with FlowCAM in autoimage and preserved
samples with microscopy (slope: P < 0.0001, n=17),
and for the fluorescence-triggered mode (slope: P <
0.0001, n = 13).

Figure 8 shows the comparison of diversity indices
obtained for each sample with both methodologies.
Obviously, the categories the classification tool was
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trained to discriminate limit the maximum number of
groups that can appear in FlowCAM samples. An image
of an organism whose taxon was not included in the
training set of images is assigned to one or another of
the pre-defined categories. On the other hand, the taxo-
nomic resolution of traditional microscopy is limited by
the expertise of the taxonomist who can identify a new
taxon even when it has not been observed in previous
samples. Therefore, the relationship between diversity
indices is not expected to fit a 1:1 relationship, and conse-
quently the correlation between the estimates provided
by FlowCAM and microscopy was evaluated with a
Student’s ¢-test and by reporting the value of r-squared
for each diversity index. For taxonomic richness, the
correlation was significant (P << 0.0001, »=17) and
the 7* was 0.78. For the Shannon index, although the
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Fig. 9. Variation in the community attributes explored in the work during the sampling period at the surface of a coastal station (46.42°N, 1.85°W,
bottom-depth = 100 m). Abundance of cells (autotrophic in dark grey bars and heterotrophic in light grey bars, cells L™ ") and slope of the NASS
(points) with (A) FlowCAM and (C) light microscopy. Biomass (g C L") and slope of the NBSS with (B) FlowCAM and (D) light microscopy:

Diversity indices: (E) taxonomic richness and (F) Shannon index.

correlation was also significant (P = 0.0087, n = 17), the
7* was only 0.38.

Finally; the temporal variation of community attributes
during the study period illustrates the output obtained by
both methodologies (Fig. 9). The abundance (cells L™,
Fig. 9A) and biomass (wg C L™', Fig 9B) of nano- and
microplankton estimated with FlowCAM followed the
same pattern as the abundance (Fig. 9C) and biomass
(Fig. 9D) estimated with microscopy. Thanks to the use of
two different working modes, fluorescence triggered and
autoimage modes, respectively, FlowCAM was capable
of discriminating the autotrophic (dark grey bars) from
the heterotrophic community (light grey bars) without

additional sample treatment. For the whole nano- and
microplankton community and for the autotrophic com-
munity, the iming of maxima and minima of abundance
and biomass matched. The same happened with the para-
meters of the size spectra as well as with the diversity indices
explored (Fig. 9E and F). Although the trends were similar
with both methodologies, the absolute values differed.

DISCUSSION

The scientific community has focused much effort
on comparisons between automated and traditional tech-
niques for plankton enumeration, given the growing interest

180



Chapter III

E. ALVAREZ ETAL.

in the automated techniques. We have compared traditional
light microscopy and the automatic, FlowCAM-based tech-
nique for routine analyses of nano- and microplankton
samples. The wide sample variability covered, in both cell
abundance and taxonomic composition, ensures the reli-
ability of the comparison. This was attained by considering
samples collected during a time series monitoring pro-
gramme, which covered the whole seasonal cycle at differ-
ent depths within the photic layer of the coastal Cantabrian
Sea. Our results broaden knowledge about the reliability of
automated methods, clarify which tasks the FlowCAM can
tackle and which it currently cannot.

Performance of FlowCAM on routine sample
analyses

Microscopy-based biovolume estimations have been the
main source of information for size structure studies of
nano- and microplankton. In most routine sample ana-
lyses, taxonomists measure only a subset of cells and
assign a unique average biovolume to each taxonomic
group. But any taxonomic group, even at the species
level, can span several biovolume classes. Consequently,
the use of a unique average biovolume misestimates the
abundance and biomass of certain biovolume classes.
The presence of these artefacts in size spectra based on
average biovolumes is common in the literature (e.g.
Maranoén et al., 2007; Huete-Ortega et al., 2010). We
suggest that these artefacts can be avoided by considering
the distribution of cell biovolume within each taxon. We
have shown that even if we lack the actual biovolume dis-
tribution, making gross approximations of the distribu-
tion of biovolumes removes these artefacts from the size
spectra. Taxonomists usually have some knowledge
about biovolume distributions, since they have measured
a representative number of cells, sometimes even for
several size classes within each taxonomic group
(Olenina et al., 2006). Our advice 1s not to lose this infor-
mation by summarizing it in an average value, but to use
it to obtain more realistic size spectra. The use of average
cell biovolumes to assign a biovolume value to each of the
cells counted does not significantly affect the estimated
slope of the size spectrum, but it can affect the biological
and/or ecological parameters derived from the intercept
of the size spectrum, such as the standing stock of phyto-
plankton. It also introduces significant differences in the
estimates of abundance and biomass of specific biovo-
lume classes and can generate deviations from the linear-
ity of the phytoplankton size structure.

Another problem with microscopy-based methods for
characterizing size structure is the need for sample pres-
ervation. Changes in cell size and shape in response to
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the use of fixatives have been reported extensively
(Leakey et al., 1994; Montagnes ¢t al., 1994; Stoecker et al.,
1994; Menden-Deuer et al., 2001) and also in samples
analysed with FlowCAM (Zarauz and Irigoien, 2008).
The absence of differences in the size spectra obtained
from preserved samples with FlowCAM and microscopy
suggests that both methodologies are closely comparable
when applied to samples with the same preservation and
classified by an expert. Hence, the effect of fixatives can
explain the differences between fresh samples analysed
with FlowCAM and preserved samples analysed with
microscopy. The inaccuracy in the automatic classifica-
ton of FlowCAM images is another source of error,
which is likely to be reduced as image classification algo-
rithms improve. Additionally, the representativeness of
the sampled volume needs further study to develop pro-
tocols that are more robust in order to avoid undersam-
pling. Although with the data presented in this work
these sources of error are indistinguishable, the degree to
which they affect the results provided by each of the
FlowCAM working modes permits us to outline their
relative importance.

Samples analysed with FlowCAM in autoimage mode
are illustrative of the discrepancies between microscopy
and FlowCAM. At the lower size limit of the nano-
plankton fraction, the effect of fixatives on the inverted
microscope samples causes an underestimation of cell
numbers, resulting in flatter spectra than those obtained
with FlowCAM. On the other hand, the images digitized
in autoimage mode are classified with less accuracy than
under the microscope, and many non-living particles are
classified as living cells. This error is especially problem-
atic in the smaller biovolume classes for which image
quality is less and translates as steeper spectra. In add-
ition, in the FlowCAM data, the sampled volume is insuf-
ficient to cover the whole spectrum, and the upper limits
of the nanoplankton and the microplankton size ranges
suffer from undersampling. In microscopy, the sedimen-
tation method and the possibility of changing magnifica-
tion during the sample analysis allow good estimation
of particle abundances across the complete size range.
Hence, since traditional microscopy underestimates the
cell abundance and biomass (due to preservation) and
the FlowCAM overestimates the cell abundance and
biomass (due to classification of non-living particles),
the actual slopes of size spectra lie between those from
the two methods. The overall slope of the NASS reported
by Blanco et al. (Blanco et al., 1994) in a size spectrum in-
cluding size distribution information from samples with
multiple origins was —1.98. That value is intermediate
between our — 1.77 for preserved samples analysed with
microscopy and our —2.11 for fresh samples analysed in
autoimage mode.
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The fluorescence-triggered IFlowCAM mode provides
a better estimation of cell abundance in the smaller bio-
volume classes than the autoimage mode. The presence
of red fluorescence in planktonic cells is an unambiguous
discriminatory variable to distinguish living autotrophic
particles, avoiding the effects in autoimage mode of
reduced optical resolution and the contamination by de-
tritus. The larger sampled volume permits good coverage
of the complete size range, with fewer missing bio-
volume classes than in the autoimage mode. As expected,
the overall slope of the NASS in our data from the
fluorescence-triggered mode, —1.99, is closer to the
value of —1.98 reported by Blanco et al. (Blanco et al.,
1994). The effects of uncertainties in cell enumeration
should be minimal when an ample size range of plank-
tonic organisms (from pico- to macroplankton) is
included in the analysis and several methodologies enu-
merate them. The global trend that arises compensates
for the method-specific biases in nano- and microplank-
ton estimation. However, in marine ecosystems, most size
spectrum studies have been conducted at local scales
and/or for only a small size range of planktonic organ-
isms. In those cases, biases affecting the enumeration of
the target size range can determine the estimated values
of sample parameters.

The diversity indexes presented add a new facet to the
capacities of automatic classification. The a prion selec-
tion of classification groups and the lower taxonomic
resolution provided by automatic image classification
derived from FlowCAM caution against its use in bio-
diversity studies. Despite these limitations, we have
shown that estimates of taxonomic richness derived from
FlowCAM are reasonably comparable with those
obtained by microscopy. This opens the possibility to use
a simple index obtained with FlowCAM to determine
the variations of community diversity at large scales
where sampling using traditional microscopy is not feas-
ible. Some authors have used indices of taxonomic rich-
ness (e.g. mean number of species) as an indicator of
community diversity and changes in ecosystem function
(Beaugrand et al., 2000), even though they do not reflect
the actual number of taxa. For higher-order indices, such
as the Shannon index, which include in their calculation
both the number of taxa and their relative abundances,
the difference between the two methods is larger, because
the uncertainties in cell enumeration explained above
affect the abundance values.

Scope of application of FlowCAM

Relevant information has been gathered in recent years
about the comparability of FlowCAM and traditional
methods. Nevertheless, when designing a sampling

VOLUME 36

NUMBER I | PAGES 170-184 | 2014

strategy, deciding whether FlowCAM is a reliable option
remains challenging. We have reviewed the aspects in
which it differs from microscopy in order to provide a
global vision of the abilities of the automated technique
and to help establish in which situations FlowCAM can
substitute and/or complement microscopy with reliabil-
ity and in which not.

FlowCAM has been used with success in several re-
search scenarios. Its counting accuracy has been proved
for cultures (Buskey and Hyatt, 2006) and natural
samples (See et al., 2005; Ide et al., 2008). And it has given
comparable results in cell sizing when compared with
light microscopy (Sieracki et al., 1998; Spaulding et al.,
2012). Hence, FlowCAM has become a useful tool in
size-related studies needing extensive numeric informa-
tion from the samples (Chisholm, 1992), particularly size
structure determination (Alvarez et al, 2011). In the
current work, we have shown how routine application of
FlowCAM analysis can provide results comparable with
those obtained with light microscopy, not only in size
structure determination but also in the discrimination of
broad categories within the nano- and microplankton
community, such as functional classes or autotrophic
cells. However, although the overall error in the automat-
ic classification of FlowCAM images is around 10%
(Blaschko et al., 2005; Zarauz et al., 2009; Alvarez et al.,
2012), the number of categories that FlowCAM discrimi-
nates is still very low when compared with light micros-
copy. This limits its application in research scenarios that
demand extensive taxonomic detail.

When used in studies for which their limits are accept-
able, the results obtained with the two methods are com-
parable with each other, supporting the confident
application of FlowCAM methodology. Although the
fully automatic method seems appropriate for the ana-
lysis of variations in the planktonic community at broad
spatial and temporal scales, further work is needed to
standardize the protocols to avoid undersampling and to
improve the automated classification of particles. The
currently applied protocols are a weak point when
dealing with waters with very low concentrations of parti-
cles. Such oligotrophic environments need substantial
sample concentration to be properly characterized by
FlowCAM. The reliable use of the FlowCAM for very
dilute samples needs further protocol development.

CONCLUSIONS

FlowCAM is a useful advance for size structure studies,
providing a way to analyse many samples in a reasonable
amount of time and to obtain extensive numeric infor-
mation. It is also capable of differentiating broad
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taxonomic categories. However, the automatic classifica-
tion of FlowCAM images currently only attains a low taxo-
nomic resolution, thus when the aim is high taxonomic
resolution, microscopy is still the unique choice. When
limited to scenarios for which the two methodologies are
comparable, ancillary factors must be considered to
choose the most suitable technique: the scale of variation
of the target variables, the time available for analysis, the
possibility of analyzing fresh samples, the dependence on
the operator and the need to discriminate the autotrophic
community. The scope of application of the FlowCAM
cannot be elucidated completely with the available litera-
ture, since that depends on methodological considerations
needing further study. However, FlowCAM complements
traditional techniques by improving the sampling reso-
lution available for study of highly dynamic communities
and providing the detailed descriptions of particle-size
spectra necessary for ecological studies.

SUPPLEMENTARY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org.
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Supplementary material

Plankton enumeration data provided by the light microscopy technique attain high
taxonomic resolution, classifying organisms at the species or genus level. However, methods for
plankton enumeration based on image analysis and automatic classification, such as the
FlowCAM-based technique, discriminate organisms in much broader groups. Similarly, when an
expert taxonomist assigns a geometrical shape that describes a taxonomic group, he or she can
choose a shape as simple as a sphere, or more complex, formed by various geometrical bodies.
However, the description of a cell with a complex shape usually accommodates structures that
do not constitute a high proportion of the total biovolume of the cell, such as spines or setae
(Menden-Deuer et al, 2000); those can generally be neglected. For that reason the description of
shapes can be approximated by three simple shapes: sphere, ellipsoid and cylinder (Menden-
Deuer et al.,, 2000). Hence the microscopy data needed to be simplified regarding taxonomy and
morphology to meet the taxonomical and morphological resolution of the FlowCAM-based

technique.

Each taxon enumerated with microscopy was assigned to a functional class (diatoms,
silicoflagellates, dinoflagellates, ciliates or other living particles) in order to match the
taxonomic resolution of FlowCAM counts, as can be seen in the correspondences in Table SI. The
shape of each taxonomical group was defined according to composite geometric bodies
extracted from the literature (Hillebrand et al, 1999; Sun & Liu, 2003; Olenina et al, 2006)
obtaining a total of 24 composite shapes for the taxonomical groups present in the analyzed
samples. Those 24 composite shapes were simplified to three simple shapes: sphere, ellipsoid
and cylinder, using the conversion indicated in Table SII.
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Impact factor report

Abbreviated Journal Title ] Plankton Res
ISSN 0142-7873
Total Cites 5753
Impact Factor 2.435
JCR Data 5-Year Impact Factor 2.423
Immediacy Index 0.725
Articles 91
Cited Half-life >10.0
Eigenfactor® Metrics Eigenfactor® Score 0.00975
Article Influence® Score 0.894

Source: Journal Citation Reports, Science Edition 2012 (Thomson Reuters).
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Chapter IV. Autotrophic community size-
structure and photoacclimation in a

temperate shelf (Southern Bay of Biscay)

The structural characterization of the phytoplankton community with FlowCAM
can be applied for a variety of scales, from long to short-term. In this chapter we analyze
the dynamics of the phytoplankton community for a whole year and during two
contrasted scenarios in summer and autumn in the Central Cantabrian Sea. The
description of the hydrographical scenario showed temperature, light and nutrients as
the main drivers of community size structure and physiology. The size structure and
carbon biomass derived from FlowCAM were coupled with chlorophyll bulk
measurements allowing a combined approximation to the phytoplankton community
dynamics. The biomass and chlorophyll size spectra followed different trends which
translated in changes in the chlorophyll to carbon ratio, for the whole community but
also between size-fractions. The size dependence to the chlorophyll content was found

to vary with field irradiance.

Reference

Eva Alvarez, Enrique Nogueira, Angel Lopez-Urrutia and Xose Anxelu G. Moran (2014)
Autotrophic community size-structure and photoacclimation in a temperate shelf

(Southern Bay of Biscay). (Manuscript).

Candidate’s contribution

My contribution to the work includes the co-design of the study and the
establishment of methodology in collaboration with the rest of coauthors. I obtained
data from FlowCAM whereas XM obtained data from flow cytometry. I analyzed data and
prepared tables and figures. All authors discussed the results, composed and co-write
the article.
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Results

Autotrophic community size-structure
and photoacclimation in a temperate

shelf (Southern Bay of Biscay)

Eva Alvarez*, Enrique Nogueira, Angel-Lépez Urrutia and Xosé Anxelu G. Moran.
Instituto Espafiol de Oceanografia. Centro Oceanografico de Gijon, 33212, Gijon, Spain.

*e-mail corresponding author: eva.alvarez@gi.ieo.es

Running Head: Community size-structure and photoacclimation

KEYWORDS: phytoplankton, community structure, light, nutrients, carbon to chlorophyll
ratio, size-spectra, southern Bay of Biscay shelf.

Shelf waters of the Cantabrian Sea (Southern Bay of Biscay) are productive
ecosystems with a marked seasonality. The size-structure of the autotrophic
community (from pico- to micro-phytoplankton) is tightly coupled with the
meteo-climatic and hydrographic conditions, and has important implications
for primary productivity in this region. We present here the results from one
year of monthly monitoring together with an intensive sampling carried out
in two contrasting scenarios during summer and autumn in a mid-shelf area
of the Central Cantabrian Sea. Stratification was apparent on the shelf in
summer, while the water column was comparatively well-mixed in autumn.
At short-term, variations in the size-structure and chlorophyll content of
phytoplankton cells were related with changes in the physical-chemical
environment, through changes in the availability of nutrients and light.
Uncoupling between dynamics of carbon biomass and chlorophyll resulted in
chlorophyll to carbon ratios dependent on body size. The size-scaling of
chlorophyll content increased with increased irradiance, reflecting different
photoacclimation plasticity from pico- to micro-phytoplankton. The results
have important implications for productivity and the fate of biogenic carbon

in this region.
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Chapter IV

Introduction

The observed attributes of the autotrophic plankton community, such as
productivity, community structure or diversity, are the result of a combination of a
variety of biological processes occurring at different organisation levels, from
individuals to populations, and the variability of the physical environment acting at a
wide range of spatial and temporal scales (Rodriguez, 1994). The structure of the
community, characterised by its species composition, size-spectra or trophic
relationships among its components are important for the fate of productivity and the
transfer of energy and matter across the food web (Nielsen & Hansen, 1999). The study
of the whole autotrophic community on the basis of size as a scaling factor and
aggregation criterion permits inferences about ecosystem energetics and metabolism to
be made, which are relevant to ascertain energy transfer efficiency across the food web

and the amount of biomass that can be sustained at higher trophic levels.

The introduction of flow cytometry techniques in oceanography allowed the
enumeration and sizing of single cells (Yentsch et al, 1983; Sieracki et al., 1998) and the
estimation of cellular carbon biomass from cell biovolume. The normalized biomass-size
spectrum (NBSS) is a structural representation of the plankton community (Rodriguez &
Mullin, 1986) whose slope indicates the relative contribution of each size-class to the
total phytoplankton community. Unproductive ecosystems are characterized by more
negative slope values (steeper spectra), whereas productive waters show less negative

slope values (flatter spectra) (Cavender-Bares et al., 2001).

The size-spectra derived from flow cytometry methods allow the estimation of
phytoplankton carbon biomass, a measure that is hard to measure directly. Instead,
phytoplankton biomass is often inferred from chlorophyll a (named Chl-a, hereafter), a
pigment that is common to all planktonic autotrophs and can be easily measured. It is
well know that the phytoplankton Chl-a to carbon (Chl-a:C) ratio increases with
increasing irradiance under nutrient replete conditions, a phenomenon called
photoacclimation. Hence, the content in pigments is an indicator of the physiological
status of the cells (Geider, 1987), and the intracellular concentration of chlorophyll can
be used to estimate the productivity of the ecosystem (Behrenfeld et al, 2002). It has
been argued that focusing on eco-physiological traits may lead to improved mechanistic
linkages between environmental drivers and community composition (McGill et al,
2006; Litchman & Klausmeier, 2008) and may ultimately allow prediction of community
structure from first principles on physiology and morphology (Edwards et al, 2013).
Hence, cell size and elemental stoichiometry appear as basic eco-physiological traits that

can account for a physiological description of the community focusing on aspects such as
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pigment content or photosynthesis rate. The combined effects of light, nutrients and
temperature on the phytoplankton Chl-a:C ratio in the real ocean are not well known.
Moreover, little is known about the relative roles of light, temperature and nutrients
regulating the large scale variability in the phytoplankton Chl-a:C ratio. Also, there is a

lack in field sampling that accounts for the size-dependence of the Chl-a:C ratio.

The Bay of Biscay is a typical temperate ecosystem, and as such is characterized by
strong seasonality of the water column mixing-stratification cycle. Besides, the spring to
summer transition in the Cantabrian Sea is associated with a shift from coastal
downwelling to upwelling conditions (Fernandez & Bode, 1991). The general circulation
is anticyclonic (Pingree & LeCann, 1990) but hydrodynamics along the northern and
western Iberian shelf are also affected by the presence of subtropical and saline waters
transported by the Iberian Poleward Current (IPC, Peliz et al., 2005) from late autumn to
early spring. Phytoplankton physiology and production are highly influenced by
hydrographical conditions, and hence the abundance of phytoplankton cells follows
strong seasonal cycles. The phytoplankton dynamics on the area are characterized by an
annual maximum of phytoplankton biomass and production in late winter / early spring
when enhanced solar radiation and surplus of inorganic nutrients allow the
accumulation of phytoplankton biomass. During winter, when the solar radiation is
greatly reduced, the production keeps in annual minimum levels. Phytoplankton
production is not, however, a single spring feature, the spring bloom, but extend into the
rest of the year with different intensity, contributing significantly to regional
productivity. Autumn blooms take place thanks to replenishment of nutrients in surface
layer under sufficient light levels. During summer, the strong thermal stratification and
the consumption of nutrients that have been taken place previously associated to the
spring bloom drive the depletion of nutrients in the surface layer, promoting the
dominance of pico- and nanoplankton, the development of a sub-surface chlorophyll
maximum and relatively low values of depth-integrated biomass and production
(Granda & Anadén, 2008).

In the present work, we analysed the seasonal and short-term dynamics of the
meteo-hydrographic scenario and phytoplankton community in the southern Bay of
Biscay shelf. We present a complete year of monthly sampling in a mid-shelf station
coupled to two intensive (daily) surveys at the same location carried out in summer and
autumn, during which the hydrographic situation, and biomass stocks, size structure
and chlorophyll to carbon ratios of the phytoplankton community were monitored. Our
goal was to study two different meteo-hydrographic scenarios with high between-
regime differences in phytoplankton carbon biomass and pigment content within the

context of the seasonal cycle.
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Material and Methods

Sampling at sea

Intensive sampling was carried out at a mid-shelf oceanographic station (43.67° N,
5.58° W, ca. 110 m depth in low water) in the central Cantabrian Sea (Southern Bay of
Biscay) during summer (17t-29th August) and autumn (6th-23rd November) of 2008. The
station was visited almost daily around noon (maximum sampling interval 3 days)
during these contrasting seasonal scenarios. Supplementary oceanographic data
acquired monthly at this location within the frame of the time-series monitoring
programme RADIALES (http://www.seriestemporales-ieo.net/) were used to define the
seasonal context (from April 2008 to April 2009).

The water column was sampled with a rosette sampler equipped with Niskin
bottles and a conductivity-temperature-depth probe CTD (SBE 25), with auxiliary
sensors for the measurement of fluorescence (SCUFA Turner) and photosynthetic active
radiation (PAR) (Biospherical/Licor). Vertical profiles of temperature, salinity, in vivo
fluorescence and PAR were obtained from the surface (3 m depth) down to 100 m. The
mixed layer depth (MLD) was defined as the depth where the temperature decreases 0.8
°C from the surface value (Kara et al, 2000). The euphotic zone depth (Zeu, m) was
estimated as the depth where light represents 1% PAR level at the surface (Kirk, 1994).
Water samples were collected from Niskin bottles at eight fixed depths of 3, 10, 20, 30,
40, 50, 75 and 100 m for the analysis of nutrients and chlorophyll concentrations. For
the analysis of the autotrophic community by means of flow cytometry and FlowCAM,
water samples from the bottles were collected at 5 depths in summer (3, 20, 40, deep
chlorophyll maximum (DCM) and 75 m) and 3 depths in autumn (3, 20 and 75 m). The
DCM was established on the basis of the vertical profiles of in vivo fluorescence.

Analytical procedures

Biogeochemical variables

Water samples for the analysis of inorganic nutrients (around 5 mL) were frozen (-
20 °C) and kept in the dark until analysis in the laboratory with a Skalar San Plus System
auto-analyzer. Nutrient concentrations (UM of ammonium, nitrite, nitrate, silicate and
phosphate) were estimated by replicated segmented flow analysis (Grasshoff et al,
1983). The nitracline was defined as the depth where the concentration of nitrate was 1
uM.
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Total chlorophyll was estimated from 100 mL of water filtered onto Whatman GF-F
filters. For the analysis of size-fractionated chlorophyll, another 100 mL were filtered
sequentially through 20, 2 and 0.2 pum nominal pore-size polycarbonate filters
(Millipore). In both cases, filtrations were carried out at low vacuum pressure (<100 mm
Hg), and filters were frozen in the dark until analysis. Pigments were extracted in 3 mL
of acetone 90% during 24 h at 4°C. Total and size-fractionated concentrations of

chlorophyll a were determined spectrofluorimetrically (Perkin Elmer LB-50s).

Autotrophic community

Phototrophic pico-plankton within the size-range 0.2-3 pm equivalent spherical
diameter (ESD) was analysed from water samples of 1.8 mlL, fixed with 1%
paraformaldehyde plus 0.05% glutaraldehyde solution, deep-frozen in liquid N2 and
stored at -702C until analysis. The abundance and size of pico-planktonic cells was
determined by flow cytometry (FACSalibur, Becton & Dickinson). After analysis, cells
found in the cytograms were separated into five categories according to size estimations
based on side-scattered light and emitted fluorescence properties (FL2, 585 nm and FL3,
>650 nm) (Olson et al, 1993): Synechococcus and Prochlorococcus cyanobacteria, two
groups of eukaryotic cells, distinguished according to their SSC signal as ‘small’ and
‘large’ eukaryotes, and Crytophyta cells. Mean cell diameters of the different groups
were obtained after sequential filtration through polycarbonate filters ranging from 0.2
to 3.0 um pore-size (Zubkov et al., 1998). A spherical shape was assumed for all groups.
Biomass was finally calculated applying volume-to-carbon conversion factors (Worden
et al, 2004). A detailed description of the flow cytometry methods that have been
applied can be found elsewhere (Calvo-Diaz & Moran, 2006).

Samples for the analysis of nano and micro-phytoplankton (5-100 pm) by means of
the Flow Cytometer And Microscope (FlowCAM) were collected from the oceanographic
bottles by filtering gently through a 200 pm mesh-size 1.1L water, that was kept fresh in
the dark until analysis in the lab within the next few hours after collection. Details of
FlowCAM design and image acquisition procedures are available elsewhere (Sieracki et
al., 1998). Samples were processed in fluorescence-triggered mode, by means of which
only those particles emitting red fluorescence (PMT1, >650 nm) when excited by a blue
laser fan (488 nm) are photographed. Samples were split in two subsamples, one for
nanoplankton and the other for microplankton size-fractions. The nanoplankton aliquot
was pre-filtered by a 53 pum mesh and processed un-concentrated, pouring 1 mL of
sample into the sample inlet and using a FC50-200x flow chamber-lens combination. For
microplankton, 1L was pre-filtered by 100 pum mesh and concentrated to around 20 mL
by reverse filtration (Dodson & Thomas, 1978) through a 15 pm net. 10 mL of this
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subsample was processed using a FC100-100x flow chamber-lens combination. The
instrument was cleaned with distilled water between sub-samples and with a 2% bleach
solution at the end of the day (maximum 10 samples). The application of the described
sample processing protocol provides reliable estimates of abundance in the ESD range 5
- 100 um (Alvarez et al, 2011). The images provided by the FlowCAM were
automatically classified as described in (Alvarez et al, 2012) to discriminate among
different categories (nano-eukaryota, diatoms, silicoflagellates, dinoflagellates, ciliates
and micro-eukaryota) and remove detritus from the analysis. Particle biovolume was
calculated as a revolution volume according to the shape of the particles and the
dimensions (length and width) measured by image analysis. Biovolume was converted
to carbon according to the functional group predicted, applying different conversions
factors for cells smaller than 3000 pm3, cells larger than 3000 pm3 except diatoms, and
diatoms larger than 3000 pm3 (Menden-Deuer et al.,, 2000).

Data analysis

The three phytoplankton subsamples corresponding to the pico- (analysed by flow
cytometry), nano- and micro-plankton size fractions (both analysed by FlowCAM) were
combined to produce normalised biomass size spectra (NBSS). To this aim, biomass (mg
C m-3) was distributed in biovolume-classes established on an octave scale (from 2-¢ to
218 ym3 in biovolume, which is equivalent to a size range from 0.2 to 100 um ESD). Only
those size classes with statistically reliable counts (>5 counts per biovolume class) and
to the left of the modal class (Garcia et al., 1994) were considered. The biomass size
spectrum (BSS) obtained in this way were normalized by dividing each bin by the width
of the biovolume-class. A linear regression was fitted to the log-log transformed data to

estimate the parameters, slope and intercept, of the NBSS.

We used the parameters of the linear regressions fitted to the NBSS to estimate
biomass in specific size ranges by integrating the area under the linear function within
this size range. This procedure has the advantage of minimizing the effect of missing
bins or bins deviating from linearity. Biomass was integrated in three size fractions,
pico- (0.2-2 pm), nano- (>2-20 pm) and micro-phytoplankton (>20-200 pm), for which
size-fractionated chlorophyll was also determined. Then, the ratio between chlorophyll
and carbon biomass (Chl-a:C ratio), which represents an index of phytoplankton
acclimation to different growth irradiances (Geider, 1987), was estimated for the total

autotrophic community and for each size-fraction.

The three size-fractions of chlorophyll and Chl-a:C ratio were combined to
estimate normalized chlorophyll size spectra (NCSS) and normalized Chl-a:C size spectra

(NChl-a:CSS). The lower limit of the size interval was considered as nominal size of the
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size-class. The parameters of the linear relationship in a log-log scale (slope and
provisional value of the intercept) were estimated by fitting a linear regression model to
the points of each spectrum. The provisional value of the intercept was corrected by a
factor that depends on the geometric progression of the size-classes and the nominal

size chosen (Blanco et al.,, 1994).

From the in situ PAR profiles, the attenuation coefficient (kq) for each day was
estimated with the light extinction equation (I.=Ioxe*d?), where I, and Io represent
irradiance at a given depth and in the surface, respectively, and z is the depth in the
water column. Surface PAR on an hourly basis was recorded on a meteorological station
sited on land near the sampling area (43.54°N, 5.62°W, at 30 mamsl). The daily profiles
of irradiance were estimated from the average surface solar radiation during the hours
of light and assuming a constant kq. To estimate the history of irradiance for each
sample, the irradiance at the depth of the sample was estimated in the 24 hours
previous to the sampling hour (only light hours) from surface solar radiation and
assuming a constant kq. The irradiance values were weighted and averaged taking into

account the elapsed time.

The dependency of Chl-a:C on light can be modelled as an exponential function of
light (Cloern et al, 1995; Behrenfeld et al, 2002). Chl-a:Cn,r-max is the function that
accounts for the maximum potential community Chl:C value for a given irradiance level
(Chl-a:Cn;r-max = Chl-a:Cmin + [Chl-a:Cmax - Chl-a:Cmin] x [exp-32]) where Chl-a:C is the
chlorophyll to carbon ratio of the sample and I, is the irradiance level at the sampled
depth z. For each size fraction, the Chl-a:Cmin and Chl-a:Cmax were estimated by quantile
regression as the equation that enveloped the 90% of the Chl-a:C vs. irradiance points
(r=0.90) (Vazquez-Dominguez et al., 2013).

To explore the variations of the main variables in the water column we used two
dimensional contour graphs of time (x-axis) vs. depth (y-axis) with isoclines
representing the variable (z). The data points were irregularly spaced so we performed

a bivariate interpolation onto a regular grid (Akima, 1978).
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Results

Seasonal context

Hydrographic conditions showed the characteristic seasonality of a northern
temperate shelf, defined by the alternation of a thermal stratified period from May to
October and a well-mixed period from December to March, with transitional phases in
spring and autumn (Fig. 1A). The mixed layer depth (MLD) ascended sharply from the
bottom (110 m) to 30 m during the spring transition, remained between 20 and 40 m
during the summer stratified period and descended gradually down to the bottom
between the autumn transition and early winter (Fig. 1A). The level of underwater PAR
(daily averaged) exhibited also two contrasting phases, with higher irradiance levels
during the thermally stratify period than during the well-mixed and transitional periods
(Fig. 1B). The seasonal variation of nutrients (exemplified by nitrate in Fig, 1C) is
modulated by the annual cycles of hydrographic conditions and phytoplankton
production. The surface concentration of nutrients decreased to minimum levels during
the spring bloom (both in April 2008 and 2009). In 2008, the nitracline depth (Zx, proxy
for the nutricline depth due to high co-variation among inorganic nutrients) deepened
down to 60 m, and remained below 40 m during the stratified period. The vertical
gradient of nutrients relaxed in early autumn, and subsequent winter mixing caused the

replenishment of the surface nutrients pool (February 2009).

The annual evolution of the autotrophic was coupled with the seasonality of
hydrographical scenario. The spring bloom was dominated by large- or medium-size
autotrophic components, which translates in size-spectra with relatively steeper slopes
(Fig 1D). At the end of the spring, concurrent with the exhaustion of nutrients, the spring
bloom decayed (Fig 1E). The dominance of small cells in these nutrient poor conditions
translates into steeper size spectra (i.e. lower slope values). The stratified period was
characterize by relatively low Chl-a:C ratios with an increase in the Chl:C ratio with
depth (Fig. 1F). The autumn bloom was characterized by flatter size-spectra (i.e. higher
slope values) and autotrophic community was characterised by high Chl-a:C ratios with

a narrow range of vertical variation.
Short-term dynamics during summer stratification and autumn transition

Hydrographic conditions during the summer survey were characterised by a
strong thermal stratification (surface to bottom temperature ranged from 22-12 °C) and
the ascent of the MLD from 40 m at the beginning of the cruise to 20 m towards its end

(Fig. 2A). Underwater PAR levels within the MLD were high during the whole survey:
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surface values reached 5 mol quanta m-2 h! and Zeu kept below 100 m (Fig. 2B). The
opposite trends of MLD and Ze, resulted in the increment of the Z¢y,:MLD ratio from 2 to
5. The concentration of nutrients showed a sharp vertical gradient. Nitrate was below
detection limits at the surface, except for a short period during the first two sampling
days, and reached maximum concentrations at the bottom (around 9 uM). The nitracline
deepened from 20 m at the beginning of the cruise to a maximum of 60 m on the 239,

lifting up from this depth to the surface during the following days (Fig. 2C).

The concentration of autotrophic carbon biomass was low at all depths, with larger
contribution of pico-, and to a lesser extent nano-, size-fractions, which translates into
stepper and relatively constant size spectra slopes (-1.26 + 0.08) during the whole
period (Fig. 2D). Relatively high carbon biomass values (around 20-30 mg C m-3)
occurred not only at the subsurface but also at the surface (Fig. 2E). The pattern of
chlorophyll differed from that of autotrophic carbon biomass, since total chlorophyll
during the summer survey reached maximum values only at the sub-surface. The
discrepancies between chlorophyll and carbon biomass fields translates in the
variability of the C:Chl-a ratio (Fig. 2F), which decreased with depth, reflecting the
acclimation of the pigment content of phytoplankton cells to progressively decreasing

light levels.

During the autumn transition, the MLD fluctuated between 50 and 80 m.
Temperature within the mixed layer was almost homogeneous and thermal inversion
developed in association to buoyancy driven plumes that reached the mid-shelf (Fig.
2G). Daily averaged solar radiation was significantly lower than in August, with maxima
of 3.5 mol quanta m2 h-1 at the beginning of the sampling descending to less than 1.5
towards the end. Although underwater irradiance levels at noon decreased sharply in
the first 10 m of the water column, the euphotic zone still ranged from 75 to 100 m, with
MLD:Zey ratios from 1.5 to 1 (Fig. 2H). The vertical gradient of nutrients persisted during
the studied period, although it was less intense than in August and was eroded several
times due to successive surface nutrient enrichment episodes associated to runoff

pulses, causing Zn to oscillate between 40 m and the surface (Fig. 21).

Maximum carbon biomass values were higher than in the summer and took place
at the surface. The distribution of total biomass was characterised by a marked vertical
gradient, with surface peak values of 50 mg C m-3 and increased biomass within the MLD
towards the end of the studied period (Fig. 2K). Despite the variability of total biomass,
the partaking of carbon among size-fractions kept relatively constant during the whole
period, which summarized in flatter spectra than in August and nearly constant (-1.18 +
0.08) NBSS slopes (Fig. 2]). The average C:Chl-a ratios of the autotrophic community

were significantly higher than in the summer (Fig. 2L). The ratios also decreased with
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Figure 2 Physical and biogeochemical variables during the intensive cruises carried out in
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depth, although the vertical gradient was not so sharp (from 0.1 at the surface to round
0.05 at 75 m depth). The high Chl-a:C ratios reflected the acclimation of the community
to reduced solar radiation levels during autumn, and the diminished difference between
surface and bottom ratios reflect the mixing regime that the phytoplankton cells

experienced during this period.
Coupling of community size structure with meteo-hydrographical drivers

We observed a descriptive relationship between the variability of the slope of the
NBSS and nitrate concentrations, especially at the seasonal scale (Fig. 1C and D). To
evaluate the role of nutrients and temperature as potential drivers of the variability of
the NBSS slope, we first eliminated the dependence on temperature with a linear
regression model between the slope of the NBSS and temperature (Fig. 3A). It is not
possible to correct efficiently the relationship between nutrients and temperature, due
to co-linearity between both variables, since temperature is an indicator variable of
other processes which are driving the observed variability in nutrients, i. e. coastal
upwelling-downwelling events and mixing-stratification cycles (Fig. 3B). So, we cannot
quantify the effect of temperature and nutrients on the slope of the NBSS, but the
significant correlation between the residuals of slope vs. temperature and the residuals
of the nutrients vs. temperature indicated that nutrients have indeed an effect on the
slope, even filtering out the effect of temperature on both the independent and
dependent variables and, hence, both nutrients and temperature control the slope of the
NBSS (Fig. 3C).

We then explored the effect of light on the Chl-a:C ratio (Fig. 4). Given the
oligotrophic conditions in summer, the functional groups that contributed larger to
carbon biomass were eukaryotic pico- and nano- phytoplankton. Micro-phytoplankton
was much less abundant. Then the parameters of the NBSS remained relatively constant
during August and the global spectra for the period had a slope of -1.24 (Fig. 4A). In
autumn, on the other hand, the whole community contribute to the increase in biomass,
and microplankton was more abundant than in summer. Although the increment of
biomass took place in form of pulses on days 9t, 14th and 20th, the NBSS remained
relatively constant during November with slopes flatter than in August: the global
spectra had a slope of -1.13 (Fig. 4B). The patterns were different for the chlorophyll
size-spectra, since the slope of the Chl-a global spectra was -1.08 in summer (Fig. 4C)
decreasing to -1.12 in autumn (Fig. 4D). This opposite patterns between carbon and
chlorophyll size spectra in the two periods resulted in different scaling of the Chl-a:C
ratio. The slope of the size spectra of the Chl-a:C ratio in November was close to 1 (-0.94,
Fig. 4F) given the similarity between the NBSS and NCSS slopes. This means that the
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concentration of chlorophyll was homogeneous between size-classes. The Chl-a:C ratio
size spectra slope in August was stepper than one (-0.83, Fig. 4E) indicating that the
concentration of chlorophyll was relatively lower in the small cells This differences
between August and Autumn in the Chl-a:C slopes can be explained by the different

irradiance conditions.
Size scaling of the photoacclimation

The complex effect of light, nutrients and temperature lead to a variable
chlorophyll to carbon ratio in phytoplankton cells. Picophytoplankton had in general
lower Chl-a:C ratios at all depths than the nano- and micro- size-fractions and hence the
Chla:Cn,t-max functions were scaled (Fig. 5). The values of Chl-a:Cmin and Chl-a:Cmax
varied for the three size fractions (0.04-0.06 for pico, 0.09-0.12 for nano and 0.18-0.26
for micro-phytoplankton) which means that the photoacclimation through the variation
of the Chl-a:C ratio was size dependent (Fig. 6A).

To clarify this fact and its implications of the size scaling of the photoacclimation
we made a series of predictions with the parameters of the Chla:Cnr1-max functions
obtained. The three Chla:Cn,r-max functions were used to predict the Chl-a:C for each size-
fraction for a sequence of irradiances (Fig. 6B). The relationship between Chl-a:C and the
lower biovolume limit of the size fraction in a log-log scale shows the size scaling of
chlorophyll concentration and the exponent of the size scaling for each irradiance level
was obtained with a reduced major axis model. The exponent of the size scaling

increased with increasing irradiance (Fig. 6C).
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sampling depth for the (A) pico-, (B) nano- and (C) micro-phytoplankton size fractions. Solid

line denotes the Chl:Cy 1-max function fitted by quantile regression.
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Discussion

The seasonal scale addressed in this work allows to cover an ample range of
oceanographic conditions. Also, the daily sampling scale of the intensive surveys permits
a synoptic vision of the short-term dynamics of phytoplankton under contrasting
scenarios. We have described the characteristic seasonality of the hydrographical
conditions in a temperate shelf. The phytoplankton production appeared related to the
MLD, the Zey and the Zy, and the absolute levels of temperature, light and nutrients. The
classical theories of spring bloom development invoke the relationship between the
MLD and Zeu. Accordingly, for the development of the spring phytoplankton bloom (SPB)
the photosynthetic production must exceed losses due to respiration, provided that
other loss terms such as grazing and exportation are negligible. This happens in spring
in northern temperate ecosystems, when the cells keep limited within a shallow MLD
when compared to the Z.,, which allows the movement of the cells within the well
illuminated part of the water column and the daily primary production remains positive
(Sverdrup, 1953). However, water column stratification is not a requisite to keep cells
above the critical depth. A relatively deep penetration of light coupled to weak
turbulence can keep the growth rate of the cells above the exclusion rates, which causes
the accumulation of biomass (Townsend et al, 1992). Late-winter blooms has been

described in the area following this mechanism (Alvarez et al., 2009).

This study considers also short-term variability during two contrasting periods:
summer, characterised by strong thermal stratification, depletion of nutrients within the
surface mixed layer and deep light penetration; and autumn, characterised by mixing of
the water column, replenishment of nutrients in surface layer and low light levels in the
whole water column. The absence of nutrients in the surface layer during the summer
period limited the phytoplankton biomass to the subsurface, where nutrients and light
where sufficient to permit the growth of small cells, good competitors in the harvesting
of light and nutrient resources. The low Chl-a:C ratios reflected the high levels of light
regime experienced by phytoplankton cells. Light is primary responsible for the vertical
increase of phytoplankton Chl-a:C ratio in the euphotic zone, a consequence of the water
column stability in summer. On the other hand, the increase in nutrients into the upper
layer during November allowed there to be enough nutrients and light available to
trigger population increase. The phytoplankton pigment content during the autumn
survey was highly dependent on mixing events, which caused that the Chl-a:C was
homogeneous with depth. In this situation of low light availability, Chl-a:C ratios were
relatively high, thus allowing phytoplankton cells to harvest light efficiently even when

becoming drawn to low depths, and hence low light levels.
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Since the size structure of phytoplankton community was driven by changes in
temperature and nutrients, the NBSS slopes estimated during august are lower than in
November, reflecting a dominance of small cells in the oligotrophic conditions
characteristic of summer. During November, the NBSS were flatter (higher slope values),
reflecting a relative increment of larger cells, explained by the replenishment of surface
nutrients due to mixing and the inputs associated to buoyancy driven plumes due to to
runoff episodes. On the other hand, the light levels drive the size-scaling of chlorophyll
content. During November, the chlorophyll values were higher but the slope of the NCSS
was more negative, while during August, chlorophyll content were lower, the NCSS
flatter. Hence, the relationship between the phytoplankton carbon biomass and Chl-a
concentration was non-linear because of the complex, and presumably interacting,
influences of light, nutrients and temperature in the euphotic zone. During the autumn
survey, phytoplankton carbon and chlorophyll were highly coupled, which means that
chlorophyll is a good proxy for phytoplankton biomass, while during summer,
phytoplankton carbon and chlorophyll were uncoupled, which indicates that chlorophyll
concentration does not reflect the phytoplankton biomass. Results as those exposed in
this work show that the description of community can change substantially when using

chlorophyll or biovolume as a proxy for biomass.

An accurate estimation of the biovolume of the cells allows deriving their carbon
content (Menden-Deuer et al, 2000; Alvarez et al, 2012). Chl:C ratios have been
estimated for the whole autotrophic community or for specific compartments (Cermefio
et al., 2005; Vazquez-Dominguez et al.,, 2013), in situ and even from space (Behrenfeld et
al, 2005). The C:Chl-a ratios showed a large degree of variability, but the Chl-a:C ratios
obtained in this study fall in the range of those previously reported for another coastal
and shelf realms (Gutiérrez-Rodriguez et al., 2010). This fact, together with the expected
observations of a increase in Chl-a:C ratios over depth during stratification, give us

further confidence in the validity of our estimates.

The size-scaling exponent of Chl-a:C ratio increases with irradiance, reflecting a
different photoacclimation per size class. This fact has been observed in laboratory
experiments (Fujiki & Taguchi, 2002) and predicted by models (Finkel, 2004). Although
the variations in Chl-a:C ratios in field studies has been described and follow similar
trends as those exposed here (Cermefio et al, 2005), the size scaling of chlorophyll
content from is situ sampling is a less explored issue. Uncertainties arose, however, from
this study, such as the need to deal with the low resolution of the size fractions of
chlorophyll. Whereas flow cytometric techniques allow the enumeration and sizing of
single cells, the data must be aggregated to compare with chlorophyll fractionation.

However, flow cytometric techniques based on fluorescence, such as flow cytometry and
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FlowCAM, open the scope to the interpretation of fluorescence signals and the use of
these signals as a proxy of the chlorophyll content on single cells (Sosik et al., 1989).

Since the variability of the intracellular chlorophyll content from light acclimation
and nutrient stress confounds the relationship between chlorophyll and phytoplankton
biomass, there is a tendency to the development of carbon-based models (Behrenfeld et
al., 2005; Westberry et al., 2008) that circumvents the problem of using chlorophyll as a
proxy for biomass. Remote sensing approaches rely on realistic conversion between the
phytoplankton carbon biomass and Chl-a concentration, hence the prediction of Chl-a:C

ratios is fundamental.
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Chapter V. In-vivo single-cell fluorescence
and the size-scaling of phytoplankton
chlorophyll content

The structure of the community is the result of physiological processes taking
place at the individual level. Hence, the description of the physiology of the
phytoplankton community based on bulk measurements would go further if an estimate
of pigment content per single cell was available. In this chapter we explored the
relationship between the emission of fluorescence of phytoplankton single cells
measured by the FlowCAM and their chlorophyll content. The size-dependence of
chlorophyll content was found to vary with the irradiance experienced by the cells both
at the inter- and intra-specific level. Hence, from a routine sampling of natural samples it
is possible to estimate quantitatively the allometric exponent of chlorophyll content,
which relates with the photosynthetic rates and hence, permits a more detailed

description of the dynamics of the phytoplankton community.
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Red fluorescence measured by the Flow Cytometer and Microscope
(FlowCAM) is correlated with the chlorophyll content of phytoplankton cells.
This is revealed by a series of incubations with monocultures exposed to
different light levels to induce a gradient in the chlorophyll content of the
cells. All species increased their chlorophyll concentration in response to
decreasing light conditions, and this pattern was also observed for the
fluorescence measured by the FlowCAM. This correspondence between
chlorophyll and fluorescence per cell was used to estimate chlorophyll
contents on a single cell basis. The size dependence of chlorophyll content in
unicellular phytoplankton changes when cells are exposed to light limitation.
This was observed at the inter-specific scale but also at the intra-specific
level, as a pattern of decrease of the allometric exponent of chlorophyll
content at increased light limitation. Our results show that the single cell
perspective provided by the FlowCAM can be applied to field samples to
account for changes in the size dependence of chlorophyll content in

response to environmental variables affecting primary production.
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Introduction

Phytoplankton organisms account for 50% of global primary production and hence
are central to the comprehension of global biogeochemical cycles (Falkowski & Raven,
2007). Organism size and elemental composition constrain the rate of energy acquisition
by the phytoplankton community, which influences processes at the ecosystems level.
Hence, cell size and composition are fundamental ecophysiological traits in
growth/production models. Because all autotroph plankton contain chlorophyll a
(named Chla-a, hereafter), it is arguably the best known and most widely used proxy for
autotrophic biomass (Huot et al., 2007). However, cell surface area to volume ratio
constrains the absorptive efficiency of Chla-a molecules and, as a result, larger cells tend
to have relatively lower intracellular concentrations of Chla-a than smaller cells (Finkel,
2001; Finkel, 2004). Thus, the concentration of Chla-a is a biased estimator of
phytoplankton biomass expressed in organic carbon terms (Cullen, 1982). Instead, the
intra-cellular Chla-a concentration can give a vision of the physiological status of the
cells which can be translated to the community level. Changes in the ratio of Chla-a to
carbon biomass (Chl-a:C ratio) indicate an adjustment of cellular pigment levels to
match the demands for photosynthesis, which is driven by changes in light, nutrients

and temperature (Geider, 1987).

When resources are limiting, the surface area to volume ratio imposes fundamental
constrains on the rates of resource acquisition (Mei et al., 2009). The growth rate of a
majority of the phytoplankton cells in the oceans is limited by light (Cullen, 1982). In order to
maximize the efficiency of resource acquisition in a variable environment, cellular physiology
adjusts through a suite of acclimation processes. Photoacclimation refers to phenotypic
adjustments of the cells in response to variation in irradiance and it is typically reflected in a
graded reduction/increase in the photosynthetic pigment content with increasing/decreasing
irradiance levels (Maclintyre et al., 2002). This physiological acclimation to light conditions
leads to altered cellular pigment composition, particularly regarding Chl-a content. This
photoacclimation response changes with cell-size, resulting in different allometric exponents
in the size-scaling of Chl-a content with changing irradiance (Fujiki & Taguchi, 2002; Finkel,
2004).

Chl-a emits fluorescence in the red portion of the spectrum. Hence, the
fluorescence of Chl-a reflects the endogenous concentration of this pigment. This is the
rationale for the estimation of Chl-a in situ by means of fluorometers (Lorenzen, 1966)

or for the measurement on discrete samples by means of fluorometric (Yentsch &
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Menzel, 1963) or spetrophotometric methods (Jeffrey & Humphrey, 1975). The
introduction of flow cytometry techniques in oceanography allowed the quantification
of these optical properties, such as Chl-a fluorescence, on individual cells in a fluid
stream as they cross one or more light beams (Yentsch et al, 1983). The cell-level
perspective provided by flow cytometry and the capacity to measure large numbers of
cells has been used extensively by biological oceanographers to define the distributions
and dynamics of marine pico-phytoplankton. Chl-a fluorescence intensity quantified by
flow cytometry has been shown to scale with cellular Chl-a levels in nano-phytoplankton
(Sosik et al., 1989), but the relationships reported are not constant for all phytoplankton
taxa due to differences in intracellular pigment structure or, even for the same
phytoplankton taxa, due to differences in growth conditions. Hence, none of these
studies provide a taxon-independent conversion from fluorescence to Chl-a that can be

applied to natural samples.

In addition, traditional flow cytometers have a limited capacity to analyze large-
sized phytoplankton (>5 pm). There are no measurements of fluorescence on a single
cell basis for microplankton, a compartment where a significant proportion of the
autotrophic activity takes place. The Flow Cytometer And Microscope (FlowCAM) is an
automated technique for plankton enumeration that combines flow cytometry and
microscopy (Sieracki et al., 1998). Although the FlowCAM is not a flow cytometer per se,
it contains the needed elements to aboard the task of measure the fluorescent response
of single cells: a source of light, a fluidics system in which the cells are embedded and a
detection sensor. When a solution of autotrophic cells runs through the fluidics system,
the detected fluorescence signals trigger the digital camera to obtain images that allows
counting and sizing the cells in the sample. However, the fluorescence signals measured
by FlowCAM have not been yet interpreted. The detection of molecular probes by
fluorescence signals and a taxon-independent conversion from fluorescence to that
probe, may allow single-cell physiological information to be garnered for a variety of

algae, both in culture and in natural samples.

Here, we present a reliable methodology for the estimation of the content of Chl-a
on single cells that can be applied to field studies. The aim of the work is to test the
relationship between the FlowCAM measured fluorescence per cell and the content of
Chl-a per cell. With this purpose six species of marine phytoplankton where grown over
a range of irradiances and their content in pigments and fluorescence monitored. With
those cultured species we explored the changes in the inter-specific size scaling of
chlorophyll content when cells are exposed to light limitation. We then explore these
capabilities of the FlowCAM to investigate the patterns at the intra-specific scale. Finally,

the size scaling of Chl-a content in field samples was explored and related to the
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irradiance levels in the water column. Our results show that a taxon independent
conversion from fluorescence to Chl-a content can be obtained for FlowCAM, which
allows the analysis of single-cell physiological responses and the size-dependence of

Chla-a content both in cultures and natural samples.

Materials and methods

Phytoplankton cultures and growth conditions

We performed a series of incubations to induce photoacclimation in cultured
phytoplankton, exposing mono-specific solutions of cells to different light intensities in
order to obtain a gradient of intracellular Chla-a concentrations. The species used were:
Isochrysis galbana, Emiliania huxleyi, Rhodomonas salina, Karlodinium veneficum
(micrum), Alexandrium tamarense and Protoceratium reticulatum. The inocula were
maintained in exponential growth in F2 media at 15 °C in a culture chamber with
photoperiod 12L/12D and low light conditions. With those initial solutions we

conducted eight experiments, summarized in Table I.

Each experiment took place in a linear incubator illuminated at one end by a spot
light. The incubator was divided into compartments along its axis by means of
transverse partitions consisting on a double layer of nylon mesh. The initial solution of
cells was divided in 50 mL cellstack culture chambers (Corning), and the chambers
placed into the compartments of the incubator. Total irradiance (photosynthetically
active radiation, PAR) in each compartment was measured with a LICOR radiometer
(Biospherical). The irradiances varied slightly between experiments but in any one
experiment light levels ranged between 10 and 400 W m-2 of PAR (0.17-6.62 mol
photons m-2 h-1). Running water through the incubator kept the temperature stable at
15.5 £ 0.5 °C. Incubations were kept with photoperiod for six days, except E. huxleyi that
was maintained for five days, and were shook manually twice daily. Microscopy counts,
pigment extraction and in vivo FlowCAM analysis were conducted on the first and last
days of each incubation experiment; additionally in two experiments we took

measurements also in the fourth day (Table I).
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Table I Description and growth conditions of the incubation experiments carried out to
obtain a gradient of Chl-a content per cell.

Experiment Species N2 oflight Photoperiod Total Days of Lens / flow Points for
treatments days measurement chamber calibration

1 L galbana 5 12/12 6 land 6 200x/FC50 5

2 E. huxleyi 5 12/12 5 land5 200x/FC50 5

3 R. salina 5 12/12 6 land 6 200x/FC50 5

4 R. salina 6 14/10 6 1,4and 6 200x/FC50 12

5 K. veneficum 5 12/12 6 land 6 200x/FC50 5

6 A. tamarense 5 12/12 6 land 6 100x/FC100 5

7 A. tamarense 6 14/10 6 1,4and 6 100x/FC100 12

8 P. reticulatum 5 12/12 6 land 6 100x/FC100 5

Microscopy counts of each treatment were carried out placing 1 mL of sample in a
Sedgwick-Rafter counting cell slide under a NIKON inverted microscope. For the analysis
of the Chl-a concentration, 10mL of each sample was filtered onto Whatman GF/F filters,
frozen at -182C during 24h and extracted in 3 mL of acetone during 24h. Single
measurements for Chla-a a were determined using a spectrofluorometer (Perkin Elmer
LB-50s) with excitation set at 488 nm and emission at 663.5 nm. The signal of the
spectrofluorometer was calibrated against Chl-a solutions of known concentration. The
concentration of extracted Chla-a was divided by the number of cells to obtain the Chla-a
per cell value, and by the total cellular volume to obtain the intracellular Chla-a

concentration.

For each treatment, measurements of single cell fluorescence, cell size and cell
concentration were acquired with FlowCAM. Excitation illumination consisted on a blue
laser fan of 488 * 0.04 nm, and fluorescence was measured as the emitted light passing a
650 long-pass filter reaching a photomultiplier tube (PMT 1). When the fluorescent light
reaches the PMT generates a voltage pulse that is described numerically by three
parameters: the maximum value reached by the pulse, known as height or peak, the
number of consecutive measurements that exceeded the threshold value, called width,
and the integrated area under the pulse. The width and the area of the pulse are strongly
influenced by the flow speed of sample analysis, while the peak of the signal is expected
to reflect the total fluorescence of the cell and therefore was the parameter used to

ascertain the intra-cellular Chl-a content.
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Field sampling

Field data consisted on a series of 21 samples taken from 12th to 14t April of 2013
in coastal, shelf and oceanic waters of the Cantabrian Sea (Southern Bay of Biscay)
(43.51-43.80°N, 5.55-3.73°W, 25-1625 m depth). Sea-water samples were collected at
selected depths (ranging from 3 to 100 meters) with Niskin bottles mounted on a
rosette sampler system equipped with a CTD (conductivity-temperature-depth) probe
(SBE), and auxiliary sensor for the measurement of underwater PAR (Biospherical/Licor
radiometer). Surface PAR on an hourly basis was recorded on a meteorological station
sited on land near the sampling area (43.54°N, 5.62°W, 30 mamsl).

From the in situ PAR profile, the attenuation coefficient (kq) was estimated with
the light extinction equation (I.=loxe*4%), where I, and Io represent, respectively,
irradiance at a given depth and in the surface, and z is the depth in the water column. To
integrate the irradiance regime experienced by the cells of a given sample the field
irradiance at the sample depth was estimated taking into account the 24h PAR regime
previous to the time of acquisition of the sample, calculated from surface solar radiation
and assuming a constant k4, weighting the calculated underwater PAR by the elapsed

time.

Phytoplankton samples were analyzed on board with FlowCAM. They were
maintained fresh and dark until analysis, which started immediately after collection to
minimise pigment degradation. Each sample was split in two: an un-concentrated
subsample pre-filtered by 40 um for analysis with 200x magnification (1 mL), and a
concentrated subsample pre-filtered by 100 pm (1 litre down to around 20 mL) for
analysis with 100x magnification (10 mL). The sample concentration was carried out by
reverse filtration (Dodson & Thomas, 1978) through a 15 pm mesh to prevent the

damage of living cells.

FlowCAM data analysis

For each analyzed sample, either cultured or natural, abundance of autotrophic
cells was estimated from all cells imaged by the FlowCAM in the fluorescence-triggered
mode. The size of the cells was estimated considering only properly focused and uncut
single cells. The spherical equivalent diameter (ESD) and geometrical section of each cell
were obtained directly from the digital image taken by the FlowCAM, and particle
biovolume was calculated as a revolution volume from the ESD from the particles.
Fluorescence signals were selected considering only uncut cells captured in the
proximities of the laser beam. FlowCAM photographs with more than one particle were

rejected.
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Phytoplankton incubations

During all incubations, the cells within each treatment differentiated their
attributes, in terms of Chl-a content and fluorescence signal, from the beginning to the
last day of measurements. Figure 1 shows the variation in the average fluorescence per
unit volume and the average intracellular Chl-a concentration as a function of growth
irradiance in the last day of incubation. The pigment concentration obtained through
Chl-a extraction decreased as expected with increased irradiance in all experiments. The
same pattern was captured by the FlowCAM-measured fluorescence: fluorescence
intensity decreased with irradiance in parallel to intra-cellular pigment content, with the
exception of experiment 7 that showed higher fluorescence at intermediate growth

irradiances.

Fluorescence to Chl-a conversion

Our cultured species had different intracellular pigment concentration and
different cell size. Hence, to explore the relationship between the measured fluorescence
and the Chl-a content, we analysed the relationship between fluorescence per cell
(arbitrary units cell'l) and the intracellular pigment content (pg Chl-a cell!) (Figure 2).
Since the fluorescence signals measured with different combinations of FlowCAM
magnification lenses / flow chamber dimensions (FC) were not comparable due to
optical differences, the relationship was explored for each of the applied combinations
(200x/FC50, 100x/FC100).

We performed a linear regression over the log-log transformed data to adjust an
exponential curve to the experimental data obtained with the 200x/FC50 (F = 75.46 x
Chl-a%4, R2 = 0.85, p-value<0.001, Fig 2A) and the 100x/FC100 (F = 40.63 x Chl-a028, R2=
0.91, p-value<0.001, Fig 2B). The best fit between fluorescence and Chl-a per cell was
given by a curvilinear model, since the fluorescence emitted does not only depend on the
pigment content but also on the way those pigments are packaged within the cell. The
package effect implies that larger cells can expose relatively less pigments for light
harvesting than smaller cells due to constraints imposed by the relationship between

cell surface area to volume.
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Figure 2 Fluorescence peak per cell measured on the FlowCAM as a function of analytic Chl-a
per cell, for the experiments analyzed with the (A) 200x-FC50 and (B) 100x-FC100 lens-flow
chamber combinations. Solid line, equation and R? indicate the fitted conversion from
fluorescence to Chl-a.

Inter-specific scaling

If the fluorescence-to-Chl-a conversion was reliable, the size dependence of the
Chl-a predicted from fluorescence is expected to be similar to the size dependence of
analytical Chl-a. In Figure 3 we grouped the treatments of the experiments by their
growth irradiance level and, for each of them, we explore the relationship between Chl-a
content and cell biovolume. The eight experiments distribute linearly in a log-log scale,
so we applied a reduced major axis regression, and the exponent of the relationship

describes the size dependence of pigment content at each irradiance level.

Considering the analytic Chl-a, each experiment provides a unique Chl-a value,
hence vertical error bars are not available. The size dependence of Chl-a content varied
as a function of the irradiance treatments, and the exponents increase with irradiance
form 0.65 to 0.83 (Fig. 3A-E). The decrease of the size scaling exponent with increasing
light limitation (Fig. 3F) compare well with previous experimental (Fujiki & Taguchi,
2002) and theoretical works (Finkel, 2004).
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Figure 3 Inter-specific size scaling of Chl-a per cell for the eight experiments in each of the
five irradiance treatments: (A to E) for analytic Chl-a and (G to K) for fluorescence-based
Chl-a. And size scaling exponent of Chl-a per cell as a function of growth irradiance, (F)
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from reduced major axis regression.
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The fluorescence values of each single cell were transformed to Chl-a with the
fluorescence to Chl-a conversions described above, and averaged to obtain the mean and
the standard deviation of fluorescence per species and irradiance level. Considering this
Chl-a predicted from fluorescence, the exponents of the size dependence of pigment
content at each irradiance level were slightly higher. They varied between 0.77 and 0.99
(Fig. 3G-K). Nevertheless, the pattern of decrease of the size scaling exponent in light

limited conditions was captured by the FlowCAM-measured fluorescence (Fig. 3L).

Intra-specific scaling

The measurement of fluorescence on a single-cell basis allowed us to explore the
size dependence of Chl-a content within a single population. To analyze the size
dependence of Chl-a content as a function of irradiance within each experiment, the
fluorescence of each single cell was converted to Chl-a content and plotted against
cellular biovolume in a log-log scale. As an example, the five irradiance treatments of
experiment 5 (K. micrum) are shown in Figure 4 (A-E). The distributions of biovolume
and Chl-a per cell were log-normal, as indicated by the inserted bar plots coupled,
respectively, to the x and y axis. The data clouds present a high dispersion with several
outliers, more evident at high irradiance levels. The size scaling exponent was obtained
with a robust linear model, an alternative to least squares regression not as susceptible
to the presence of outliers (Venables & Ripley, 2002).

Considering a single species, the size scaling exponent tends to decrease in light
limited conditions, similarly to what happens at the inter-specific scale. In Figure 4 we
present the variation of the size-scaling exponent as a function of irradiance for each of
the eight species (panels F-M). Experiments from 2 to 8 showed the pattern of increase
of the size-scaling exponent at increased growth irradiance levels, although it is less
clear than at the inter-specific scale. Experiment 1 did not show this pattern, probably

due to the small size of I. galbana, very close to the detection limit of the FlowCAM.

When explored the intra-specific scaling, the exponents were not limit to 1, as
found in the inter-specific scaling, but fluctuated between 0.35 and 3.04 with variability
within each experiment ranging between 0.1 and 1.52 units. This means that although
the general pattern of decreasing of the size scaling exponent under light limited
conditions keeps across species, the relationship between Chl-a content and biovolume
is species-specific and other factors play determinant roles in the adjustment of the
intracellular Chl-a content. The variability of intra-specific scaling is higher at the small
scale of a single species, and body size explains only between 3 and 28% of the
variability in the Chl-a content.
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Figure 4 Intra-specific size scaling of Chl-a per cell: (A to E) predicted Chl-a per cell as a
function of cell biovolume in the five irradiance treatments for experiment 5 (K. micrum) and
(F to M) size scaling exponent for predicted Chl-a per cell as a function of growth irradiance

for each of the eight experiments.

Field sampling

The size scaling of pigment content is reproduced in the natural samples analyzed.
The fluoresce values of the two subsamples analyzed for each sample were converted to
Chl-a content and combined to estimate a size scaling exponent for each sample. The
exponents of the size dependence were estimated by robust linear regression. Fig. 5A
shows an example of a natural sample with cells sampled with the 200x/FC50 (light
dots) and cells sampled with the 100x/F100 (dark dots) and the linear adjustment.

Among all samples, the size scaling ranged from 0.5 to 1 (Fig. 5B), and r squared of
predicted intracellular Chl-a content as a function of biovolume ranged from 0.27 to

0.59. At low irradiances, the variation of the exponents as a function of irradiance
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tended to increase as expected, while for irradiances higher than 1.0 mol photons m-2 h-1
the tendency disappeared. In natural samples, the influence of other environmental
variables, such as temperature and nutrient concentrations, and the physiological
(ontogenetic) status of the cells (exponential growth phase, division or senescence)

could mask the expected pattern.
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Figure 5 Field sampling: (A) Example of predicted Chl-a per cell as a function of cell
biovolume in a natural sample, where the number within the panel indicates the size-scaling

exponent. (B) Size scaling exponent of predicted Chl-a per cell as a function of field irradiance.
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Discussion

Chlorophyll per single cell

We presented a method to estimate single-cell Chl-a content from FlowCAM
measured fluorescence. The existence of a relationship between the fluorescence
measured by flow cytometers and the Chl-a per cell has been described before (Sosik et
al., 1989) but, for the best of our knowledge, that’s the first time for FlowCAM. A priori, it
would be expected a linear relationship between fluorescence and the absorption cross
section of single cells (Perry & Porter, 1989) which implies a non linear relationship
with the Chl-a content given the package effect. If cellular pigment concentration is
constant, the efficacy of light absorption by cellular pigment decreases with increasing
size, due to pigment shelf-shading (Kirk, 1975a; Kirk, 1975b; Morel & Bricaud, 1986;
Finkel, 2001).

The intracellular concentration of Chl-a has been estimated for the whole
phytoplankton community or for specific compartments (Sathyendranath, 2009; Wang
et al, 2009). We have shown that the simultaneous acquisition of estimates of
biovolume and fluorescence per cell by means of FlowCAM analysis offers an integral
methodology to estimate intracellular concentration of Chl-a of nano and micro-

phytoplankton, on a single cell basis.

Inter-specific size dependence of chlorophyll content

We found a significant size dependence of Chl-a content per cell. In the same way
that the mean size of a population is a representative estimate of the species size
distribution and the superposition of size distributions give place to linear community
size spectra (Giomettoa et al., 2013), the mean Chl-a content of a population is sufficient
to characterize the Chl-a content distribution fully and mean values permit the inter-

comparison across all species.

Larger cells tend to have lower cellular pigment concentrations than smaller cells
under similar environmental conditions (Agusti, 1991), thereby counteracting the
package effect associated with increasing cell size (Finkel, 2004). This means that Chl-a
content scale with exponents lower than one, which implies that small cells have higher
pigment contents per unit volume or biomass. This is supported by geometrical
considerations, which only can be explain by exponents lower than one. That is, indeed,
what have been found on empirical data (Fujiki & Taguchi, 2002; Finkel, 2004; Key et al.,

2010) and what we have also found with our fluorescence-based Chl-a estimates.
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As growth irradiance decreases, the size-scaling of Chl-a content decreases, as
described by previous empirical works (Fujiki & Taguchi, 2002). However, our
exponents surpass the 34 value predicted by theoretical models (Finkel, 2004). Size
scaling of Chl-a content also predicts shifts in the size scaling of growth and
photosynthesis with the light regime. All phytoplankton require light for growth and the
variable light regimes imposed by mixing may explain the size-structure of
phytoplankton community (Karentz et al, 1991; Finkel et al, 2009). The different
pigment contents as a function of cell size leads to different physiological strategies and

niche partitioning defined by cell size.

Intra-specific size dependence of chlorophyll content

At the intra-specific scale, the variability of fluorescence values and hence Chl-a
content is higher that size variability. Size only explains a small part of the variability,
since Chl-a content in a single population is subject to several sources of heterogeneity,
such as the narrow biovolume range covered, the phenotypic (and at some extent also
genotypic) variability among the population members, the phase of the cellular cycle

and the physiological differences.

The size-scaling of Chl-a content of a single population had exponents bigger than
one in some species, which means that larger cells have higher Chl-a content than
smaller cells. This result can be counter-intuitive. However, it can be explained if the
difference in cell size and pigment content within the population is given, to great
extent, by the phase of the cellular cycle in which the cells are. In unicellular
phytoplankton, within a given population small cells are generated from larger cells,
which can hide the size dependence of chlorophyll content. A large cell with a given Chl-
a concentration that enters the division phase of the cellular cycle will give place to two
smaller cells with a Chl-a concentration lower than the potential concentration that their
new surface-to-volume ratio may allow. In this case, the concentration of Chl-a will be
independent of cell size and the pigment content per cell will scale with size with an
exponent around one. On the other extreme, a large cell can increase its pigment content
above the limits imposed by its surface-to-volume ratio in order to divide this pigment
between the two daughter cells. For instance, the division mechanism of
coccolithophorids is characterized by a first phase where the mother cell duplicates
their chloroplasts, from two to four, and then enters the division phase in strict sense
(Klaveness, 1972). In the case of the smallest species, other biovolume constrains can be
considered. The possibility that very small cells are prevented from increasing their
scalable components (photosynthetic units) due to the necessity of maintaining a

constant quota of non-scalable essential components, such as the gene pool, within a
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very small cell biovolume (Raven, 1998). In this case, only those cells above a critical
size will be able to increase their intracellular quota of molecules involved in metabolic

processes.

The same pattern of decrease of the size scaling exponent of Chl-a content in light
limited conditions was found when focusing on a single species. The analysis of single
cells is the unique choice to explore this kind of relationships in mono-specific cultures,
and also this permits to apply the same methodology to field samples and explore the

size scaling of Chl-a content on different environmental conditions.

Regional in situ datasets

Our approach makes possible the measurement of Chl-a content per cell in natural
samples and hence the estimation of the size dependence of Chl-a content in situ. The
natural samples yielded exponents lower tan 1, in agreement with the results of inter-
specific scaling. However, one can wonder if the upper limit of the exponent is more
likely to be 1 or %4. An isometric scaling between cell volume and intracellular Chl-a have
been reported on the basis of size-fractionation of Chl-a in natural samples by Marafion
and co-workers (Marafién et al, 2007), who argued that the discrepancies regard to the
predicted exponents has been caused by different growth conditions experienced by
cultured cells and the small number of species used in laboratory studies. To the best of
our knowledge, we reported for the first time the size scaling of Chl-a in single cells, and
our results showed exponents lower than 1 but larger that 34, both in natural samples
and cultures. The estimation on a single cell basis opens the door to the estimation of

size-scaling per functional or taxonomic group.

We have also shown that it is possible to estimate simultaneously the Chl-a content
of single cells, cell size and cell abundance by means of FlowCAM analysis, allowing the
characterization of the size dependence of Chl-a content in natural samples. Under
intermediate concentrations of nutrients and photon flux the size scaling of Chl-a
content in natural samples must be intermediate between those set by extreme light or
nutrient limitation. This can indicate the type of resources limitation that is undergoing
the community and hence which is the maximum photosynthetic rate that can be

sustained.

However, the variability found on the intra-specific scaling of Chl-a content
appears also in natural samples, since different populations of the phytoplankton
community present different physiologies and life cycles. Also, we have cultured only
spherical or elliptical cells, but, in natural communities, cells have developed strategies
to escape from geometrical constrains of pigment content, such as the non-spherical

shapes of diatoms and the presence of vacuoles (Raven, 1997).
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The analysis of natural samples permits to cover a wide range of environmental
conditions, from light or nutrient limiting to light/nutrient saturating conditions, which
can help to understand how resource acquisition affect the productivity of natural
communities. The size dependence of Chl-a content relates directly with the size scaling
of photosynthetic rates (Finkel, 2004). This can be determinant in primary productivity
models since phytoplankton production can be modeled on a more realistic way

improving current estimates derived from global primary production models.

Net primary production (NPP) begins to be modeled as a function of carbon
biomass instead of Chl-a concentration, since variability in intracellular Chl-a content
from light acclimation and nutrient stress confounds the relationship between Chl-a and
phytoplankton biomass. This Carbon based Productivity Models (Behrenfeld et al., 2005;
Westberry et al.,, 2008) includes information on mixed layer and nitracline depths to
parameterize photoacclimation and nutrient stress through the water column,
reconstructs the underwater light field and produces profiles of biological properties.
Regional in situ datasets as those obtained with FlowCAM can be useful in the validation

of these models.
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Chapter VI. Other works related to the Thesis

During the development of this Thesis, | had the opportunity to work in another
research projects, such as the one focused on the dynamics of late winter phytoplankton
blooms. Also, previous chapters opened research lines that were explored, such as the
one related to the improvement of plankton biomass estimates. This additional work

gave place to the following publications:

Eva Alvarez, Enrique Nogueira, Jose Luis Acufia, Marcos Lépez-Alvarez and Jorge A.
Sostres (2009) Short-term dynamics of late-winter phytoplankton blooms in a
temperate ecosystem (Central Cantabrian Sea, Southern Bay of Biscay). Journal of
Plankton Research, 31(6): 601-617.

Pablo Gonzilez, Eva Alvarez, Jose Barranquero, Jorge Diez, Rafael Gonzalez-Quirds,
Enrique Nogueira, Angel Lépez-Urrutia and Juan José Del Coz (2013) Multiclass
Support Vector Machines With Example-Dependent Costs Applied to Plankton
Biomass Estimation. IEEE Transactions on Neural Networks and Learning Systems,
24(11): 1901-1905.
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General discussion

The works expounded in this PhD Thesis provide relevant results on the dynamics
of the planktonic community obtained from automated image-based methods. We
present technological advances that allow to go deeply into the description of the
planktonic community, both from structural and physiological points of view. It is
outlined the relevance of the sampling and analysis strategy with FlowCAM to assure the
reliability of the obtained information. With this information, we contributed to the
advance of knowledge about the variability of size-structure of the phytoplankton
community at seasonal and short-term scale in the central Cantabrian Sea shelf and

about the size-dependence of the chlorophyll content in individual cells.

FlowCAM: a comprehensive and routine sampling

Comparisons between FlowCAM and traditional methods have been carried out in
limited ranges of size (See et al, 2005; Buskey & Hyatt, 2006; Ide et al., 2008) and a
formal validation of the capacity of the FlowCAM to characterize the size-structure of the
planktonic community was absent. In addition, the particle enumeration with image-
based methods presents particularities, such as the two-dimensionality of the images,
that demand to be carefully designed to guarantee the quality of the obtained
information. For the optimization of the sampling technique with FlowCAM, we went
through several phases, evaluating its aptitude to characterize the size-structure of the
community, estimating the reliability in the assignment of taxonomic categories and
improving the calculation of the biovolume of the particles. This development turned the
FlowCAM technique into a potential routine methodology for the enumeration of
plankton. This was probed by means of a comparison of the time series obtained on a

routine basis with FlowCAM and the traditional light microscopy method.

The effect of the size-structure of the biological communities in the efficiency of the
inventory with FlowCAM is here considered for the first time in the literature (I). The
ability of the FlowCAM to enumerate plankton cells in natural samples is proved over

realistic concentrations of particles and size-spectra determined with traditional
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microscopy. We provide an analysis which allows the estimation of the sample volume
or total number of particles that have to be counted to obtain a representative sample of
the size spectrum. Within this framework, we found that FlowCAM cannot only count a
mono-specific solution of cells accurately but can also estimate the size structure of
natural samples. However, the requirements of the instrument in terms of sample
concentration impose certain constraints, so the pre-treatment of the sample should
be carefully chosen and some a priori knowledge about the cell density in the sample is
required. We conclude that automatic sampling devices could provide a more precise
vision of plankton community, avoiding the effects of sampling preservation and storage

and increasing the resolution of the surveys.

The next phase of the method design was to implement techniques of automatic
classification based on pattern recognition, returning very promising results (II). The
automatic classification of images limits the role of the expert taxonomist to the
classification of a group of images of example to train the automatic classifier,
eliminating the dependence of the taxonomist during the routine sampling. Similar
procedures has been applied to a variety of image-based sampling devices (Blaschko et
al., 2005; Sosik & Olson, 2007; Gorsky et al., 2010). However, we went further, adapting
the automatic classification of images to obtain not only taxonomic but also
morphological information about the particles. This approximation was useful to
estimate cell biovolume considering the shape of the particles, permitting to consider
the three-dimensional shape of the particles to obtain a more reliable value for cell

biovolume.

The automatic classification of FlowCAM images presented here only attains a low
taxonomic resolution, thus when the aim is high taxonomic resolution, detailed
microscopy analysis is still the unique choice. However, we found that a routine
sampling with FlowCAM coupled to a system of automatic classification provides
comparable results that a routine sampling with microscopy (III). The comprehensive
sampling with FlowCAM presented here allows measuring reliably several cell
attributes, such as biovolume, morphology and taxonomy. This kind of information was
obtained from other image based methods (Moberg & Sosik, 2012; Spaulding et al,
2012), but, to the best of our knowledge that’s the first integral sampling methodology
developed for FlowCAM.

The strength of single-cells analysis

However, the goal of the FlowCAM technique was not only to obtain the same

information than traditional methods. If this was the case, its application would not
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make a big difference, more than relatively faster and expert independent sample
analysis. From our perspective, the goal is the single-cell approach that FlowCAM
provides. From basic attributes obtained on individual cells, such as biovolume,
morphology or taxonomy, it is possible to derive more complex variables that allows to
explore deeply the dynamics of the phytoplankton community (Marafion, 2008), further
than bulk measurements that has been used traditionally. The combination of FlowCAM
information with bulk measurements such as fractionated chlorophyll permits the
physiological description of the community and the estimation of primary production.
Moreover, a frontier that was not explored yet and that would allow the fully description
of a community from a single cell perspective was the estimation of cellular composition

and pigment content on individual cells.

FlowCAM is a useful advance for size structure studies, providing a way to analyze
many samples in a reasonable amount of time and to obtain extensive numeric
information also differentiating broad taxonomic categories. FlowCAM complements
traditional techniques by improving the sampling resolution available for study of highly
dynamic communities. Hence, the method has the potential to be employed in the
analysis phytoplankton variability at broad temporal and spatial scales. We described
the seasonality of the phytoplankton community with our FlowCAM integral sampling
and explored the differences between contrasting meteo-hydrographic situations of
August and November in the shelf area of the Southern Bay of Biscay (IV).

The combination of the routine sampling with FlowCAM with auxiliary
information, such as chlorophyll concentration, provides derived variables, such as the
carbon to chlorophyll ratio, an indicator of the physiological status of the community
(Geider, 1987). This approach allowed exploring photoadaptative changes of the
phytoplankton community during the seasonal cycle but also between two highly
contrasted hydrographical scenarios in summer and autumn. We found that the
photoadaptative response was dependent on body size, which was reported in
laboratory cultures (Fujiki & Taguchi, 2002; Finkel, 2004) but not yet in field studies.
Hence, our approach can go through the physiological description of the community,
characterizing cell physiology with a routine sampling. However, although the carbon
was computed on single cells, the chlorophyll was still a bulk measurement, with the
errors that this can result (Qin et al,, 2013).

The introduction of flow cytometric techniques in oceanography allowed the
estimate of the optical properties of individual cells and hence, to account for the
chlorophyll content of single cells (Yentsch et al, 1983). In this thesis we calibrate the
intensity of fluorescence in every cell against the actual concentration of chlorophyll to

be used as a quantitative estimate of the abundance of chlorophyll molecules in the cell
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(V). Cell size and chlorophyll content both measured on single cells allows exploring the
size dependence of chlorophyll content in cultured and natural samples. We confirmed
that size-scaling exponents at the inter-specific scale varied with growth irradiance , but
also found that the same pattern can be found on single populations, information that
could not be gathered before. This opens the door to the analysis of production on single
cells, since variations in the size dependence of chlorophyll content are related directly

with the size dependence of photosynthetic rates.

In sum, the analysis with FlowCAM does not only permit to estimate production
per size fraction when combined with analytical filtered chlorophyll, but a single
analysis allows to estimate chlorophyll concentration and hence derive production on
single cells of natural samples. This means that the physiology and production can be
disaggregated by cell size, taxonomic group, morphology, or any other characteristic
that has been measured on single cells. Besides this single cell perspective revealed in
situ variations in the size dependence of chlorophyll content, carbon to chlorophyll

ratios and hence, the physiological status of the phytoplankton cells.

Consequences and further applications

An integral sampling technique as the one developed in this PhD Thesis can
improve exponentially the description that is done routinely of the plankton community.
With a single analysis, we can explore not only the standing stocks of carbon but also the
turnover rates. Availability of primary productivity data with high temporal and spatial
resolution would potentially increase our knowledge about conditions favoring or

preventing production, as we showed for the central Cantabrian Sea.

The in situ analysis of natural samples permits to cover a wide range of
environmental conditions, from light and/or nutrient limiting to saturating
conditions, which can help to understand how resource availability and acquisition
affect the productivity of natural communities. The size dependence of chlorophyll
content relates directly with the size scaling of photosynthetic rates (Finkel, 2004). This
can be determinant in primary productivity models since phytoplankton production can
be modeled more realistically by improving current models for global primary
production. Carbon based Productivity Models (Behrenfeld et al.,, 2005; Westberry et al,,
2008) produce profiles of biological properties and realistic chlorophyll to carbon ratios
and regional in situ datasets as those obtained with FlowCAM can be useful in the

validation of these remotely obtained estimates.
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1. The FlowCAM have characteristic flow and particle detection systems which
impose constraints on the size range that can be effectively sampled in a given
amount of time. A planned pre-processing of the samples allows the FlowCAM

to estimate reliably the size structure of natural samples.

2. State of the art techniques to classify automatically images from automatic
sampling devices can be applied successfully to FlowCAM on a routine basis.
Additional steps to filter out non-living particles, based on statistical
differences between certain image attributes of detritus and living particles,

improve the classification.

3. Cell biovolume estimates obtained from two-dimensional images are biased
when applied to cells with cylindrical or more complex shapes. This causes
errors in the total biovolume estimate when dealing, for instances, with
samples rich in chain-forming diatoms. The automatic classification can be
designed to provide morphological information of the cells which permits a

more accurate estimation of cell biovolume.

4. FlowCAM based analysis is a useful advance for size structure studies,
providing a way to analyze many samples in a reasonable amount of time,
obtaining extensive numeric information and differentiating broad taxonomic
categories. Hence, FlowCAM complements traditional techniques by improving
the sampling resolution available for study highly dynamic communities and

providing a detailed description of particle-size distributions.

5. Annual cycles of phytoplankton community in the central Cantabrian Sea show
marked seasonality with spring phytoplankton blooms, transitional periods in
autumn and stratification situations in summer. The hydrographical

conditions determined the characteristics of the phytoplankton community.
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6. The transitional situations of August and November presented different
attributes of the planktonic community in base to the size-structure and
chlorophyll content per size fraction. Acclimation to light regime caused a
differentiation in the allometric scaling of chlorophyll content per biomass

unit.

7. The exploration of physiological status of the community per size fraction with a
routine sampling based on FlowCAM analysis showed that the alometric
exponent of chlorophyll content per biomass unit decrease with the increase of

light limitation and these changes can be observed on natural samples.

8. The same pattern of increment of the exponent of the size dependence of
chlorophyll content on individual cells with increasing growth irradiance was
obtained with analytical chlorophyll and from FlowCAM fluorescence which
indicates that FlowCAM fluorescence accounts for the chlorophyll content on

single cells.

9. The single cells perspective provided by FlowCAM allows the exploration of
size dependence of chlorophyll content in single populations, finding the same
pattern of increment of size-scaling exponent with growth irradiance. This
allows analysis of chlorophyll content on single cells of natural samples and
th e exploration of the relationship between environmental conditions and in

situ photosynthesis rates.
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1. El caracteristico sistema de deteccion de particulas del FlowCAM impone
limitaciones al rango de tamafo que puede ser muestreado en una cantidad de
tiempo determinado. De modo que el tratamiento previo de las muestras es
necesario para que el FlowCAM proporcione estimas fiables de la estructura de

tamano de muestras naturales.

2. Las técnicas actuales de clasificacion automatica de imagenes pueden ser
aplicadas a las imagenes obtenidas con FlowCAM con éxito y de forma
rutinaria. La eliminacién de particulas inertes (detritos) mediante diferencias
estadisticas en los atributos de las imagenes adquiridas permite la mejora de

los resultados de la clasificacion automatica.

3. El biovolumen celular obtenido a partir de imagenes bidimensionales esta
sesgado cuando se estima a partir del area proyectada, particularmente en
células cilindricas o con formas complejas. Esto causa errores en la estimacion
del biovolumen celular total en muestras con altas abundancias de, por
ejemplo, diatomeas formadoras de cadena. Un sistema de clasificacion
automatico disefiado para proporcionar informacion morfoldgica de las

particulas permite una estima fiable del biovolumen celular.

4. El analisis mediante FlowCAM presenta ventajas aplicables en los estudios de
estructura de tamafos, ya que proporciona un método para analizar un
alto nimero de muestras en un tiempo razonable, obteniendo informacién
numérica y taxonémica. Por ello, el andlisis mediante FlowCAM complementa
la informacién obtenida mediante técnicas tradicionales, al incrementar la
resolucion del muestreo necesaria para el estudio de comunidades altamente
dinamicas y al proporcionar una descripcion detallada de las

distribuciones de tamano.
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El ciclo anual de la comunidad de organismos autoétrofos en el la plataforma
continental del Mar Cantabrico muestra una marcada estacionalidad, con
proliferaciones de primavera, periodos de transicidn en otofio y condiciones
de estratificacion en verano. Las condiciones hidrograficas determinan las

caracteristicas de la comunidad y su dindmica.

Las situaciones de transicion encontradas en agosto y noviembre de 2008
presentaron diferentes atributos de la comunidad de fitoplancton, en cuanto a
estructura de tamafo y contenido en clorofila por fraccion de tamano. La
aclimatacion al régimen de luz causé una diferenciacion en el escalamiento

alométrico del contenido en clorofila por unidad de biomasa.

El andlisis de la fisiologia de la comunidad por fracciones de tamafio con un
muestreo rutinario basado en el FlowCAM muestra que el exponente
alométrico del contenido en clorofila por unidad de biomasa desciende con el
incremento de la limitacién por luz y que esos cambios pueden observarse en

muestras naturales.

El mismo patrén de incremento del exponente alométrico con la radiacion se
observa con la clorofila analitica y con la clorofila predicha a partir de los
valores de fluorescencia lo que indica que la sefial de fluorescencia detectada

por el FlowCAM revela el contenido en clorofila de las células.

El analisis de células individuales que proporciona el FlowCAM permite
explorar la alometria del contenido en clorofila en poblaciones aisladas,
encontrando el mismo patréon de incremento del exponente alométrico con el
incremento de la radiacion. Esto permite el analisis del contenido en clorofila
de células individuales en muestras naturales y explorar la relacién entre las

condiciones ambientales y las tasas de fotosintesis in situ.
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