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Advection by ocean currents modifies phytoplankton size structure at small

scales (1–10 cm) by aggregating cells in different regions of the flow depending

on their size. This effect is caused by the inertia of the cells relative to the

displaced fluid. It is considered that, at larger scales (greater than or equal

to 1 km), biological processes regulate the heterogeneity in size structure.

Here, we provide observational evidence of heterogeneity in phytoplankton

size structure driven by ocean currents at relatively large scales (1–10 km).

Our results reveal changes in the phytoplankton size distribution associated

with the coastal circulation patterns. A numerical model that incorporates the

inertial properties of phytoplankton confirms the role of advection on the distri-

bution of phytoplankton according to their size except in areas with enhanced

nutrient inputs where phytoplankton dynamics is ruled by other processes.

The observed preferential concentration mechanism has important ecological

consequences that range from the phytoplankton level to the whole ecosystem.

1. Introduction
Phytoplankton size structure plays a fundamental role in marine ecosystems. It

responds to environmental conditions while controlling the biogeochemical

cycling of many elements, through carbon fixation and phosphorous exporta-

tion [1–3]. Small cells (less than 2 mm) account for up to 80% of the bulk of

phytoplankton biomass in open-ocean oligotrophic waters [4]. As a result of

their small size, sedimentation is slow and most elements are recycled within

the photic layer through complex microbial food webs [5]. Therefore, small phy-

toplankton have limited potential to regulate atmospheric carbon dioxide levels

[6]. By contrast, large cells (greater than 20 mm) dominate in nutrient-rich pro-

ductive waters such as river-influenced zones or upwelling areas [7]. Owing to

their enhanced sedimentation rate, a larger fraction of primary production is

exported from the euphotic zone towards the ocean interior, thus contributing

to carbon dioxide sequestration [8].

Both biological and physical processes may contribute to modify the patterns

of phytoplankton size [9]. On one hand, it is generally accepted that biological

processes drive heterogeneity at large spatial scales (greater than or equal to

1 km) [10]. Phytoplankton cell size influences growth and metabolic rates,

access to and assimilation of resources, and determines cell susceptibility to graz-

ing [1,11]. For example, nutrient requirements to sustain phytoplankton vital rates

are roughly proportional to the inverse of cell size [12,13]. Therefore, larger cells

are at a disadvantage compared with smaller cells at low nutrient concentrations

such as those found in oligotrophic waters [14,15]. Likewise, increasing cell size is

a successful escape strategy to avoid certain grazer types [16].

On the other hand, advection and mixing by ocean currents are among the

primary physical forcing experienced by any marine organism, especially by

phytoplankton. Traditionally, the effect of small-scale turbulence on phytoplank-

ton transport was thought to act as a means for creating homogeneous

distributions because phytoplankton cells were assumed as infinitesimal passive

particles [9]. However, phytoplankton cells have a finite size and different inertial
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Figure 1. Study area and sampling stations. (a) Map showing the location of
the Balearic Islands (bottom right), the location of Palma Bay (black square)
and bathymetry (m, grey lines) around the Balearic Islands. (b) Bathymetry
(m, grey lines) in the inner part of Palma Bay showing the position of the
sampling stations (black dots). The units of the rotated axes in (b) are km.
(Online version in colour.)
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properties with respect to the surrounding fluid. Therefore,

they do not acquire the fluid velocity instantly. This effect is

not necessarily negligible and is taken into account both in

natural and industrial applications [17–19]. In fact, recent

theoretical studies suggest that advection by ocean turbulence

aggregates cells in different regions of the flow depending on

their size and/or density due to their inertia [20,21]. Smaller

and lighter cells are attracted by the regions of turbulence

with high vorticity and remain accumulated inside the vortical

structures of the flow. By contrast, larger and heavier cells tend

to preferentially concentrate in regions of low fluid vorticity

[22,23]. This particle sorting mechanism is also observed in

neutral buoyancy particles in three-dimensional flows [24].

However, those studies are based on laboratory experiments

at microscales and/or on numerical simulations. To our

knowledge, preferential concentration as a function of cell

size has not yet been observed in the ocean at large scales

(greater than or equal to 1 km).

In this study, we analyse the role of advection on the

spatial distribution of phytoplankton using field measure-

ments and numerical simulations that consider the inertial

properties of the cells. The aim is to evaluate whether advec-

tion alone is able to modify the patterns of phytoplankton

size at scales larger than 1 km. The study was carried out

in the inner part of Palma Bay (Mallorca Island, Mediterra-

nean Sea, see figure 1). Phytoplankton biomass is generally

low around Mallorca due to the prevailing oligotrophic con-

ditions in the Mediterranean Sea and to the absence of rivers

in the island [25,26]. However, groundwater discharges from

the nitrate rich aquifers can locally enhance primary pro-

duction around Mallorca Island [27,28]. Furthermore,

phytoplankton biomass in Palma Bay remarkably increases

after intense rainfall events due to a few torrents that flow

into the bay [29]. In addition, ocean circulation around

Mallorca Island is mainly driven by two wind-forced mech-

anisms: remotely generated island trapped waves and a

local wind-induced response [30–32]. We combine field

data on current velocity and particle size measurements

with numerical simulations to verify the role of advection

on the distribution of phytoplankton according to their size.
2. Material and methods
Measurements of particle size structure, chlorophyll, nutrient

concentrations and ocean currents were obtained in two surveys

carried out in the inner part of Palma Bay on 16 June and 25 Sep-

tember 2009. To determine the phytoplankton size structure,

simultaneous measures of particle distribution in 32 size classes

(logarithmically spaced from 2.5 to 500 mm) and chlorophyll con-

centration were continuously registered from the surface to the

sea bottom in a grid of 37 stations (figure 1) using a laser

in situ scattering and transmissometry instrument (LISST-100X,

Sequoia Scientific) and a Seabird-25 CTD equipped with a

Cyclops-7 fluorometer (Turner Designs), respectively. The fluo-

rometer was calibrated with a surface sample obtained at each

station, filtered through a Whatman GF/F filter and analysed

in the laboratory using a linear least-squares fit (r2 ¼ 0.94).

Throughout this study, we use chlorophyll as a proxy of phyto-

plankton biomass. Phytoplankton size structure and abundance

were separated from particle size distribution using a canonical

correlation analysis (CCA) along with the chlorophyll concen-

tration [29]. Nutrient concentrations of dissolved inorganic

nitrogen (DIN ¼ NO3 þ NO2 þ NH4) were measured with an

Alliance autoanalyser following Grasshoff et al. [33] in the
same grid of 37 stations. Ocean horizontal currents were

recorded with a 1200 kHz RDI Workhorse Sentinel acoustic Dop-

pler current profiler (ADCP) mounted on an Endeco/YSI

703 V-Fin [31]. The V-Fin was towed from the stern of the

vessel at a depth of 3 m to avoid ship wake interference with

the ADCP. The speed of the vessel was about 3.5 m s21. Currents

were recorded at 1 m depth bins from 4 to 16 m every 1 s and

then averaged at 1 min ensembles. Phytoplankton size structure,

nutrient concentrations and ocean currents were interpolated to

obtain regular horizontal fields on a horizontal grid of 300 �
300 m using optimal statistical interpolation [34] with a cut-off

length scale of 2000 m to eliminate the smaller scales that

cannot be resolved by sampling. Only surface data (4 m) are

shown here, although results at deeper levels were very similar.

We used a model to simulate the process of preferential

accumulation of certain size particles within specific regions of

the current field. The model only takes into account the physical

interaction between inertial passive particles and the measured

near-surface (two-dimensional) ocean currents. We considered

phytoplankton cells as passive particles because our interest

was to model the effect of advection considering the inertial

properties of phytoplankton cells. The model does not take

into account any other physical or biological process. Advection

of small but inertial spherical particles is well described by the

Maxey–Riley equations [35] and it is determined by two non-

dimensional parameters: the particle’s Stokes number St ¼
2a2v0/(9nR) and their mass ratio R ¼ rF/(r0 þ rF/2), where a is

the radius of the spherical particle, r0 and rF are, respectively,

http://rsif.royalsocietypublishing.org/
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Figure 2. Spatial distribution of DIN and chlorophyll. Near-surface distributions of (a) DIN (mM) for the June survey, (b) DIN (mM) for the September survey,
(c) chlorophyll (mg m23) for the June survey and (d ) chlorophyll (mg m23) for the September survey. Black dots indicate the sampling stations. Blue lines
over land indicate Sa Riera and Gros Torrents. (Online version in colour.)
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the density of the particle and of the surrounding fluid, n its

kinematic viscosity and v0 its maximum vorticity (obtained com-

puting the curl of the measured velocity field, v ¼r � u).

However, for phytoplankton cells in the ocean, the range

of Stokes number is St� 1 and we can accurately use the

asymptotic limit of this equation [36]:

d2xp

dt2
¼ ub þ St

3R
2
� 1

� �
Dub

Dt
: ð2:1Þ

We run our Lagrangian simulations by integrating equation

(2.1) with a fourth-order Runge–Kutta scheme. Initial conditions

for the position and the velocity of the particles were chosen to

minimize propagation of errors in the model coming from interp-

olation errors from the field measurements. The Lagrangian

trajectories were integrated with absorbing boundary conditions

and within the same domain used to define the horizontal regu-

lar grid for the field data (see figure 1b). A simple forward

extrapolation scheme was used to decide whether a particular

trajectory escaped the domain at a given time step after which,

if that was the case, the integration was halted. Each trajectory

was integrated for either five times the characteristic timescale

of the measured flow field (i.e. T ¼ 5/v0) or until it leaves the

spatial domain through the open (southern) boundary. Spatial

binarization was used to assign particle position to nearest-

neighbour coarse-grained spatial boxes which allow us to con-

struct a matrix for the stationary distribution of particles’

relative abundance. Further details on the numerical model and

its performance are provided in the electronic supplementary

material.

In order to assess the effect of currents on the distribution

of phytoplankton, we fixed R to 0.4 [37] and focus instead on

the effect of particle sizes. We swept a in the range 2.5–500 mm

(equivalent to the 32 size classes measured in situ) and

built the stationary distribution for each value. For both

measured—obtained from LISST-100X measurements using

CCA analysis—and modelled phytoplankton size distributions,

we computed the areas of higher/lower particle accumulation as

the probability matrix for positive and negative size anomalies,

i.e. the overabundance of small (or large) particles. Positive (or nega-

tive) values indicate increased (decreased) concentration of small
(large) cells. In the model, the observed behaviour is almost inde-

pendent of the exact choice of the size threshold used to define

the separation between small and large particles (variations less

than 10% for the separation in the 20–100 mm range). In the

measured data, we used the standardized abundances of the two

dominant size classes (see below).
3. Results
Meteorological conditions during summer in Mallorca are

characterized by warm temperatures, low rainfall and weak

winds dominated by sea breeze [38]. These were the con-

ditions during the June survey, although a relatively strong

wind event (greater than 7 m s21) was registered 3 days

before (see electronic supplementary material, figure S3). By

contrast, heavy rains (greater than 45 mm d21) occurred on

the days prior to the September survey, resulting in signifi-

cant freshwater discharges through Sa Riera and Gros

Torrents (greater than 0.7 m3 s21). Wind forcing was very

weak (less than 2 m s21) during the September survey.

Freshwater discharges largely determined DIN avail-

ability during both surveys (figure 2). The highest DIN

concentrations (greater than 0.9 mM) during the June survey

were associated with Palma Harbour, which is the major

commercial port in Mallorca and it is subjected to anthropo-

genic discharges. Chlorophyll maximum (greater than

2 mg m23) was near Palma Harbour in agreement with the

DIN inputs, although a secondary maximum (greater than

1.2 mg m23) was present in the eastern side of the bay. In

this area, groundwater discharges usually enhance phyto-

plankton biomass [39]. During the September survey, DIN

concentrations were strongly regulated by the freshwater dis-

charges, especially at Gros Torrent. In fact, DIN

concentrations in the bay were inversely correlated with sal-

inity (r ¼ 0.6, p , 0.01, not shown) measured at the same

stations. As a result of the increased DIN availability, high

chlorophyll concentrations (greater than 3 mg m23) were

http://rsif.royalsocietypublishing.org/
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observed at some near-shore locations of the bay. However,

chlorophyll was not correlated with DIN. This suggests

that the observed chlorophyll patterns were produced by

phytoplankton redistribution rather than by local growth.
The highest abundances of phytoplankton were distributed

in two size ranges: 11.91+3.24 and 30.23+5.58 mm for the

June survey, and 12.28+3.65 and 30.88+6.29 mm for the

September one. To determine these size ranges, the maxima

http://rsif.royalsocietypublishing.org/
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of phytoplankton abundance in each size class for all stations of

each survey (see electronic supplementary material, figure S4)

were decomposed into Gaussian peaks using an unconstrained

nonlinear optimization algorithm [29]. Figure 3 shows the

spatial distribution of phytoplankton in these two size ranges

and the ocean currents at 5 m depth for each of the surveys.

In the June survey, both phytoplankton size ranges were

mainly distributed near the coast in the western side. The

alongshore flow direction in this area suggests phytoplankton

advection from Palma Harbour to the east. In addition, currents

developed an anticyclonic gyre structure as a consequence of

the strong wind event 3 days before the survey [31]. Interest-

ingly, the large phytoplankton size range (30.23+5.58 mm)

was almost absent inside the gyre in contrast to the small size

range (11.91+3.24 mm). In the September survey, both phyto-

plankton size ranges displayed a very distinct distribution.

Small size ranges (12.28+3.65 mm) were widely distributed

in the eastern side, while large size ranges (30.88+6.29 mm)

were localized near the coast close to Palma Harbour.

Figure 4 compares the measured size anomalies with the

model results. During the June survey, measured small cells

were preferentially found inside the anticyclonic gyre and

near the coastal areas of the eastern side and in front of

Gros Torrent. Model results were consistent with the

measurements on the location of small cells inside the gyre.

The agreement in the centre of the domain was very high

(r ¼ 0.83, p , 0.001), but less so in the coastal areas where
DIN inputs during this survey were significant (see

figure 2). Since the model only simulates advection of inertial

passive cells, these discrepancies could be related to biologi-

cal processes. In the September survey, small cells were

preferentially found in the southeastern part of the domain.

The model displayed a similar particle concentration area,

although the maximum probability was slightly displaced

to the north. The correlation between observed and simulated

fields was also very high (r ¼ 0.81, p , 0.001).
4. Discussion
In this study, we used data from two surveys and a numerical

model to analyse the role of advection by ocean currents

at shaping phytoplankton size structures at relatively

large scales (1–10 km) in the inner part of Palma Bay

(Mediterranean Sea). We explicitly took into account that

phytoplankton cells have different inertial properties with

respect to the surrounding fluid. Our results show significant

differences in the size structure and spatial distribution of

phytoplankton cells associated with the circulation patterns.

The agreement between the observations and the preferential

concentration model confirms that the heterogeneity in phy-

toplankton size structure is largely explained by the

physical advection of inertial cells by the ocean currents,

especially in areas relatively far from nutrient inputs.

http://rsif.royalsocietypublishing.org/
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This is the first study that provides field evidence of the rel-

evance of inertial effects in structuring marine phytoplankton

at scales greater than or equal to 1 km. The role of gyres or vor-

tical structures in the separation of phytoplankton cells

according to its size or density was previously noted by

using numerical simulations [22,23] or laboratory experiments

at microscales [10,40]. Smaller (or lighter) cells are concen-

trated in the centre of the circulation gyre, while larger (or

heavier) cells are displaced outwards. This agrees fairly well

with our observations in the June survey, although our spatial

scales are larger. By contrast, no gyres were present in the Sep-

tember survey and the spatial distribution of phytoplankton

was more homogeneous with smaller cells transported faster

than the larger ones outside the area of study.

The model does not take into account any biological pro-

cess acting on phytoplankton cells. However, discrepancies

between the model and field data are mainly associated

with the coastal zone of Palma Harbour. This area receives

important nutrient inputs and local growth of phytoplankton

as well as other processes regulating size structure, such as

zooplankton grazing, may play an important role. To mini-

mize the influence of biological processes at some coastal

locations (i.e. highly productive areas), we calculated the

chlorophyll-specific abundances of phytoplankton for the

two main size ranges (figure 5). This reduces the relative

weight of the high biomass locations with high particle abun-

dances and, therefore, improves the correlation between field

data and model results. We improve correlations from 0.15 to

0.50 for the June survey and from 0.58 to 0.82 for the Septem-

ber one. Likewise, correlations between model and data

increase when coastal areas are excluded from the calculation

(increase to 0.70 in the June survey and to 0.81 in September).

This suggests that biological processes were important in

these coastal areas and explains local discrepancies with the
model results. Similar results are obtained when fields are

normalized in terms of DIN.

Overall, our study reveals the role of inertial effects in the

size distribution of phytoplankton at relatively large scales.

This particle sorting mechanism may have far-reaching eco-

logical implications for phytoplankton that range from

individual to food-web interactions. Generation of spatial

heterogeneity could be advantageous for phytoplankton

because secondary producers with limited motion capabili-

ties will be separated by ocean currents from the areas

where phytoplankton are concentrated [10]. Further, the

accumulation of cells of similar size enhances the probability

of encounter between conspecific cells during sexual repro-

duction [41]. However, preferential concentration can be

also detrimental because it increases competition for nutri-

ents [42]. Also, some grazers have finely tuned foraging

strategies that allow them to retain their position very close

where phytoplankton cells are concentrated [43].
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