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Abstract. We investigate the competition between two dif- a simplified model for turbulent advection Abraham (1998)
ferent functional groups of phytoplankton in the wake of an showed that this interplay can help to explain the patchiness
island close to a coastal upwelling region. We couple a sim-of plankton distributions observed in the ocean. McKiver
ple biological model with three trophic levels and a hydro- et al. (2009) and McKiver and Neufeld (2009) showed that
dynamic model of a von &rméan vortex street. The spatio- small changes in the ratio of biological and hydrodynamic
temporal abundance shows that the different phytoplanktoriime scales can greatly enhance or reduce the global plank-
groups dominate in different regions of the flow. The com- ton productivity. Thus, horizontal mixing is a possible trig-
position of the phytoplankton community varies e.g. for the ger of plankton blooms in the ocean. Because the biologi-
different vortices. We study the mechanism leading to thesecal activity depends strongly on the availability of nutrients,
inhomogeneous dominance patterns by investigating the nuthe vertical transport of these nutrients also has a very strong
trient transport in the flow and the interplay of hydrodynamic impact (Denman and Gargett, 1995; Martin and Pondaven,
and biological time scales. 2003; Perruche et al., 2010). Localized upwelling regions
transport nutrient rich water from deeper layers into the eu-
photic zone where it strongly influences the dynamics of the
plankton populations.

There are several places on earth where both vertical up-

Hydrodynamic motion has a strong influence on the dynam-Welling and mesoscale structures occur together. One ex-
ics of plankton populations living in the marine environ- ample studied in Sandulescu et al. (2006, 2007, 2008) is the

ment. This impact has recently been investigated in numerCanary archipelago with upwelling regions near the African
ous studies (Denman and Gargett, 1995; Abraham, 199gs0ast and mesoscale vortices in the wake of the islands (Aris-
Lopez et al., 2001; Martin, 2003:&T et al., 2005; Sand- tegui etal., 1997). The interplay of these mesoscale hydrody-
ulescu et al., 2007, 2008: Rossi et al., 2008: Maraldi et a|_,namic structures and plankton dynamics can give rise to sev-
2009). Horizontal transport through mesoscale hydrody-eral phenomena such as localized (Sandulescu et al., 2007,
namic structures such as vortices leads to a redistributiof008) or sustained (Heandez-Gafa and lopez, 2004)
of nutrients and plankton and can cause several interesting'@nkton blooms. Sandulescu et al. (2007) found a possi-
phenomena (Abraham, 1998bpez et al., 2001; Martin and | le mecham;m respons'lble.for localized plankton blooms
Pondaven, 2003: & et al., 2005 Sandulescu et al., 2007, i these vortices, emerging in the wake of an island, using
2008; Rossi et al., 2008; Maraldi et al., 2009; Bracco et al., 2 Simplified hydrodynamic and biological model. They fo-
2009). A very important role in understanding these phe_cuseq on the evolutipn of one species in a si_mplified. model
nomena is played by the interplay of hydrodynamic and bio-flow finding that the interplay of hydrodynamic and biolog-
logical time scales (Abraham, 1998; Richards and Brentnallcal time scales is the most important factor for this bloom
2006: Sandulescu et al., 2007: McKiver et al., 2008re2- 0 appear (Sandulescu et al., 2008). An interesting question

Mufuzuri and Huhn, 2010). By modeling plankton growth in is how different species interact in these mesoscale vortices
which are connected with the near upwelling region.

The interaction of different species in mesoscale structures
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716 D. Bastine and U. Feudel: Inhomogeneous dominance patterns of competing phytoplankton groups

and Brentnall (2006). In particular Bracco et al. (2000);

Karolyi et al. (2000); Scheuring et al. (2003) found that these

structures can enhance biodiversity, i.e. the coexistence of

different species. The hydrodynamic motion leads to an in-

complete mixing which allows for a spatial separation of

species protecting the less fit species from competition. Tak- >

ing the finite size of species into account Benczik et al. (2003,

2006) found that a spatial separation can also be caused by a

different inertia of species. These different physical proper-

ties lead to an accumulation of the different species in differ-

ent parts of the flow preventing them from competing. These

works however did not take the transport of nutrients into ac-

count which obviously plays an essential role. Furthermore,

they focused on strongly simplified biological models, e.g.

not taking zooplankton and hence grazing predators into acFig. 1. A sketch of the observation region with the model velocity

count. field (black arrows). The spatial coordinates are given in units of the
In this work we investigate an extension of the coupled island radius-=25km. The upwelling region is located & 1] x

model studied in Sandulescu et al. (2007, 2008). Instead of% 2-25]- Two vortices with vortex strengtl can be seen in the

using a three trophic level food chain to describe the planktods.lanq Wake'. The mean velocity f'e.ub. points in the positive x-

dynamics we investigate the behavior of a simple food Web.dlrectl'on, Whlle the Ekman flowg, existing forx > 1, points in the
.. A . . negative y-direction.

This is done by dividing the phytoplankton into two differ-

ent functional groups which are characterized by different

growth rates. This way we are able to address the question of a giscussion of our results and their implication for marine

competition of two phytoplankton groups for the same nutri- ecological systems can be found in the last section.
ents. We study the behavior of this biological model coupled

to a simplified model of the von &man vortex street in the

wake of an island. The aim of this paper is to show that thep  \odeling framework

transport of nutrients by the vortices in the wake of an island

and the interplay of biological processes with the mesoscalgn this section we present the modeling framework used in
hydrodynamic structures allows an inhomogeneous distributhis work. We begin with briefly explaining the hydrody-
tion of the different phytoplankton groups in such a way thatnamic model of a wake of an island, which is based on a
the different phytoplankton groups dominate the phytoplank-two-dimensional stream function. Afterwards, the biologi-
ton community in different regions of the flow. The compo- cal model is described and first results on the interaction of
sition of the phytoplankton community can vary for vortices the two phytoplankton groups are presented without taking
differing by position and sign of vorticity. Furthermore, the hydrodynamic motion into account. This is followed by a

composition varies even among different regions of a singledescription of the coupled model combining the two former
vortex. Additionally, we show that the effect of diffusion presented models.

plays an important role for the composition of the phyto-
plankton community in the mesoscale structures of the flon2.1  Hydrodynamic model: the von Karman vortex
due to its impact on the competition. street
The organization of the paper is as follows: in the first
section we introduce the hydrodynamic as well as the bio-The 2-D hydrodynamic model describes the horizontal flow
logical model under investigation. The observation region inaround an island and vortices in its wake (Fig. 1). Water
the wake of an island and the velocity field which modelsis flowing into the observation region at the left boundary
the von Karman vortex street are described. This is followed with a velocityug. The interaction of the flow with the is-
by a short description of the predator prey model with com-land leads to a non-stationary velocity field which can be
peting phytoplankton groups and its behavior without takingexactly described by the Navier-Stokes equations and cor-
hydrodynamic motion into account. responding boundary conditions. For a particular range of
In Sect. 3 we present the results of simulations couplingReynolds numbers the flow is determined by a periodic de-
hydrodynamic motion and biological model. The observedtachment of vortices which then travel in the main flow di-
spatial and temporal patterns of the different phytoplanktonrection (Jung et al., 1993). Jung et al. (1993) introduced a
groups are described phenomenologically. Afterwards, wetime periodic stream function whose corresponding veloc-
discuss the mechanism leading to these observed patterns lity field shows an astonishing qualitative agreement with the
investigating the hydrodynamic transport and the interplay offlow from direct numerical simulations of the Navier-Stokes
biological and hydrodynamic time scales. equations. We use an extended version of this model flow
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including an Ekman drift perpendicular to the main flow in- Table 1. Some of the hydrodynamic parameters used in the hydro-

troduced by Sandulescu et al. (2006). dynamic model. For a detailed description of the parameterization
The model stream function yields a two-dimensional ve- ¢f. Sandulescu et al. (2006)
locity field:
r 25 km island radius
ulxy,) =W vlx,y,0) = =3 (1) ug 0.18 % horizontal main flow velocity
The velocity field given by Eq. (1) can be interpreted asa #0025 velocity of the Ekman flow
Hamiltonian system with one degree of freedongl(&t al., w 55x10° m vortex strength

2005). The time dependence leads to chaotic behavior of
tracers although the flow field itself is laminar. Since there

is a net current through the observation region such a fieltbsted in the interplay of mesoscale hydrodynamic motion and
is referred to as an open chaotic flow in the literatur@l T the Competition of species we extend the model of Pasquero
et al. (2005) showed the existence of a chaotic saddle in thet al. (2005) by dividing phytoplanktoR into two functional
vicinity of the island. This chaotic saddle is given by the groups of phytoplankton species. We do this division by
union of all non-escaping orbits of tracers in the flow. Al- 3 simple additive formulation for the consumption terms of
though this chaotic saddle is of measure zero its unstable anftrients and for the growth terms of zooplankton. This lin-
stable manifolds have a strong influence on the flow of trac-ear combination is one of the standard formulations for these
ers which will be important when investigating the hydrody- kinds of models (see e.g. Grover, 1997) but of course there
namic transport in Sect. 3.2.1. are other formulations in the literature as well (Beddington,
The usage of a two-dimensional model is justified by the 1975: Deangelis et al., 1975; Pal et al., 2009) which work
assumption that we have a well mixed upper layer and onlywith more complex functional responses. We expect that
small mean vertical velocities compared to the horizontalthese more complex formulations lead to even more complex
ones. The exact form and a detailed discussion of the sinpehavior which would also be interesting to explore. How-
gle terms of the stream functiofi(x, y,7) can be found in  ever, to concentrate on the interplay of the biological model
Sandulescu et al. (2006). Here we focus on a simple qualitagnd the hydrodynamic flow we choose a biological model

tive description which introduces all parameters important toyith a less complex behavior. The extended model is given
this work. by:

The stream function is periodic with a period lengthrpf
\ortices are created behind the island with a phase differencey 2 N
of half a period’. At maximum two vortices are traveling ;N = S(No—N) —ZﬂimPi +rec &)
in the direction of the main flow. These two vortices differ i=1 ™
in their signs of vorticity and their position (Fig. 1). In the ip' — 5 N p_ OlnPiz
following we will refer to them as the lower vortex which g '~ "k, +N ' 0!+77Pi2
is located below the center of the island and has a positive 2 p2
vorticity and as the upper vortex which is located above the iZ _ Z ant; Z -y 72

Z—[,LpiPi , iE{l,Z}

center of the island and has a negative vorticity. The upperd? = 04+71Pi2

boundary of the observation area corresponds to the African 5 2

coast line.Another important parameter is the vortex strength rec— MN[Z((:L_ 7) on P SZ+up P+ nzZ%.
o which determines the magnitude of vorticity and thus the i1 a+np;

velocities in the vortices. The Ekman flawg points in the

negative y-direction with a constant magnitude but only oc- i = - )
curring in the island wake. vertical mixing of nutrients from deep ocean water into the

The model has been parameterized in Sandulescu et ahixed layer and leads to an exponential relaxation with the
(2006) for the region of the Canary islands (Table 1). Us-fat¢ S t0 a nutrient concentrationo below the thermo-
ing this set of parameters we make sure that we are dealing"ne' The nutrient consumption by phytoplankton is given

with a hydrodynamic flow in a realistic order of magnitude. PY @ Holling type Il functional response which is based on
the assumption of a randomly searching organism while the

2.2 Biological model: a food web with three trophic grazing by zooplankton is given by a Holling type IlI re-
levels sponse based on the assumption of reward dependent search-
ing (Gurney and Nisbet, 1998). The factertakes into ac-

The biological model used in this work is based on a threecount that not all consumed phytoplankton is converted into
component NPZ-model (N..Nutrients, P..Phytoplankton,biomass. We assume a linear natural mortality for the phy-
Z..Zooplankton) originally developed by Steele and Hen-toplankton and a quadratic one for the zooplankton. The lat-
derson (1981) and later modified by Edwards and Brind-ter is chosen to take into account a higher mortality caused
ley (1996) and Pasquero et al. (2005). Since we are interby grazing of other top predators which are not included in

The first term in the equation of nutriend describes the
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Table 2. Ecological parameters used in the biological model Eq. (3) 2
(not characterizing the functional groups of phytoplankton).
No 80 %‘3’”\‘ nutrient concentration in deep ocean ‘T'o 1.5]
uy 02 regeneration efficiency —
y 0.75 assimilation efficiency o
o 2 d-1 maximum grazing rate 3|- 1r
-1 Ly
uy 02 (dng'N) . zooplankton mortality %
-
n 1.0 (d(%‘;"\') ) prey capture rate % 05
en
Table 3. Ecological parameters characterizing the two functional 0
groups of phytoplankton. s
0 1 2 3 4
P P N / mmol N m™
Bi 3 1 mg:olN maximum growth rate Fig. 2. Effective growth rate (growth minus mortality neglecting the
ki 2 025 T =  half saturation constant grazing by zooplankton) of the two different phytoplankton groups
pwp 015 005 d!  phytoplankton mortality dependent on available nutrients. IntersectioN at 0.81 %‘3’"\'.

this model. Furthermore, a patty of all organic matter is ~ COexist with a dominance of, over Py for § < 0.1035;
degraded by bacteria leading to an additional nutrient inputand P, over P, for S > 0.1035[% . For a further increasing§
modeled as a recycling term (rec) in the nutrient equation. the growth rate of phytoplankton converges to the maximum

The parameters not characterizing the different phyto-growth rate. BothP, and P, remain constant under a further
plankton groups are chosen as in Pasquero et al. (2005) (T&hange ofs (Fig. 3).
ble 2). The coexistence of the two species on one nutrient is pos-

The two different phytoplankton groups are grazed by thesible due to the presence of a predator in the model. The con-
zooplankton with the same preference. They differ only in sumption of the phytoplankton groups depends on their con-
their mortality, their maximum growth rate and half satura- centration and is therefore equivalent to a density-dependent
tion constants. We choose these parameters (Table 3) bas&@Prtality which allows for coexistence of more species than
on a detailed analysis of Edwards (1997) about the ranges dEsources in an ecological model (Gurney and Nisbet, 1998;
ecological parameters. Gross et al., 2009).

Phytoplankton groupP; has a higher maximum growth For the interplay of biological growth and hydrodynamics
rate (81 > fB2), while phytoplankton grougP> has a lower not only the long term behavior but also the transient behav-
half saturation constank{ > k»). Furthermore,P; has a ior of the model is important. In the case of a low upwelling

higher mortalityi p, > i p,. rate Siow = 0.00648%) and low initial concentrationsPs
shows a peak before converging to the stationary state (upper
2.2.1 The dynamics of the food web without panel of Fig. 4). The same behavior can be observed{for
hydrodynamics in the case of high upwellinghigh = O.648dl (Fig. 4 lower

panel). We will refer to this temporal evolution as a bloom-
The dominating species in the model is the one with thelike behavior in the following.
higher effective growth rateSkJrLN —up (Fig. 2). For a ) ) o
low nutrient availability species, performs better due to 2.3 Coupled model: reaction-advection-diffusion
its lower half saturation constant. For higher valueshof equations

however, specie®; grows faster caused by its higher max- , ) , ) )
imum growth rate. This effect is enhanced by our choice of©°UPIing the biological model to the hydrodynamic motion
yields the following set of reaction-advection-diffusion equa-

mortalities. L
The nutrient availabilityN strongly depends on the up- tions:
welling rateS. Thus, a highS leads to the dominance of dc=—-uvct+F.4+DAc,ce(N,P, Py Z) A3)

speciesP; due to higher nutrient availability and vice versa

(Fig. 3). ForS < S, ~ O.Ol3dl phytoplankton grougP; does  with the Eulerian field quantity = c(r,¢), the velocity field

not exist at all corresponding to competitive exclusion of thisu = (u,v) from Eq. (1) and the biological termg, from
group. Beyond a transcritical bifurcationst P, and P> can Eq. (3). The diffusion term takes the small scale turbulence

Nonlin. Processes Geophys., 17, 715-731, 2010 www.nonlin-processes-geophys.net/17/715/2010/
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Fig. 3. Stationary solutions of the biological model dependent on

the upwelling rates. For N =0.81 %‘;IN‘ §=0.10357 species  Fig. 4. Time evolution of the biological model withs —

P1 becomes the dominant species. The lower panel is a closeup q§.00648 d (upper panel) and = 0.648 d~1 (lower panel). The

the upper panel. initial concentrations are given by: =10 3mmolNm 3, ¢ €
{N,P1,P>,Z}.

into account which cannot be resolved by our large scale
stream function. We usb =10 m?z as the Okubo estimation
of eddy diffusivity at scales of about 10 km (Okubo, 1971), Additionally, we need to specify the concentrations of nu-
which corresponds to the scales of the mesoscale structurégents and plankton entering the observation region with the
in the flow. main flow (left boundary in Fig. 1). Here, we assume that the
To model the upwelling region (Fig. 1) we vary the up- open ocean is oligotrophic containing nutrients and plankton
welling rate S in space § = S(r,t)). Outside the up- at very low concentrations. We assume these concentrations
welling region we chooseS = Sjow = 0.00648 %, which  to be even lower than the steady state of the biological model
lies in a range suggested by Edwards (1997). Withinin the observation area. This assumption is justified since in
the upwelling region we setS = Shigh = 0.648 % to shallower regions around an island concentrations of nutri-
model a strong, e.g. a hundred times larger, verti-ents and plankton are likely to be higher than in the open
cal transport of nutrients. For the low valu§ow = ocean due to additional nutrient input from the resuspen-
0.00648(% the purely biological model leads to the stationary sion of sediment. Therefore, we choose for this study an in-
state P, = 0.0mmolNnT3, P, ~0.82mmolNnT3, Z = flow of very low concentrations:= 10~3 mmoINm 2 | c e
0.43mmolNnT3, N =0.65mmolNnT3 (see also Fig. 4). {N.P1, P2, Z}). We did not choose an equilibrium solution
Thus, species; does not survive and therefore would not Of the model as inflow since in this case sped@swould

occur in the observation region without the additional local Not be present and therefore this would lead to a one species
model as analyzed in Sandulescu et al. (2008). Sandulescu

et al. (2008) also discussed the role of the inflow conditions
in detail. We believe that it is not unrealistic to allow a low

upwelling zone.

www.nonlin-processes-geophys.net/17/715/2010/ Nonlin. Processes Geophys., 17, 715-731, 2010
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inflow of both species. There are many effects which enabldand (Fig. 5c, d). The whole temporal behavior revealed that
coexistence and could allow a nonzero value of speBies group P, shows a localized plankton blooim every vortex

in the inflow. Some of these effects are environmental fluc-as observed in the one species model by Sandulescu et al.
tuations (Lai and Liu, 2005) and intermediate disturbanceq2008, 2007). In the lower vortex an even higher abundance
(Shea et al., 2004). Furthermore, in systems with more tharmf group P> can be found particularly in the edge of the vor-
one nutrient intrinsic chaotic fluctuations can even lead totex (compare ¢ and d in Fig. 5). Contrary B, the group
more surviving species than types of nutrients (Huisman andP; does not occur in the upper vortex, but only in the edge
Weissing, 1999). Despite that we do assume that in the obsenf every second vortexiamely the lower one, not entering
vation region the investigated effects are more important tharits center. This is somehow counterintuitive sireeneeds

the underlying complex behavior and are thus well enoughmore nutrients which are released in the upwelling region
described by our simplified model. The choicecef 103 closer to the upper vortex. Furthermore, a high abundance
may also seem arbitrary but choosing different kinds of low can be observed in a filament in the upper right area of the
inflow conditions (e.g. randomly chosen), even settihg  observation region. In these rather small regithsshows

two magnitudes lower thatw, did not change our results a bloom-like behavior with an even higher abundance than
qualitatively. group P> (Fig. 5c, d).

The system (3) is solved by means of a semi-Lagrangian Let us now study more precisely the abundance of phyto-
algorithm. A discussion of semi-Lagrangian methods can beplankton in the different regions of the vortices. To this end,
found in Strain (1999, 2000). we use the Okubo-Weiss paramei@i(Okubo, 1970; Weiss,

1991) to characterize the different regions of the vortex. The
Okubo-Weiss parameter is defined by:
3 Results 5 9 2
W = (0xu —0yv) +(0xv+0yu)* +(3xv —dyu) 4)
In this section we first present the simulation results from the (normal strai? (shear strai)? (vorticity)2
coupled model described in Sect. 2.3. Since we are inter-

. . . l .
ested in the influence of the mesoscale hydrodynamic struc/Ve define thenterior of the vortexry W < —10° ; describ-

tures on the competition of the two different phytoplankton ind the region dominated by vorticity. By contrast, we denote
fi ; . <tritian the region with a very high straiw > 108 iz as theexterior
groups we first focus on their spatio-temporal distribution. ; )
It turns out that for our model the inhomogeneous nutrientOf the vortexand the union of both regions as the complete
input due to local upwelling and the hydrodynamic motion vortex.lThe choice olf these numbers, !eavmg ogt the region
allow a separation of the phytoplankton groups into different —10° ;z < W < 10° 2, lead to a good identification of the
regions of the flow. We study the mechanism leading to thes/Ortex structures (Fig. 6). _ _
patterns of dominance and show that the two key factors of -00King at the average abundances in these defined re-
this mechanism are the hydrodynamic transport and the in9i0ns again reveals the different periodicity of the blooms
terplay of hydrodynamic and biological time scales. We also®f the different phytoplankton groups in the vortices (Fig. 7).
reveal that the transport phenomena do not exclusively occuP Ytoplankton grougP, shows a peak every.®7. =15d
for our rather arbitrary choice of upwelling region and vor- corresponding to the occurrence of two vortices in the period
tex strengthw. Furthermore, we investigate the influence of ©f the flow (17. = 30d). By contrast, the group, shows
the eddy diffusivityD and the vortex strength on the av- & Peak every T, =30d only, since it occurs only in every

erage abundances of the phytoplankton groups in the entirl@Wer vortex. , _
observation area. A high abundance of, can be found in the exterior as

well as the interior of the vortex while groupy is only oc-
3.1 Spatio-temporal distribution of the phytoplankton ~ CUrTing in the exterior of the vortex (Fig. 8). _ _
groups Hence, we find that the mesoscale hydrodynamic motion
seems to allow an inhomogeneous distribution of dominance

To investigate the interplay of the hydrodynamic motion Patterns. The composition of the phytoplankton community
and the competition between the two phytoplankton groupd$ different for the two different vortices. The phytoplank-
we first analyze the spatio temporal distribution of the two ton group better adapted to a high nutrient availability only
groups. Our first observation is that these distributions are?ccurs in every lower vortex. Furthermore, it just occurs
strongly inhomogeneous and do no relate to the position ofn a small ring in the exterior of the vortex. Therefore, the
the upwelling region in a simple way. Furthermore, the inho- question arises which mechanism is responsible for the dis-
mogeneous nutrient input and the mesoscale hydrodynamiEnCﬂy different spatio-temporal distributions of the compet-
motion seem to allow a separation of the two phytoplanktonind Plankton groups.
groups into different regions of the observation area.

A high abundance of the phytoplankton groBp can be
observed in the center of every vortex and around the is-

Nonlin. Processes Geophys., 17, 715-731, 2010 www.nonlin-processes-geophys.net/17/715/2010/
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Fig. 5. Colors denote the abundance of phytoplankton grou@@). (a) Ppatr=5.34T,, (b) P; atr =5.84T,, (c) P, att =5.34 T,
(d) P, atr =5.84 T.. Dashed white rectangle: upwelling region. white circle: island. Spatial coordinates are given in units of 25 km.
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Fig. 7. Spatially averaged abundance of the phytoplankton groups
Fig. 6. Okubo-Weiss Parametéy ats — 0.86 T,. Dark Grey: Ex- in the complete region of vortices (exterior and interior). Note the
terior of the vortices ¥/ > 108d—12, very high strain). Black: Interior  different periodicity of the two phytoplankton groups.

of the vortices W < —108?12, very high vorticity).

3 0 2 4 6 8

3.2 The mechanism leading to the inhomogeneous the observed structures are not only occurring for our spe-

' dominance patterns cial set of chosen hydrodynamic parameters. Particularly, the
position of the upwelling region will be discussed. It turns

In this subsection we will study the mechanism leading to theOUt that the main features of the spatio-temporal distribution,

patterns described above. Furthermore, we will show thaf@n be understood by considering the limit case of vanishing
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Fig. 8. Spatially averaged abundance of the phytoplankton group
in the region of vorticesPEXT: Py in the exterior of the vortices.

PINT: Py in the interior of the vortex.PEXT: P, in the exterior

of the vortices. Dashed-dotted line2NT in the interior of the
vortices.
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Fig. 9. Tracers released in the upwelling regifh1] x [2,2.25]
att =5.84 T.. The colors denote the time they have been in the
observation region (backward residence time).

diffusion (D — 0). Thus, advection plays the major role for

the formation of the observed patterns and the dynamics can

be easily described from a Lagrangian point of view. This

way, we can conclude that the observed patterns are mainl§

caused by the advective transport and the interplay of biolog
ical and hydrodynamic time scales.

3.2.1 Hydrodynamic transport

The upwelling region obviously plays an important role for
the observed mesoscale structures of plankton concentr

tions. Parcels crossing this region contain a lot of nutrients

Nonlin. Processes Geophys., 17, 715-731, 2010
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SFig. 10. Finite Size Lyapunov-exponents (plotted &as(r,t) —

A_(r,1)). Negative values: Unstable Manifolds. Positive Values:
stable Manifolds. White dots: Tracers released in the upwelling
region.

essential for the growth of phytoplankton. To get some in-
sight in the transport of these parcels we follow two ideas:
First, we study the transport of parcels crossing the upwelling
region by simply putting tracers in the upwelling region and
follow their trajectories. This reveals the importance of the
transport for the observed dominance patterns. Second, we
will discuss the transport from a more general point of view.
The consideration of finite-size Lyapunov-exponents (FSLE)
and residence times in the observation region will allow us
to comment on the robustness of the observed transport phe-
nomena. The influence of hydrodynamic parameters and the
position of the upwelling region will be discussed. The inter-
play of the hydrodynamic transport and the biological pro-
cesses will be investigated in the subsequent subsection.

Transport of tracers starting in the upwelling region

Tracers released in the upwelling region get entrained by ev-
ery lower vortex only. They spiral inwards (Fig. 9) but do not
reach the center of the vortex before the vortex disappears
due to dissipation. Hence, the tracers leave a big circular
region out in their path.

Comparing these transport structures with the distribution
f group P1 (Fig. 5b) indicates that this kind of transport
lays a major role for the dominance of phytoplank®n
 the ring in the exterior of the lower vortex. Since phyto-
plankton groupP; does not reach a high abundance in the
case of a weak upwelling (Sect. 2.2.1) it can only grow in
parcels having crossed the upwelling region. Therefore, the
union of all trajectories of these fluid parcels is the spatio-
temporal set where a strong growth Bf is possible. This
explains the similarities in the tracer distribution of Fig. 9
nd the distribution of; in of Fig. 5b.

(0]

a
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Dependence on the position of the upwelling region ral evolution of thearea of entrainmenof the lower vortex
(vellow-green area in Fig. 11a, green area in panel b, light
Since the described transport phenomena play an importarflue area in panel c). The green region Fig. 11d shows the
role for the observed phenomenaitis crucial to show that thisarea of entrainment for the upper vortex.
kind of transport does not only occur exclusively for our spe-  Tracers crossing the upwelling region can only get en-
cial choice of upwelling region and on other hydrodynamic trained by the vortex if there is an overlap between the area of
parameters such as the vortex strength. We investigate thentrainment of the vortex and the upwelling region as seen in
two main effects, (i) that tracers get entrained by every lowerFig. 11c. Everywhere the area of entrainment passes an up-
vortex only and (i) that they do not enter its interior. welling region would lead to entrainment of tracers. The area
Looking at possible transport barriers in the flow allows of entrainment of the upper vortex however does not depart
us to study transports independently from initial tracer posi-far from the island (Fig. 11d) and thus tracers can only be
tions. We investigate these transport barriers by calculatingentrained by the upper vortex if the upwelling region is very
finite size Lyapunov-exponents (FSLE) of the flow (Aurell close to the island. This yields the existence of a whole spa-
et al., 1997), a method which has been successfully appliedal area of possible upwelling regions where tracers get en-
to geophysical flows in d’Ovidio et al. (2004); Rossi et al. trained by the lower vortex only. Therefore, the phenomenon
(2008); d'Ovidio et al. (2009). The FSLE are a measure forof entrainment of nutrients by every lower vortex only does
the exponential divergence (and convergence, respectivelyjot exclusively occur for our special choice of the upwelling
of the trajectories of initially nearby tracers. We obtain one region. However, if the upwelling region is too far away from
Lyapunov-exponent (r,t) for the flow integrated forward  the island the entrainment by any of the vortices does not oc-
in time and a different oner(_(r,t)) for the flow integrated  cur at all since none of these areas of entrainment ever touch
backwards in time. Maxima in the spatial distribution of the upwelling region.
A4+ approximate stable manifolds of the chaotic flow while  We have shown that the phenomenon of entrainment by the
maxima ofr_ approximate unstable manifolds (Aurell et al., lower vortex only does not exclusively occur for our rather
1997). The stable and unstable manifolds are transport barriarbitrary choice of upwelling region. This still leaves the
ers of the flow and cannot be crossed by tracers. question if tracers entrained by the lower vortex can enter
The calculated FSLE nicely show the mesoscale strucits interior for a different position of the upwelling region
tures of manifolds corresponding to the two vortices in theor different hydrodynamic parameters. Releasing tracers at
flow field (Fig. 10). Tracers released in the upwelling region the left boundary of the observation region shows that only
can only get entrained by the vortices if the transport barri-tracers flowing into the observation regionyat 0 can enter
ers allow a way of entrainment. Throughout this paper en-the interior of the lower vortex (Fig. 12 upper panel) which
trainment means that tracers will enter the vortex and spiraproved to be true for every set of realistic hydrodynamic pa-
inwards along the unstable manifolds of the chaotic saddleameters. Therefore, an upwelling regionyat O does not
(cf. 2.1) as observed in (Fig. 10). However, looking at this allow tracers to enter the interior of the lower vortex. This
snapshot of manifolds can be misleading. Due to the nonseems to be a rather robust result. As a consequence the fluid
stationarity of the flow the manifolds are moving and tracersparcels crossing the upwelling region and hence developing
that seem to be trapped in a snapshot actually follow unexa bloom of P; are only found in the exterior of the lower
pected trajectories. Analyzing the complete time series ofvortex.
Lyapunov-exponents leads to the conclusion that tracers once
entrained by a vortex cannot leave the vortex anymore. Théependence on the vortex strengti

vortices in our flow move approximately three times slower - ) )
than the main stream outside the vortices. Thus, tracers entN€ Position, form and size of the area of entrainment of the

trained by the vortices remain longer in the observation re-vortices is determined by the set of hydrodynamic parame-
gion than others. ters. This can lead to critical values of hydrodynamic param-
This can be visualized by plotting the forward residence &t€rs: A very important parameter is the vortex strength
time t.(r,1) of tracers in the flow, which is the time tracers which strongly influences the strength of mixing in the wake
will remain in the observation region when starting frem of anisland. A smaller vortex strength leads to a smaller area
at timez. A high ;3 obviously indicates that tracers are or of entrainment of the vortices and thus to a smaller overlap
will be entrained by a vortex. Investigating the time seriesW't,h the upwellmg. region (compare Fig. 11c and Fig. 1_3)'
of 7. we can identify regions from where tracers are or will This leads to a critical value of the vortex strength, which
be (raer?trained by a vortex. At time=0.36 7, (Fig. 11a) the has to be crossed in parameter space so that entrainment by
. .36 T, .

yellow-green area shows the region from which tracers will & VOrtex is possible.
be entrained by the lower vortex. Thigea of entrainmenis

visible even though the vortex itself, in terms of high vortic-

ity and unstable manifolds in the center, has not evolved yet.

Looking at further snapshots eft(r,r) reveals the tempo-
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Fig. 11. Colors denote the forward residence tinﬁf@éf—’ atr=0.36T, (a),t =0.48T, (b), t =0.68T, (c), t =1.00 T, (d). The yellow-

green region M ~1.2) in (a), the green reglon{L ~ 1) in (b) and the light green reglonr—“s(% ~0.8) in (c) are the areas
of entrainment of the lower vortex. The overlap with the upwelling redmn(dashed white rectangle) allows for entrainment of parcels

crossing the upwelling region. The green aréfa;@ ~ 1) in (d) shows the area of entrainment of the upper vortex. This area does not

overlap with the upwelling region (dashed Whitecrectangle) for all times. Thus, entrainment of parcels crossing the upwelling region is not
possible for the upper vortex.

Comment on tracers entering the vortex of speciesP; in the edge of every lower vortex is possible due
to the transport of nutrient rich water parcels starting in the
As already mentioned above, tracers having crossed the upipwelling region. However, having crossed the upwelling
welling region and having been entrained by the vortex spiralregion is only a necessary condition for a high abundance of
inwards along the unstable manifolds (Fig. 10). Their motion P;. The second key factor is the interplay of hydrodynamic
becomes mainly rotational and therefore they do not enter thand biological time scales. The abundance of both species in
center of the vortex in the finite lifetime of the vortex. This a parcel evolves in time and thus depends on (i) the thne
leads to the question how tracers get into the interior of theneeds to grow in a parcel, (ii) the time the parcel has been
vortex at all. The only possible explanation is that they havein the observation regiotjo«(r,¢) (Fig. 14), (iii) the time the
already been in the area of entrainment before the compliparcel has entered the upwelling region and (iv) the time the
cated structures of unstable manifolds evolve. They directlyparcel has spent there. Thus, we analyze in this section the
flow into the yellow-green region of Fig. 11c when entering interplay of the different time scales by analysing the sys-

the observation region. tem from a Lagrangian perspective and in the limit of zero
diffusion.
3.2.2 Interaction of hydrodynamic and biological time In the limit case of zero diffusionz§ — 0) Eq. (3) be-
scales comes:

We have shown that for a certain range of hydrodynamic pa-
rameters and of locations of the upwelling region the growthd,c = —u<yc+ F.(c) , ce{N, Py, P2, Z} (5)
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Fig. 14. Colors denote the backward residence tirﬁé?,g:’—t) of the
flow field forr =0.8 T,.

Fig. 12. Tracer released at the left boundary, black dots: tracer
released ap > 0, grey dots: tracer releasedyak 0. upper panel:
t=4.0T,, lower panelr =45T,.

This way the dynamics of a reaction-advection system can be
understood simply as the dynamics of infinitely many fluid
parcels, which evolve following Eq. (7). Since diffusion is
assumed to be zero, there is no coupling between the indi-
2 vidual parcels and they evolve independently. However, not

all fluid parcels evolve identically. Due to the upwelling re-

gion in our model the nutrient input into a parcel depends on
15 its trajectory and thus:

Fe(eL(t) = Fe(eL (1), S(rL(n)) . €

1 However, we can consider two different kinds of parcels:
Parcels crossing the upwelling region and parcels not cross-
ing the upwelling region. The biological model within

0.5 parcels not crossing the upwelling region evolves as in Fig. 4
(upper panel) following:

d .
0 e = Fetef! Siow) with ¢f” (0 = co ©)

andce{N, Py, P>, Z}

Fig. 13. Colors denote the forward residence times of the flow Wherecg is the concentration at the left boundary of the ob-

frts;w for w = 355x 188™  The area of entrainment and the S€rvation region. Thus, the concentration for a given point
- S - . o s :
overlap with the upwelling region become smaller (compared to the@nd time only depends on the (i) time the species need to

situation in Fig. 11c withw = 55x 103 %2)_ grow in the parcel and (ii) the time the corresponding parcel
has been in the observation regigp(r,t) (backward resi-
dence time):
. . . . N
From the Lagranglan point of view thg conce_ntratumt). c(r.1) ZCE )(Tres(r’t))- (10)
along the trajectory(¢) of an infinitesimal fluid parcel is
considered, where_ is a solution of: where the trajectory corresponding (tbl) has not crossed

the upwelling region. Therefore, inhomogeneous concentra-
tion distributions can simply be caused by inhomogeneous
residence times (Fig. 14) which are typical for open chaotic
flows. The backward residence time3g(r,¢) of the flow
(Fig. 14) show filaments with a residence time of abdijtx

d
Se=Fla@), a@=cL@®).n. (7)  30d in the interior and exterior of the vortex at£0.8 T.).

F=u, r(0)=rr0). (6)

Then Eq. (5) becomes:
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o
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ic(z) Z{FC(CEZ),Shigh) , 1 €[70, T0+ Trey] 1)
0.1 dt - Fc(c(Lz),SmW) , otherwise
O A At Afmof This leads to a biological time scale of, ~ 8d to reach the
0 0'01T(Up)/T 0.02 0.03 maximum abundance (Fig. 16).

res ¢ In the edge of the lower vortex and in the filament in the
upper right area of the observation region tracers with a res-
idence time of about.@5 7.~ 8d can be found (Fig. 9)
Swhich matches the biological time scalg, leading to the
high abundance of phytoplankton gro&p.

Varying the size and position in a moderate way meaning
tracers crossing the upwelling region can still be entrained by
the vortex (see Sect. 3.2.1) changes the time sagfeand
TresWhich leads to a change of,.

It turns out that a change in position and therequg

Fig. 15. Histogram of the time(l)Jp which particles released at the
left boundary of the observation region need to enter the upwellin
region (upper panel). Histogram of the residence timgsin the
upwelling region (lower panel).

The biological time scale of a parcel not crossing the up-
welling region is given by the time that group» needs to
reach the maximum abundance which is giverrpy~ 20d
(Fig. 4). This allows for high abundance 85 in the interior , , .
and exterior of the vortex in Fig. 5¢ and d. The fine struc-"@s only weak effects. It just leads to a small time shift
tures however are not visible due to strong diffusion in our ©f the biological behavior. The size of the region however
coupled model (compare Figs. 5d and 14). This described’@s @ stronger effe_ct. As an |Ilustrat|ye casspwe consider a
mechanism leads to the bloom-like behavior of spegiglm  |12rge upwelling regiori0, 2] x [2, 3] leading torresup t0 Q1.
both vortices and has also been discussed for the one-specit!$ing this value in Eq. (12) yields a much higher peak in
case in Sandulescu et al. (2007, 2008). The plankton insidd€ evolution of specie®;. Obviously this will lead to a
the vortices has enough time to grow while parcels not beingStronger bloom oy in the spatio-temporal patterns as well.
entrained leave the region in aroun&@, = 15d not reach- 1 he time scale of the growth dt; is only slightly effected
ing very high concentrations . with tp, 2 0.23 T, %.7 d. Look.lng.agaln at_F|g. 9 shows that
The second kind of parcels do cross the upwelling re_parcels have Iegs t_|me to spllral |r_1wards mtq the vortex inte-
gion. The biological evolution of these parcels additionally 10" but the qualitative behavior will be very similar. We thus
depends on (iii) the time it takes to enter the upwelling re- co_nclu_de that size and position of the upwelling region are of
gion after being released at a boundary and on (iv) the timgMInor iImportance.

they spend in the upwelling region. Most parcels enter the Further simulations varying the vortex strength and the
upwelling region afterr(;‘p ~0.07 T, = 0.75d (Fig. 15 up- Ekman velocity show no qualitative change in the observed

per panel) and leave it again aftgf%~ 0.025 T, = 0.75d patterns. However, if the vortex strength is too low for any

(Fig. 15 lower panel). Thus, the majority of these parcels ex Entrainment of nutrients by the lower vortex, the bloom of
perience a high nutrient input in the time inter{/ag'p cUP phytoplankton grougP; can only be observed in the nutrient

u . 0 plume in the upper right area of the observation region where
] following:

tracers are horizontally advected without being entrained.
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Fig. 17. Ratio of the spatio-temporal average abundance of the two__ . )
phytoplankton groups versus the eddy diffusivity. Fig. 18. Ratio of the spatio-temporal average abundance of the
two phytoplankton groups versus the vortex strength. cirdles:

2
107, crossesD =07,

3.3 The dependence of average concentrations on

diffusivity and vortex strength ] . ] o
high nutrient concentrations which is needed for an accel-

In this subsection we will discuss the influence of diffusiv- eratéd growth of grougP,. This effect is enhanced by the
ity and vortex strength on the spatio-temporal average of thdnesoscale structures in our flow. Shortly after crossing the
phytoplankton groups. By spatio-temporal average we meaN_pwelImg region the .nutrlent concentration in a fluid parcel
the spatial average over the observation region and the tendiSes rapidly before it drops down due to consumption by
poral average over one period of the flow. In the preViousphytopIan!<ton. Strong diffusion due to strong nutrient g.rad|.—
subsection we tried to explain the phenomenon of inhomo-£NtS SEts In before this drop down. The nutrients rotating in
geneous distributions of different phytoplankton groups inthe exterior of the vortex diffuse towards the interior where
the framework of pure advective transport of fluid parcels the groupP2 is highly abundant. Due to this high abundance
containing nutrients. However, in the open ocean turbu-F2 consumes the nutrients much faster than gréupThis
lent mixing is an important process occurring on smaller €ffect also explains the high abundancePgfin the exterior

scales than the mesoscale structures described by our hydr8f the lower vortex (compare (c) and (d) in Fig. 5).

dynamic model. Therefore, we expect that the global picture Varying the vortex strength in a realistic range (accord-
will be influenced by turbulent diffusion. ing to Sandulescu et al., 2006) reveals a decreasg ahd

For our simulations we chose an eddy diffusivity Df= an increase ofP, with increasingw also leading to a de-

Py X
10 m?z This diffusivity corresponds to a scale of 10km crease of the ratu% (Fig. 18). This dependence encan

h Itipl . Achan tan change the amount
(Okubo, 1971), the order of mesoscale structures of the flow ave multiple reasons. A changew g

o . of entrained nutrients in the vortices, the time parcels spent
Thus, itis an approximate upper boundary butsmallervalue% the upwelling region, the residence time of the flow and

2 . .

for D down toD =1 - can be realistic, corresponding to @ the net flux through the observation region. Furthermore,
scale of missing turbulent structures of 1 km. a change ofv leads to a change of the impact of diffusion

A variation of the eddy dlﬁUS|V|tyD in the interval due to a Changing size of the vortices as a loweleads
[0,12] m?z revealed that the abundance of plankton gréyp to a smaller vortex structure (compare again Figs. 11c and
decreases with increasigwhile the dominance of the phy- 13). Hence, increasing means that the ring in the exte-
toplankton groupP, increases more and more. This domi- rior of the vortex becomes larger and with it the area for
nance appears even more pronounced when plotting the ratithe diffusive flux. This leads finally to an enhancement of
% (Fig. 17). Chaotic advection by our model flow leads to the diffusive influence with increasing vortex strength yield-
an incomplete mixing of plankton and nutrients in the ob- ing a decrease af; while increasing the dominance 5.
servation region. The filamental-like transport of nutrients This idea is supported by the increase of the diffusive ef-
allows for the inhomogeneous plankton distributions in our fgct (%(D —10 m?z) — %(D -0 m?z)) with increasingw
model. The decrease (% can be attributed to two effects: (Fig. 19). 2
first, diffusion leads to mixing on smaller scales and there-
fore weakens the spatial separation of the plankton groups.
This effect leads to a higher competition and therefore to a
decreasing rati(%. Second, and in our case more impor-
tantly the small scale mixing leads to a faster dispersion of
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0.18F ‘ ‘ ] trient availability shows a high abundance around the island
X itself andwithin every vortexThis localized bloom is caused
A 0.16¢ x ] by the interplay of hydrodynamic and biological time scales.
o o.14l x | Fluid parcels trapped by the vortices stay long enough in the
y = observation region to experience a bloom-like behavior. This
é\_ﬁ 0.12 X | phenomenon has been observed already in Sandulescu et al.
A (2007, 2008) for only one phytoplankton group. The phyto-
< 0.1t x ] plankton group which needs a high nutrient availability for
survival only occurs irevery second, namely the lower vor-
0.08} ] tex which is further away from the upwelling region. Ad-
0 27500 55(‘)00 82500 ditio_nally, this group can be_ observed_ in those places where
0/ (mzls_l) n_utnents are transpor?e.d with the horllzontal main flpw. The
different signs of vorticity of the vortices lead to different
Fig. 19. Diffusive effectA p, i%i — %(D: 10 %2)_ %(D _ mesoscale structures of transport barriers in the flow. This

way nutrients released above the island (not too close) can
only get entrained by the lower vortex with a positive vortic-
ity. Therefore, the phytoplankton group needing a high nutri-
ent supply can only survive in the region of the lower vortex.
4 Conclusions Focusing on the phytoplankton abundances in the vortex re-
gions reveals a different periodicity of abundance peaks for
We investigated the spatio-temporal abundance of two difthe two phytoplankton groups.
ferent functional groups of phytoplankton competing for the  The composition of the phytoplankton community also
same nutrients in the wake of an island close to an upvaries in the interior and exterior region of a vortex. We
welling region. This investigation was carried out by a model showed that the fluid parcels coming from the upwelling re-
of reaction-advection-diffusion equations resulting from the gion and getting entrained by the lower vortex cannot enter
coupling of the hydrodynamic flow in a wake of an island the interior of the vortex within its finite lifetime. They spi-
and a simplified biological model of a food web. The bio- ral inwards but cannot reach the center before the vortex dis-
logical model consists of three trophic levels: nutrients, twosjpates. This incomplete mixing of the vortices is the first
functional groups of phytoplankton and zooplankton. Onekey factor leading to the different composition of the phyto-
of the modeled phytoplankton groups can only survive for aplankton community in the exterior and interior of the vortex.
high availability of nutrients while the other one was better Fyrthermore, the biological time scale for the growth of the
adapted to a situation of low nutrient avallablllty The Spatio- phytop|ankton in fluid parce|5 having crossed the upwe”ing
temporal distribution of these different groups was studiedregion plays an important role. The phytoplankton group
for the situation of a low inflow of nutrients and plankton at adapted to a high nutrient availability grows very quickly in
the left boundary of the observation region. This low inflow these parce]s due to a fast uptake of the nutrients which en-
can be understood as an oligotrophic open ocean assumptiofered the fluid parcel while crossing the upwelling region.
We showed that the interaction of mesoscale vortices and Spiralling inwards into a vortex, the nutrients are consumed
close enough upwelling region has a strong influence on theind the phytoplankton group with high nutrient needs looses
composition of the phytoplankton community in the wake of the competition with the other phytoplankton group leading
an island. The entrainment of nutrient rich water by the vor-to a low abundance in the interior of the vortex. This is a sec-
tices and the interplay of hydrodynamic and biological time ond factor for the rather thin ring of high abundance of this
scales allow a spatially inhomogeneous distribution of thegroup.
different phytoplankton groups leading to inhomogeneous By introducing the concept of aarea of entrainmenbf
dominance patterns. Depending on the transport of nutrientghe vortices we showed that the observed transport phenom-
either one or the other phytoplankton group is dominant. Itisena and thus also the dominance patterns do not exclusively
important to note that the dominance of the gratpwhich  occur for our special choice of upwelling region and vortex
prefers high nutrient abundance is not confined to the upstrength. We showed how the vortex strength changes the
welling region but its bloom-like behavior occurs in other area of entrainment and how this can lead to the existence of
regions far away from the upwelling but connected to it by a criticalw not allowing entrainment into any vortex.

2
0 "%) versus the vortex strength

the fluid flow. Furthermore, we emphasize titatdominates Bracco et al. (2000) found similar dominance patterns in
here despite the fact that it would normally die out without the mesoscale vortices of geostrophic turbulence. However,
the upwelling region. in their work the effect was based on the assumption that

The composition of the phytoplankton community can be the different species enter the observation region from dif-
different for vortices differing in position and their sign of ferent initial positions. The incomplete mixing of species
vorticity. The group better adapted to a situation of low nu- by eddies protected the less fit species from competition and
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hence high abundance of the weaker species could be foungpecies to nutrient input is likely to play an important role in
in the center of the vortices. This behavior could also bea realistic ecosystem as well. Of course in this case not only
expected in our model if we choose a separated inflow ofthe amount of nutrients is important but also the ratio of dif-
different phytoplankton groups in the upper and lower partferent kinds of nutrients. Nevertheless, we expect the same
of our left boundary. We also showed that tracers enteringmechanisms to influence strongly the competition among the
the observation region above the island cannot enter the inspecies and to yield even more complicated dominance pat-
terior of the upper vortex and tracers entering from belowterns of species.

the island cannot enter the interior of the lower vortex. This A Karman vortex street in the wake of an island is an
transport phenomenon would also lead to a survival of a lesgibiquitous phenomenon in the ocean and we obtained our
fit phytoplankton group in our model. In contrast to Bracco results for a realistic parameterization guided by the Canary
et al. (2000) we assume a homogeneous inflow condition orchipelago close to the African Coast. Thus, the flow time
plankton and nutrients. Only the inhomogeneous mixing ofscales observed are of a realistic order of magnitude. Since
nutrients due to the mesoscale hydrodynamic structures is ahe chosen biological time scales are of a realistic order as
importance for the here reported phenomenon of dominancevell this suggests that similar patterns are likely to occur in
patterns. reality.

Additionally, our study revealed that the composition of  Fyrthermore, we expect similar mechanisms to be impor-
the phytoplankton community depends strongly on the eddyant in various situations since the key ingredients such as
diffusivity of the model. A higher diffusion leads to a more jnnomogeneous nutrient transport and a different response
uniform distribution of nutrients and thus to a decrease of thepf species to nutrient concentration or just the ratio of dif-
phytoplankton group with high nutrient needs. This effectis ferent kinds of nutrients are rather general. Mesoscale hy-
even enhanced by an increasing vortex strength of the flowgrodynamic structures inducing inhomogeneous transport of
A higher vortex strength leads to bigger vortices allowing for ytrients can be found for example in the general case of two-
a bigger area of diffusing nutrients. The interplay of small gimensional mesoscale turbulence. We expect more complex
scale turbulence and hydrodynamic mesoscale Structures isatterns in this case due to the irregular spatial and temporal
therefore an important factor for the composition of the phy- hehavior of the flow. But if the hydrodynamic time scales as
toplankton community. In our study we assumed a constang g the persistence time of eddies in the flow matches realis-
eddy diffusion in the flow. A more realistic approach by tic hiological time scales the plankton distribution will show
estimating spatially varying diffusion coefficients from the 5 gpatio-temporal variability caused by the same mechanism.
velocity field could lead to new insights into this interplay

f hydrodynamic motion on differen | nd plankton
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