Nonlin. Processes Geophys., 16, 6236 2009 4 "* .
www.nonlin-processes-geophys.net/16/623/2009/ G Nonlinear Processes
© Author(s) 2009. This work is distributed under in Geophysics
the Creative Commons Attribution 3.0 License. -

Plankton bloom controlled by horizontal stirring

W. McKiver 1, Z. Neufeld!, and I. Scheurind

1School of Mathematical Sciences & Complex and Adaptive Systems Laboratory, University College Dublin, Ireland
?Institute of Biology, Department of Plant Taxonomy and Ecology, Research Group of Theoretical Biology and Ecology,
EOtvos University, Budapest, Hungary

Received: 24 July 2009 — Revised: 22 September 2009 — Accepted: 23 September 2009 — Published: 30 October 2009

Abstract. Here we show a simple mechanism in which temperature, light and stratification, there are also many ir-
changes in the rate of horizontal stirring by mesoscale oceanegular bloom events that do not simply follow the sea-
eddies can trigger or suppress plankton blooms and can leasbnal cycle. Sometimes temporary modifications in the phys-
to an abrupt change in the average plankton density. Wecal environment can cause persistent and abrupt changes
consider a single species phytoplankton model with logisticin the ecosystem known as regime shif&lfeffer et al.
growth, grazing and a spatially non-uniform carrying capac-2001 deYoung et aJ.2008. One typical example of such

ity. The local dynamics have multiple steady states for somea regime shift is eutrophication in shallow lakes, where in-
values of the carrying capacity that can lead to localizedcreased phosphorus concentration in the lake may lead to
blooms as fluid moves across the regions with different prop-an abrupt rise of some phytoplankton densities, which sup-
erties. We show that for this model even small changes in theress submerged plants and consequently zooplankton and
ratio of biological timescales relative to the flow timescales fish populations$cheffer 199Q Scheffer et a].1993 2001).

can greatly enhance or reduce the global plankton producAnother example of harmful blooms are red tide events, asso-
tivity. Thus, this may be a possible mechanism in which ciated with high concentrations of the phytoplankton species
changes in horizontal mixing can trigger plankton blooms Karenia brevisusually occurring in coastal area&ftsch et

or cause regime shifts in some oceanic regions. Comparial., 2008.

son between the spatially distributed model and Lagrangian From a dynamical point of view, there is a common mech-
simulations considering temporal fluctuations along fluid tra- anism for bloom and regime shift: namely, that some exter-
jectories, demonstrates that small scale transport processegil effects cause a change of state within a dynamical system
also play an important role in the development of planktonwith multiple stable statesSgheffer et al.2001; Yoshiyama
blooms with a significant influence on global biomass. and Nakajima2002 Amemiya et al, 2007. The first con-
ceptual models of bloom and regime shifts were based on
bi-stable systems of single populations, that have been ex-
tended to coupled models of two or more specféslife et

al., 2009, and investigated how changing control parameters

In the open ocean, the dynamics of phytoplankton ecosys®f the ecosystem dynamics can trigger jumps between the
tems are strongly influenced by the physical characterisStable states.. If coptrol parameters change slowly, this can
tics of the environment. The interaction between the phys-9enerate regime shiftS¢heffer et al.2003), whereas faster
ical environment and the ecosystem dynamics can lead t@nd generally penodl_c variation of the control paramete_rs
abrupt changes in phytoplankton composition and densitiesc@n Produce blooms in the form of a sudden temporary in-
Phytoplankton bloom (rapid increase of population density,cr€@se of the populatiors{one and Bermari 993 Truscott
Steele and Hendersph992), is frequently observed in phy- 1993Franke etal.1999 Huppert et al.2002 Huppert et al.
toplankton communities. While annual cycles of early spring 2009.

blooms are correlated with the periodic changes in water In addition to temporal changes, the phytoplankton den-
sity is typically non-uniform in space, indicating the influ-
ence the ocean transport processes have on the dynamics of
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the context of vertical mixingHuisman et al.2002 2006 uniform carrying capacityk (x)=Ko+8coSx+y), which is
while large scale horizontal flow was shown to determine thecharacterized by the meafy and the amplitude of the vari-
statistical properties (e.g. power spectrum) of spatial fluctu-ability §. For simplicity, we assume that the carrying capac-
ations Abraham 1998 Hermandez-Garcia et al2002, and ity is fixed in space and time-independent. Although, for real
can influence the dynamics of competing spedi&¢lyi et  systems the carrying capacity can be time-dependent, since
al., 2000. The role of mixing in the propagation of plankton the fluid elements are advected by the flow across different
blooms triggered by localized transient perturbations (e.g. inregions, this simplification does not affect the qualitative be-
ocean fertilization experiments) was studiedAlyraham et haviour of the system.
al. (2000 andNeufeld et al.(2002. The two-dimensional velocity field (x,t)=(u,v) repre-
Recent work has shown that the stirring rate not only af-sents a typical mesoscale ocean flow on length-scales of the
fects the spatial distribution but also has an influence on therder of a few hundred kilometers. The flow field is obtained
total biomass (or average plankton density) when the spaby solving the 2-D incompressible Navier-Stokes equations
tially non-uniform state is maintained by non-uniform input with forcing and dissipationTabeling 2002, namely
of nutrients or carrying capacity (e.g. due to enhanced verti-
cal transport in some regionggsquerp2005 Birch et al, i fu-Ve=F+D @)
2007 Sandulescu et al2007 McKiver and Neufeld2009. at
Wh.|Ie in the previous studies, the average plankt(.)n. concen\-Nhere c=9v/9x—du/dy is the vorticity field which is a
tration was found to be a smooth function of the stirring rate, ; ; S .
- ’scalar in 2-D flows,D is the dissipation and’ is the forc-
here we explore the possibility of sudden abrupt changes in T L . )
; ) . ing. The dissipation is a combination of hyperviscosity of
a locally bi-stable single population model of phytoplankton 8 ; g
: . L2 . S the form D;,;=—vV°®¢ which acts at small scales, and lin-
dynamics with spatial inhomogeneity of a limiting resource.

Both the plankton distribution and the limiting resource are gl?grgnona?“t/ﬁg IZB;Dg’STggaﬁé;h\j;ptrﬁﬁg\tseg?lé?;ﬂ:ggn(see
mixed by a 2-D turbulent flow. We show that, for this model, gy 9

even small changes in the biological timescales relative t Maltrud and Vallis 1991. The forcing is applied in spec-

; Yral space at the large scale wavenumber;e£10, and has a
t.h? flow tlmesgales can greatly enhgnce the p!ankton pmdl.“lcf_ixedgmplitude butg\]/vith arandom phase.ffhis ;‘orcing inputs
tivity. Thus, this may be a mechanism by which changes Inenergy at large scales which is relevant to the type of large

the rate of horizontal transport can trigger or suppress plank-

. ; scale forcing that exists in the ocean.
ton blooms in the ocean. In Se@we introduce the model As was done previousiMcKiver and Neufeld2009, the
we used and analyze its bi-stable properties. In Sate P '

present the results and discuss their implications in Sect plankton model can be characterised in terms of the param-
" etery=Tg/Tr whereT} is the biological timescale arif

is the flow timescale. We define the biological timescale as

2 Model the inverse of the growth rate, i.&g=1/r, and the flow
timescale agr=L/U, whereL is the forcing lengthscale
2.1 Coupled fluid-ecosystem model L=2r/k; and U is the root-mean-square velocity field.

Thusy is given by
To investigate the effects of advection on the total plank-
ton biomass in a spatially non-uniform system with locally =~ U
bistable population dynamics, we consider a simple well-¥ = 7L
known example of a bi-stable predator-prey model with lo- i . )
gistic growth and Holling type 1Il functional response and 2nd Ed. 1) can then be written in dimensionless form as

3

constant predator (i.e. zooplankton) population
i ( i % OF uvp 1{ (1 P > ﬂpz} (4)
—_— u- —_— — R —
P P ZPp? 2
& ruve=rp(1- . , a " 4 K/ 1+p
ot K(X) S§24 p2

where the plankton concentrations and carrying capacity are
where P=P(x,1) is the phytoplankton distribution; is  measured in units of, and the parametet=Z/r is a ratio
the maximum phytoplankton growth rat&,(x) is the non-  of the grazing rate to the growth rate. Here we fix the charac-
uniform carrying capacityZ is the zooplankton grazing rate teristic fluid timescalél to unity so that our time units are

ands is the half-saturation constant of the grazing. ~ defined in units off, but we vary the timescale ratjo by
In the case of constant carrying capacity, the populationyarying the growth rate.

density becomes uniform in space and consequently advec-

tion does not have any influence on the population dynamics2.2 Numerical methods

However, the availability of nutrients and other external con-

ditions typically lead to spatial variability in the phytoplank- The ecosystem Eg4J is solved on a doubly periodic square
ton density. To represent this, we consider a spatially nonddomain of size 2 using a semi-Lagrangian scheme with a
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grid resolution of 1024 squared. Since typically the forc- (a) 5,

ing scale in the ocean is of the order of 50 kBrdcco et ' ' ' ' ' /
al., 2000 and our forcing scale isy=10, then our domain 281 ]
size corresponds to 500 km with a grid resolution of about 22
0.5km. The advecting fluid velocity is obtained by solving 21}

Eq. ) using the pseudo-spectral method. A fourth order
Runge-Kutta scheme is used for the time integration of both

equations with a time step afr=4x10-3T which is less 1

than half the CFL time step required for stability. In the semi- 18} Bi-stable . |
Lagrangian method, the plankton dynamics is solved within 17l ]
fluid parcels, whose motion are tracked using the midpoint

method and then calculated on grid points using bicubic in- ter

terpolation (sed®artello and Thomasl996 Temperton and 15y

Staniforth 1987for details of the semi-Lagrangian method). 14 : . - - - - A

In our model, we do not add diffusion explicitly, however
some numerical diffusion is always present as a result of us-
ing interpolation in the semi-Lagrangian schergitschel

et al, 1999. This numerical diffusion can be estimated us- (b)
ing D,~dx?/dt (seeSandulescu et a2007, for details). To
examine if this diffusion has any effect on the ecosystem dy- af
namics, we also use a non-diffusive fully-Lagrangian model
to solve the ecosystem Edt)( This Lagrangian model uses
the flow field, which is still obtained by solving the Navier- sl
Stokes equations on the grid, to advect a plankton particle
along a single long trajectory of a fluid element in the turbu- Pr a5t
lent flow (McKiver and Neufeld2009.

2.3 Bi-stable solutions of the local dynamics 151
When the carrying capacity is uniform in spaée=0) and 1k —
there is no fluid advection the (nontrivial) equilibria for this
system is given by the solution of 055 58 6 6.2 6.4 6.6 6.8
P} —KPE+(1+BK)Pp—K =0 (5)
where P is the equilibrium plankton concentration. This Fig. 1. (a)Plot indicating parameter range over which the system
equation has three real solutions when is bi-stable. The point indicates the parameter values &geeb.2
) 5 3 and8=1.67, whereas the dashed lines indicates the minimum and
—4a“+ (b*+18b—27)a—4b> >0 (6) maximum carrying capacity valueg §+3). (b) Plot showing how

the equilibrium solutionPg depend onk for §=1.67. The solid

wherea=K? andb=1+8K. When this condition is satis- curves are the stable solutions and the dashed line is the unstable
fied, the system is bi-stable. In Fifa we show the region solution.
for which the system is bistable.

A previous study has shown that in the presence of ad-
vection, the global carrying capacity of the system is af-that a transition will occur as the value pfis changed, in
fected by how fast the flow is in relation to the ecosystemother words decreasing the rate of flow can trigger a plank-
timescales (se®icKiver and Neufeld 2009. In essence, ton bloom.
there is an effective carrying capacitfes, which depends To illustrate this effect, we choose the parameter values
on the timescale ratip=Tp/Tr. In McKiver and Neufeld B=1.67, Ko=6.2 andé=2.5. For these parameter values,
(2009 it was shown that without grazingg&0) the value of  when Kei=Ko the system is locally bi-stable with stable
Keff decreases monotonically with, from the average car- equilibrium values of 0 and 34. Due to the spatially non-
rying capacity{K') to the harmonic meary11/K) (where(.) uniform carrying capacity, in the absence of mixing the sys-
indicate spatial average). For Eg) (he existence of the bi- tem would be composed of patches of bi-stable local dynam-
stable states depends on the effective carrying cap&gity  ics and regions where the local dynamics is mono-stable cor-
If (K) is within the bi-stable regime, but the harmonic mean responding to the upper or lower solution branches shown
1/(1/K) is outside of this bi-stable regime, we can expectin Fig. 1b. In the presence of mixing, the fluid parcels move
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across the different types of locally bi-stable and mono-stabldghat suppresses the high concentration branch as the aver-
regions and, therefore, the rate at which these changes oage behaviour of the system moves outside of the bi-stable
cur can have a non-trivial effect on the global ecosystem dy+egime and the solution branch having low plankton concen-
namics. The limitation of very fast mixing when the sys- tration dominates everywhere in space.
tem is almost uniform in space, the global behaviour is de- Note, that although the local dynamics has multiple
scribed by the harmonic mean carrying capacity that for thesteady-states, the spatial model with mixing has a unique
above parameters is/{1/K)=5.67, which in our exam- spatially distributed solution for any value of the parameter
ple falls outside of the bi-stable regime which ranges fromy. Consequently, there is no hysteresis associated with this
5.87<K <6.68 for $=1.67 (see Figlb). kind of regime shift, i.e. the abrupt change in the systems be-
haviour takes place at the same value regardless whether the
transition is reached from below or above by increasing or
3 Results reducing the timescale ratjo.
In order to illustrate the mechanism of the transition, we
We perform a number of simulations for a large range of val-consider a simple model of the population dynamics where
ues of the parameter. We integrate the equations until the the advection is replaced by a time-dependent carrying ca-
mean plankton has reached a statistically stationary steadyacity, i.e.
state. The time taken to reach this steady state increases
with y as was found itMcKiver and Neufeld2009. Typi- dP 1 |: ( P ) BP? ] @

cally for mesoscale flowg is less than unity, for example it "z, — , "~ Ko+dcodwr)) 1+ P2

r=0.5d"1, U=1cms and L=50 km, using Eq.3) we get

y~0.34. However,y can vary depending on the region of where P(r) represents the time-dependent phytoplankton
ocean being considered and also depending on the seasopsncentration in a moving fluid parcel, and the carrying ca-
which affect the phytoplankton growth rate. pacity changes with frequeney. The frequencyw corre-

In Fig. 2, we show plots of the plankton field after the sponds to the timescal&-=27/w, which is the period of
steady-state is reached. Asincreases the solution goes oscillation of the carrying capacity and represents the char-
from being composed of patches of high and low concentraacteristic timescale for advected fluid elements to move be-
tion (for y <0.6), to the mono-stable regime where only low tween regions of low and high carrying capacity. In our
concentration values exist (for=0.6). For the lowy val- model, this timescale is different than the flow timescale
ues 0.02) the spatial structure of the plankton field closely since the typical vortices are smaller than the bands of the
follows the equilibrium value corresponding to the local car- carrying capacity field and, hence, typically takes longer for
rying capacity field. In the bi-stable regions in space wherea fluid particle to move from different regions of carrying ca-
there are multiple equilibria, the plankton concentration ispacity. InMcKiver and Neufeld2009 the timescald: was
determined by whether the fluid trajectory is coming from determined for this flow by examining the decay of the corre-
a low or a high carrying capacity region corresponding tolation of the carrying capacity measured along an ensemble
the lower and upper solution branches. Thus, when there isf Lagrangian trajectories and they found the characteristic
any arbitrarily slow mixing, this eliminates the co-existence correlation time to b&¢~8Tr. Thus, we can estimate the
of multiple steady-states in the spatially distributed systemtimescale ratioo=Tg/Tr where we use the same biological
and so there is a unique solution which is independent ofimescaleI'x=1/r, but the flow timescale¥r=T7¢/8. This
the initial condition. Nevertheless, a consequence of the bisystem can be easily solved for different valuey of
stable dynamics remains the sharp transition in space sepa- In Fig. 3, we plot the equilibrium mean and variance of
rating bloom and low concentration regions. plankton as a function of obtained by solving the full

As y increases more structures characteristic of fluid ad-Eqgs. @) using both the grid based semi-Lagrangian method
vection can be seen within the plankton concentration field.(dash-dots) and a fully-Lagrangian method (crosses), as well
The advective transport process becomes more important ass the solution obtained from the simpler time-dependent car-
fluid parcels move faster from regions of different proper- rying capacity model (Eqg) (solid curve). Clearly the tran-
ties, therefore, the population dynamics cannot reach the losition from the bi-stable regime can be seen to occur when
cal equilibrium. Whery is increased further, the spatial dis- y~0.6. However, for the simpler time-varying carrying ca-
tribution becomes more uniform in space. While the tran-pacity model there is no jump but rather a smooth transi-
sition from a plankton field dominated by the spatial dis- tion to the lower branch. This is because of the absence
tribution imposed by the external parameters to a uniformof diffusion in the simplified model, since this in the semi-
system is similar to that seen in the case without grazingLagrangian model can lead to the advective propagation of
(McKiver and Neufeld 2009, an important difference in the the localized bloom events as it was showmNieufeld et al.
present model is that here the average concentration chang@902 This is demonstrated by the solution obtained using
abruptly withy (Fig. 3). This is a consequence of the fact the non-diffusive Lagrangian method (crosses), which also
that increased mixing reduces the effective carrying capacityshow a smooth transition to the lower branch, consistent with
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(e) y=0.7 fHy=138

Fig. 2. Snapshots of the plankton field (after statistically stationary state is reached:-60002, 002, 02, 0.6, 0.7 and 18 (going from
left to right and from top to bottom). The minimum and the maximum contour values are 0.54 (bluep8r{ck6l).

the simpler time-varying carrying capacity model. Thus, this4 Conclusions

simple model does give a qualitative estimate ofgthealue

where the jump occurs, as can be seen where the variangsnyioplankton blooms are created by the coexistence of
goes to zero, and also shows that the sharp transition in tthany complex factors. We have demonstrated that the
global biomass is due to the small scale turbulent diffusion. dynamics of phytoplankton blooms can be affected by
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(a) a5 izontal mixing (' increases)Nliller, 2004). Consequently,
' ' ' ' ' ' increased sunlight and stratification could lead to smaller
values, that increases the probability of a bloom associated
with a sudden shift to a higher average biomass state.
RecentlyRossi et al.(2008 studied the relation between
the mixing and phytoplankton concentration of the Benguela
and Canary upwelling systems. They measured the monthly
average of the finite size Lyapunov exponents (FSLE) of hor-
izontal mixing, which estimates the time scale of the mixing
as (FSLEx1/Tr). Both upwelling systems are divided into
two regions according to mixing activity. They found very
different chlorophyll concentrations in the different regions.
In accordance with the predictions of our simple model,

0.5

0 02 0d 00 08 1 12 for both systems the subregions with more mixing activity
v (lower Tr) were found to have lower chlorophyll concentra-
tions.

While the large change in the global biomass in the present
model is primarily caused by the interplay between horizon-
tal advection and the locally bi-stable population dynamics
within a spatially non-uniform environment, we have shown
that small-scale diffusive transport (representing turbulent
mixing on typical lengthscales of a few tens of meters in the
real ocean) is responsible for the sharp transition in the total
plankton concentration. This suggests, that a quantitatively
correct representation of these sub-grid scale transport pro-
cesses is crucially important in large scale ocean-ecosystem
models, as has been found in other previous studies (see for
exampleLévy et al, 2001).

Here we have assumed the carrying capacity is time in-
AT S SN dependent. Though this is a simplification of the system, a

08 ! 12 time independent carrying capacity, while changing the spa-
tial structure of the phytoplankton field (particularly at small
y) would not change the qualitative features of the sharp tran-

Fig. 3. The equilibria of(a) mean andb) variance of plankton sition in the plomass.as a funcFlon pf.as th|§ is dependent
versusy using the full model with diffusion (dash-dots), without on the effective carrying capacity, which varies betw¢g

diffusion (crosses) and the simple time-dependent carrying capacit@nd ¥ (1/K) (McKiver and Neufeld 2009. Qualitatively
(solid curve). similar behaviour is also expected in the case when the carry-

ing capacity is described explicitly as a field advected by the

flow (seePasquero et gl2005 for an example of a model
horizontal stirring in a turbulent flow and by the bi-stability where the nutrient field is included explicitly as a variable)
properties of the biological system. We show that the exis-as long as its non-uniformity is maintained by a spatially dis-
tence of a bloom is sensitive to the ratio of biological and tributed source and assuming that it is independent from the
hydrodynamical time scaley), thus, highlighting the im-  phytoplankton distribution (i.e. the feed-back due to nutrient
portance of horizontal ocean advection in the generation oliptake is negligible).
plankton blooms. When the flow stirring rate is small relative  Overall, this work demonstrates the important effect hor-
to the growth rate of phytoplankton the system is within the izontal advection can have on phytoplankton biomass using
bi-stable regime, where both high and low carrying capac-a simple idealized model. However, the effect of a dynam-
ity values exist, and hence there are blooms. However, beical zooplankton species is neglected here and further study
yond a certain flow stirring rate (relative to the phytoplankton is needed to see if the strong dependence of biomass on hori-
growth rate) the system undergoes a transition to the singleontal advection is seen in a more realistic ecosystem model.
equilibrium case, with a uniform low plankton concentration. Multiple steady states have been found in more complicated
One possible example of this in the real ocean could be whercosystem model&fwards and Yogl2000 and we expect
increased sunlight with stratification temporally increases thesimilar stirring induced transitions can take place in complex
growth rate of phytoplankton7z decreases), while stratifi- ecosystem models too.
cation generally is associated with a decreased level of hor-

var|P]
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