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Abstract

A model of phytoplankton—zooplankton dynamics is considered for the case of lysogenic viral infection of the phytoplankton
population. The phytoplankton population is split into a susceptiBlefd an infectedl] part. Both parts grow logistically,
limited by a common carrying capacity. Zooplanktd) (s grazing on susceptibles and infected. The local analysis of the
Sz differential equations yields a number of stationary and/or oscillatory regimes and their combinations. Correspondingly
interesting is the spatio-temporal behaviour, modelled by deterministic and stochastic reaction—diffusion equations. Spatial
spread or suppression of infection will be presented just as well as competition of concentric and/or spiral population waves with
non-oscillatory sub-populations for space. The external noise can enhance the survival and spread of susceptibles and infected,
respectively, that would go extinct in a deterministic environment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction models of phytoplankton—zooplankton dynamics
(Scheffer, 1991a; Malchow, 1993; Pascual, 1993;
Numerous papers have been published about pat-Truscott and Brindley, 1994alchow, 1996, 2000b
tern formation and chaos in minimal prey—predator Malchow et al., 2001, 2004b Different routes to
local and spatio-temporal chao$dheffer, 1991b;
Kuznetsov et al., 1992; Rinaldi et al., 1993; Sherratt
* Paper presented at the Second Adchiternational Confer- et al., 1995; Scheffer et al., 1997; Steffen et al., 1997;
ence on Mathematical Ecology, Aléalde Henares, Madrid, 5-9 Petrovskii and Malchow, 1999, 2001; Malchow et al.,
Seftg?r?:xoor?d:’;'ng author, Teke49 541 969 2499: 2002, diffusion- and differential-flow-induced stand-
fax: +49 541 969 2599. ing and travelling wavesMalchow, 1993; Menzinger
URL: http:/iwww.usf.uos.defrnalchow. and Rovinsky, 1995; Malchow, 2000a; Satnoianu and

1476-945X/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecocom.2004.03.002
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Menzinger, 2000; Satnoianu et al., 2000; Malchow quantities, scaled followingascual (1993)
et al., 2003 as well as target patterns and spiral

waves Medvinsky et al., 2000, 2002have been — =rP(1—-P)— Z+dAP, 1)
i i ; 1+ DbP
found. Also the impact of external noise on patchiness
iti i jon 9Z aP
and transitions between alternative stable population 92 7 — maZ + dAZ. )

states has been studieBit¢ele and Henderson, 1992; 9 = 1+ bP
Malchow et al., 2002; Sarkar and Chattopadhyay,
2003; Malchow et al., 2003a

Much less than on plankton patchiness and bloom
ing is known about marine viruses and their role in
aquatic ecosystems and the species that they infect
for reviewsFuhrman (1999); Suttle (200@ps well as
Wommack and Colwell (2000)There is some evi-
dence that viral infection might accelerate the termi-
nation of phytoplankton bloomgd#cquet et al., 2002

Also the understanding of the importance of
lysogeny is just at the beginningWflcox and
Fuhrman, 1994; Jiang and Paul, 1998; McDanie
et al., 2002; Ortmann et al., 2002Contrary to
Iytic infections with destruction and without repro-
duction of the host cell, lysogenic infections are a
strategy whereby viruses integrate their genome into
the host’; genome. As the 'host reproduces and du- 8X;(7, 1) — AXG.D] 4+ dAXGL D, =123
plicates its genome, the viral genome reproduces,  o¢
too. )

Mathematical models of the dynamics of virally

There is logistic growth of the phytoplankton with
intrinsic rater and Holling-type 1l grazing with max-
" imum ratea as well as natural mortality with rateg
of the zooplankton. The growth ratds scaled as the
ratio of local raterioc and spatial mearr). The dif-
fusion coefficientd describes eddy diffusion. There-
fore, it must be equal for both species. The dynamics
of a, top predator, i.e., planktivorous fish is neglected
because the focus of this paper is on the influence
of virally infected phytoplankton. The phytoplankton
populationP is split into a susceptible pak; and an
! infected portionX,. Zooplankton is simply renamed
to X3. Then, the model system reads for symmetric
inter-and intraspecific competition of susceptibles and
infected

infected phytoplankton populations are rare as well. where
The already classical publication is Beltrami and fL= X1 — X1 — Xa) — axy X
Carroll (1994) more recent work is d€hattopadhyay 1=na 1A T (X + xp) 3
and Pal (2002and Chattopadhyay et al. (20031 X1X5
these papers deal with lytic infections and mass action —)»m, (3a)
incidence functionsNold, 1980; Dietz and Schenzle,
1985; McCallum et al., 2001 ax
In this paper, we focus on modelling the influence £, =, Xo(1— X1 — Xp) — — 2 X4
of lysogenic infections and proportionate mixing inci- 1+b(X1+ X2)
dence function (freguency—dependen'; transmission) on A X1X2 moXo, (3b)
the local and spatio-temporal dynamics of interacting X1+ X2
phytoplankton and zooplankton. Furthermore, the im- a(X1+ X2)
pact of multiplicative noiseAllen, 2003; Anishenko fa= X3 — m3X3. (3¢)

14 b(X1+ X2)

Proportionate mixing with transmission coefficient
A as well as an additional disease-induced mortality
2. The mathematical model of infected (virulence) with ratey are assumed. The
vector of population densities ¥ = {X1, X2, X3}.
The model byScheffer (1991&fpr the prey—predator  In the case of lytic infection, the first term on the
dynamics of phytoplanktorP and zooplanktonZ right-hand side oEq. (3b)would describe the losses
is used as the starting point. It reads in timand due to natural mortality and competition. Here, lyso-
two spatial dimensiong={x, y} with dimensionless  genic infections with-; = ro = r will be considered.

et al., 2003 is investigated.
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Fig. 1. Local dynamics with (a) extinction of infected fer, > A, (b) extinction of susceptibles fan, < A and (c) coexistence of
susceptibles(;, infected X, and zooplanktorXs for my = A, mz = 0.5.
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However, it is a highly simplified model because the
growth rate of susceptibles is usually higher than
that of infected $uttle et al., 1990 Furthermore, the
lysogenic replication cycle of viruses is very sensitive
to environmental changes and very quickly switches
to the lytic cycle. This is left for the second part of
the paper.

Furthermore, multiplicative noise is introduced in
Eq. (3)in order to study environmental fluctuations,
ie.,

0Xi(F, 1)

a
+wi[ X (7, 0]& (7, 1),

fil X(F, ] + dAX; (7, 1)

i=1,23 (4

where &;(7,1) is a spatio-temporal white Gaussian
noise, i.e., a random Gaussian field with zero mean
and delta correlation

(£i(F1, 1D)&i (P2, 12))
i=123

(&, 1) =0,

=8(r1 — F2)8(11 — 12), (4a)

wi[X(#, 1] is the density dependent noise intensity.
The stochastic modelling of population dynamics
requires this density dependence, i.e., multiplicative
noise. Throughout this paper, it is chosen

a)l-[X(7, t)] = a)X,-(?, n, i= 1,2 3

w = constant (4b)

3. The deterministic local dynamics

At first, the local dynamics is studied, i.e., we
look for stationary and oscillatory solutions of sys-
tem (3) ford = 0. Stationary solutions are marked
by X?"° i = 1, 2, 3. Furthermore, we introduce the
parameter

O X5
14 p(x$O4 X5

Analytical and numerical investigations yield the
following selected equilibria.

(0) Trivial solution X;9° = x5 = x3% = 0, al-
ways unstable.
(1) Endemic states with and without predation.

H. Malchow et al. / Ecological Complexity 1 (2004) 211-223

(@ x5 >0, x5 > 0, X5 > 0if mo = 2
andm3z < m§', oscillatory or non-oscillatory
stable, multiple stable equilibria possible.

tabl ltiple stable equilibria possibl

(b) X‘flz > 0, X‘glz > 0, Xglz > 0if mp = A
andm3z < m§', non-oscillatory stable.

(2) Extinction of infected with and without predation.

€) Xf21 > 0, X§21 > 0, XgZI > 0ifmo > A
andm3z < m§, oscillatory or non-oscillatory
stable.

> ] > ’ > | mp >

b) X§22 > 0, X522 > 0, X532 > O if A
andm3z < m§', non-oscillatory stable.

(3) Extinction of susceptibles with and without pre-
dation.

a) X531 > 0, x331 > 0, X531 =~ Qif mp > A

1 2 3
andmg < m§', oscillatory or non-oscillatory
stable.
> ’ > y > | mp >

(b) X332 > 0, X532 > 0, X332 > 0 if A

andms < m§, non-oscillatory stable.

For mz > A, the infected go extinct (solutions 2a
and b), formo > A, the susceptibles do (solutions
3a and b). In the case @i, = A, susceptibles and
infected coexist (endemic states la and b). Because
of the symmetry of the growth terms of suscepti-
bles and infected, the initial conditions determine
their final dominance in the endemic state, i.e., if
X1(t =0) > Xo(r = 0) thenX1(¢) > X2(r)Vt. A cor-
responding example is presentedriy. 1 for r = 1
anda = b = 5. These three parameter values will be
kept for all simulations.

The stable prey—predator oscillations are presenta-
tions of solutions (2a), (3a) and (1a), respectively.

The local dynamics of model (3) is well-known and
simple for a single prey. There can be a Hopf bifur-
cation point, e.g., for decreasing mortality; of the
predator. For the parametershig. 1 this point has
been already passed. A slight increasengffrom 0.5
to 0.625 yields multiple equilibria and also demon-
strates the dependence of the endemic states on the
initial conditions. InFig. 2afor X1(0) > X>(0), one
still finds the oscillatory solution (1a). However, the
opposite choiceX»(0) > X1(0) in Fig. 2b results in
damping of the oscillations, i.e., the different initial
conditions belong to different basins of attraction in
phase space.

After this rough investigation of the deterministic
local behaviour, we proceed now to the stochastic spa-
tial dynamics.



H. Malchow et al. / Ecological Complexity 1 (2004) 211-223 215

T
"Susceptibles"

“Infected" -------
"Zooplankton" --------

0.8 1

Population Densities

0 100 200 300 400 500

(@) Time
1 T
"Susceptibles"
"Infected" -------
"Zooplankton" --------
0.8r
n
Q9
.‘(7'3‘
c
S o6}
= 1
§e] i
5
2 0.4f
[9)
o
YAV Ve Ve VO
O L
0 100 200 300 400 500
®) Time

Fig. 2. Endemic state (1a) with initial conditions in different basins of attraction: (a) stable and (b) damped oscillatierh = 0.2,
m3 = 0.625.

4. The deterministic and stochastic spatial In this paper, we consider the spatio-temporal dy-
dynamics namics of the plankton model (4), i.e., zooplankton,
grazing on susceptible and virally infected phyto-

Much has been published about the spatio-temporal plankton, under the influence of environmental noise
selforganization in prey—predator communities, mod- and diffusing in horizontally two-dimensional space.
elled by reaction—diffusion {advection) equations, The diffusion terms have been integrated using the
the references in the introduction. Much less is known semi-implicit Peaceman-Rachford alternating direc-
about equation-based modelling of the spatial spreadtion scheme,Thomas (1995) For the interactions
of epidemics, a small collection of papers includes and the Stratonovich integral of the noise terms, the
Grenfell et al. (2001); Abramson et al. (2003); Lin explicit Euler-Maruyama scheme has been applied
et al. (2003)andZhdanov (2003) (Kloeden and Platen, 1992; Higham, 2001
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(a)t=0 (b) 100 (c) 500 (d) 900

Fig. 3. Spatial coexistence of susceptibles (two upper rows), infected (two middle rows) and zooplankton (two lower iaws} foe= 0.2,
m3 = 0.5, d = 0.05. No noisew = 0 and 0.25 noise intensity, respectively, with equal initial conditions (left column). Periodic boundary
conditions.
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(a) t=0 (b) 100 (c) 500 (d) 500

Fig. 4. Spatial coexistence of susceptibles (two upper rows) and zooplankton (two lower rows). Extinction of infected (third row) for
my =0.2> % =0.19, m3 =05, d = 0.05 and no noise. Survival of infected far= 0.25 noise intensity (fourth row).

The following series of figures summarizes the re-  Periodic boundary conditions have been chosen for
sults of the spatio-temporal simulations for growth and all simulations.
interaction parameters fro8ection 3but now includ- The initial conditions are localized patches in empty
ing diffusion and noise. space, and they are the same for deterministic and
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(a) t=0 (b) 100 (c) 500 (d) 900

Fig. 5. Spatial coexistence of infected (two middle rows) and zooplankton (two lower rows). Extinction of susceptibles (first row) for
mp =0.2 <1 =0.21, m3 = 0.5, d = 0.05 and no noise. Survival of susceptibles éoe= 0.25 noise intensity (second row).

stochastic simulations. They can be seen in the left col- infected and the two lower rows the zooplankton. For
umn of all following figures. The first two rows show Figs. 3-5 there are two patches, one with zooplank-
the dynamics of the susceptibles for deterministic and ton surrounded by susceptible phytoplankton (upper
stochastic conditions, the two middle rows show the part of the model area) and one with zooplankton sur-
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(a) t=0 (b) 70 (c) 150 (d) 200

Fig. 6. Spatial coexistence of susceptibles (two upper rows), infected (two middle rows) and zooplankton (two lower naws} for= 0.2,

m3 = 0.625, d = 0.05. Without noise trapping and almost extinction of infected in the center (third row). ¥/ih0.25 noise intensity
noise-enhanced survival and escape of infected (fourth row). Phenomenon of dynamic stabilization of a locally unstable equilibrium (first
and fifth row).
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(a) t=0 (b) 100 (c) 200 (d) 600

Fig. 7. Spatial coexistence of susceptibles (two upper rows), infected (two middle rows) and zooplankton (two lower raws} foe= 0.2,
m3 = 0.625,d = 0.05. Without noise trapping and almost extinction of susceptibles in the center (first row)w\#th.25 noise intensity
noise-enhanced survival and escape of susceptibles (second row).
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rounded by infected (on the right of the model area).  The equal growth rates of susceptibles and infected
For Figs. 6 and 7there are central patches of all three have led to the situation that, in a non-fluctuating

species. InFig. 6, susceptibles are ahead of infected environment, the ratio of the mortality of the infected

that are ahead of zooplankton. fig. 7, infected are and the transmission rate of the infection controls
ahead of susceptibles that are ahead of zooplankton.coexistence, survival or extinction of susceptibles

In all figures, this special initial configuration leads at and infected. A fluctuating environment enhances the
first to the propagation of concentric waves for the de- survival and the spatial spread of the “endangered”
terministic case in rows 1, 3 and 5. For the stochastic species. However, noise has not only supported the
case in rows 2, 4 and 6, these (naturally unrealistic) spatio-temporal coexistence of susceptibles and in-
waves are immediately blurred and only a leading dif- fected but it has been necessary to blur distinct ar-

fusive front remains. tificial population structures like target patterns or
In Fig. 3 one can see the final spatial coexistence spirals and to generate more realistic fuzzy patterns.
of all three species fomy = 1. The localized initial Forthcoming work has to consider differing growth

patches generate concentric waves that break up afterrates of susceptible and infected species as well as the
collision and form spiral waves in a deterministic critical noise-induced switch from lysogenic to lytic
environment. The noise only blurs these unrealistic viral replications and the resulting spatio-temporal dy-
patterns. The grey scale changes from high popula- namics of the plankton populations.

tion densities in white colour to vanishing densities
in black.

This changes fomo > A andm2 < A in Figs. 4
and §5 respectively. Whereas in the deterministic
case infected or susceptibles go extinct, the noise en-
hances their survival and spread under unfavourable
conditions.

In Fig. 6, the deterministic simulations yield the
dynamic stabilization of the locally unstable focus
in space and a long plateau is formed with a leading
diffusive front ahead, cfPetrovskii and Malchow
(2000); Malchow and Petrovskii (200Furthermore,
the infected are somehow trapped in the center and
go almost eXth.t' The nOI.Se enhances the “esca‘pe”’Abramson, G., Kenkre, V., Yates, T., Parmenter, R., 2003. Traveling
spread and survival of the infected. waves of infection in the Hantavirus epidemics. Bull. Math.

In Fig. 7, the dynamic stabilization is not so clearly Biol. 65, 519-534.
seen. However, the noise enhances the “escape”,Allen, L., 2003. An Introduction to Stochastic Processes with

spread and survival of the susceptibles here. gi/pe"rciﬁ'j’”s to Biology. Pearson Education, Upper Saddle

Anishenko, V., Astakov, V., Neiman, A., Vadivasova, T.,
Schimansky-Geier, L., 2003. Nonlinear dynamics of chaotic
5. Conclusions and stochastic systems. Tutorial and modern developments.
Springer Series in Synergetics. Springer, Berlin.

A conceptual biomass-based model of phytoplank- Beltrami, E., Carroll, T., 1994. Modelling the role of viral disease

t lankt dator d . h b in recurrent phytoplankton blooms. J. Math. Biol. 32, 857—863.
On—zooplankion preéy—predator dynamics has been Chattopadhyay, J., Pal, S., 2002. Viral infection on phytoplankton-

investigated for temporal, spatial and spatio-temporal  zgoplankton system—a mathematical model. Ecol. Model. 151,
dissipative pattern formation in a, deterministic and 15-28.

noisy environment, respectively. It has been as- Chattopadhyay, J., Sarkar, R., Pal, S., 2003. Dynamics of nutrient-
sumed that the phytoplankton is partly viraIIy in- phytoplankton interaction in the presence of viral infection.

fected and the virus has a lysogenic replication cycle BioSystems 68, 5-17.
ysSog p ycle, Dietz, K., Schenzle, D., 1985. Proportionate mixing models for

i.e., also the infected phytoplankton is still able to age-dependent infection transmission. J. Math. Biol. 22, 117—
reproduce. 120.

Acknowledgements

H.M. is thankful to Kay D. Bidle (IMCS, Rutgers
University) for some helpful advice on lysogenic and
Iytic viral infections of phytoplankton as well as for
references to relevant publications. This work has been
partially supported by Deutsche Forschungsgemein-
schaft, grant no. 436 RUS 113/631.

References



222

Fuhrman, J., 1999. Marine viruses and their biogeochemical and
ecological effects. Nature 399, 541-548.
Grenfell, B., Bjgrnstad, O., Kappey, J., 2001. Travelling waves and

spatial hierarchies in measles epidemics. Nature 414, 716-723.

Higham, D., 2001. An algorithmic introduction to numerical
simulation of stochastic differential equations. SIAM Rev.
43 (3), 525-546.

Jacquet, S., Heldal, M., Iglesias-Rodriguez, D., Larsen, A., Wilson,
W., Bratbak, G., 2002. Flow cytometric analysis oftemiliana
huxleyi bloom terminated by viral infection. Aquat. Microb.
Ecol. 27, 111-124.

Jiang, S., Paul, J., 1998. Significance of lysogeny in the marine
environment: studies with isolates and a model of lysogenic
phage production. Microb. Ecol. 35, 235-243.

Kloeden, P., Platen, E., 1992. Numerical Solution of Stochastic
Differential Equations. In: Applications of Mathematics, vol.
23. Springer, Berlin.

Kuznetsov, Y., Muratori, S., Rinaldi, S., 1992. Bifurcations and
chaos in a periodic predator-prey model. Int. J. Bifurcat. Chaos
2, 117-128.

Lin, J., Andreasen, V., Casagrandi, R., Levin, S., 2003. Traveling
waves in a model of influenza A drift. J. Theor. Biol. 222,
437-445.

Malchow, H., 1993. Spatio-temporal pattern formation in nonlinear
nonequilibrium plankton dynamics. Proc. R. Soc. Lond. B 251,
103-109.

Malchow, H., 1996. Nonlinear plankton dynamics and pattern
formation in an ecohydrodynamic model system. J. Mar. Sys.
7 (2-4), 193-202.

Malchow, H., 2000a. Motional instabilities in predator-prey
systems. J. Theor. Biol. 204, 639-647.

Malchow, H., 2000b. Nonequilibrium spatio-temporal patterns in
models of nonlinear plankton dynamics. Freshwater Biol. 45,
239-251.

Malchow, H., Hilker, F., Petrovskii, S., 2004a. Noise and
productivity dependence of spatiotemporal pattern formation in
a prey-predator system. Discrete Continuous Dynamical Sys.
B 4 (3), 707-713.

Malchow, H., Medvinsky, A., Petrovskii, S., 2004b. Patterns
in models of plankton dynamics in a heterogeneous
environment. In: Seuront, L., Strutton, P. (Eds.), Handbook of
Scaling Methods in Aquatic Ecology: Measurement, Analysis,
Simulation. CRC Press, Boca Raton, pp. 401-410.

Malchow, H., Petrovskii, S., Medvinsky, A., 2002. Numerical study
of plankton-fish dynamics in a spatially structured and noisy
environment. Ecol. Model. 149, 247-255.

Malchow, H., Petrovskii, S., 2002. Dynamical stabilization of an
unstable equilibrium in chemical and biological systems. Math.
Comput. Model. 36, 307-319.

Malchow, H., Petrovskii, S., Hilker, F., 2003. Models of
spatiotemporal pattern formation in plankton dynamics. Nova
Acta Leopoldina, NF 88 (332), 325-340.

Malchow, H., Petrovskii, S., Medvinsky, A., 2001. Pattern
formation in models of plankton dynamics. A synthesis.
Oceanol. Acta 24 (5), 479-487.

McCallum, H., Barlow, N., Hone, J., 2001. How should pathogen
transmission be modelled? TREE 16 (6), 295-300.

H. Malchow et al. / Ecological Complexity 1 (2004) 211-223

McDaniel, L., Houchin, L., Williamson, S., Paul, J., 2002.
Lysogeny inSynechococcus. Nature 415, 496.

Medvinsky, A., Petrovskii, S., Tikhonova, I., Malchow, H., Li,
B.-L., 2002. Spatiotemporal complexity of plankton and fish
dynamics. SIAM Rev. 44 (3), 311-370.

Medvinsky, A., Tikhonov, D., Enderlein, J., Malchow, H.,
2000. Fish and plankton interplay determines both plankton
spatio-temporal pattern formation and fish school walks. A
theoretical study. Nonlinear Dynamics, Psychol. Life Sci. 4 (2),
135-152.

Menzinger, M., Rovinsky, A., 1995. The differential flow
instabilities. In: Kapral, R., Showalter, K. (Eds.), Chemical
Waves and Patterns. Understanding Chemical Reactivity, vol.
10. Kluwer Academic Publishers, Dordrecht, pp. 365-397.

Nold, A., 1980. Heterogeneity in disease-transmission modeling.
Math. Biosci. 52, 227-240.

Ortmann, A., Lawrence, J., Suttle, C., 2002. Lysogeny and
Iytic viral production during a bloom of the cyanobacterium
Synechococcus spp. Microb. Ecol. 43, 225-231.

Pascual, M., 1993. Diffusion-induced chaos in a spatial
predator-prey system. Proc. R. Soc. Lond. B 251, 1-7.

Petrovskii, S., Malchow, H., 1999. A minimal model of pattern
formation in a prey-predator system. Math. Comput. Model.
29, 49-63.

Petrovskii, S., Malchow, H., 2000. Critical phenomena in plankton
communities: KISS model revisited. Nonlinear Anal. Real
World Appl. 1, 37-51.

Petrovskii, S., Malchow, H., 2001. Wave of chaos: new mechanism
of pattern formation in spatio-temporal population dynamics.
Theor. Popul. Biol. 59 (2), 157-174.

Rinaldi, S., Muratori, S., Kuznetsoy, Y., 1993. Multiple attractors,
catastrophes and chaos in seasonally perturbed predator-prey
communities. Bull. Math. Biol. 55, 15-35.

Sarkar, R., Chattopadhyay, J., 2003. Occurence of planktonic
blooms under environmental fluctuations and its possible
control mechanism—mathematical models and experimental
observations. J. Theor. Biol. 224, 501-516.

Satnoianu, R., Menzinger, M., 2000. Non-Turing stationary
patterns in flow-distributed oscillators with general diffusion
and flow rates. Phys. Rev. E 62 (1), 113-119.

Satnoianu, R., Menzinger, M., Maini, P., 2000. Turing instabilities
in general systems. J. Math. Biol. 41, 493-512.

Scheffer, M., 1991a. Fish and nutrients interplay determines algal
biomass: a minimal model. OIKOS 62, 271-282.

Scheffer, M., 1991b. Should we expect strange attractors behind
plankton dynamics—and if so, should we bother? J. Plankton
Res. 13, 1291-1305.

Scheffer, M., Rinaldi, S., Kuznetsov, Y., van Nes, E., 1997.
Seasonal dynamics of daphnia and algae explained as a,
periodically forced predator-prey system. OIKOS 80, 519-532.

Sherratt, J., Lewis, M., Fowler, A., 1995. Ecological chaos in the
wake of invasion. Proc. Natl. Acad. Sci. USA 92, 2524-2528.

Steele, J., Henderson, E., 1992. A simple model for plankton
patchiness. J. Plankton Res. 14, 1397-1403.

Steffen, E., Malchow, H., Medvinsky, A., 1997. Effects of seasonal
perturbation on a model plankton community. Environ. Model.
Assess. 2, 43-48.



H. Malchow et al. / Ecological Complexity 1 (2004) 211-223 223

Suttle, C., 2000. Ecological, evolutionary, and geochemical Truscott, J., Brindley, J., 1994. Ocean plankton populations as
consequences of viral infection of cyanobacteria and eukaryotic excitable media. Bull. Math. Biol. 56, 981-998.
algae. In: Hurst, C. (Ed.), Viral Ecology. Academic Press, San Wilcox, R., Fuhrman, J., 1994. Bacterial viruses in coastal sea,

Diego, pp. 247-296. water: lytic rather than lysogenic production. Max. Ecol. Prog.
Suttle, C., Chan, A., Cottrell, M., 1990. Infection of phytoplankton Ser. 114, 35-45.

by viruses and reduction of primary productivity. Nature 347, Wommack, K., Colwell, R., 2000. Virioplankton: viruses in

467-469. aquatic ecosystems. Microb. Molec. Biol. Rev. 64 (1), 69—
Thomas, J., 1995. Numerical partial differential equations: finite 114.

difference methods. In: Texts in Applied Mathematics, vol. 22.  Zhdanov, V., 2003. Propagation of infection and the prey-predator
Springer, New York. interplay. J. Theor. Biol. 225, 489-492.



	Oscillations and waves in a virally infected plankton systemPart I: The lysogenic stage
	Introduction
	The mathematical model
	The deterministic local dynamics
	The deterministic and stochastic spatial dynamics
	Conclusions
	Acknowledgements
	References


