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Abstract The coexistence of a large number of phytoplankton speaes on a
seemingly lmited variety of resources 15 a classical problem in ecology, known
as ‘the paradox of the plankton’. Strong fuetuations in species abundance due to
the external factors or compettive interactions leading to oscillations, chaos and
short-term equilibria have been ated so far Lo explain multi-species coexistence
and biodiversity of phytoplankton. However, none of the explanations has been
universally accepted. The qualitative view and statistical analysis of our field
data establish two distinet roles of toxin-producing phytoplankton (TPP): toxin
allelopathy weakens the interspecific competition among phytoplankton groups
and the inhibition due o mgestion of toxic substances reduces the abundance of
the grazer zooplankton. Structuring the overall plankton population as a combi-
nation of nontoxic phytoplankton (NTP), toxie phytoplankton, and zooplankton,
here we offer a novel solution Lo the plankton paradox governed by the activity of
TPP. We demonstrate our findings through qualitative analysis of our sample data
followed by analysis of a mathematical model.
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1. Introduction

In a famous paper " The Paradox of the plankton,” Hutchinson (1961) argued that
the coexistence of a large number of species in most plankton communitics
remarkable in view of the competitive exclusion prinaple, which suggests that
in homogencous, well-mixed environments species that compete for the same
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resource cannot coexislt. Indeed, simple competition models and laboratory
compelition experiments also suggest that the number of species that can co-cxist
in equilibrivm cannot be greater than the number of hmiting resources, unless
additional mechanisms are involved (Tilman, 1977, 1981; Sommer, 1985, 1986;
Rothhaupt, 1988, 1996; Scheffer et al., 1997; Husman and Wessing, 1999).
Hutchinson himselfl suggested that a probable explanation for this coexistence
could be that the plankton communities are not in equilibrium at all because of
weather-driven fluctuations m the environment (Hutchinson, 1961). Authors such
as Richerson et al. (1970) argued in a fashion similar to Hutchinson (1961) that
continuous varation in environmental conditions, due to the seasonal eyvele and
less predictable [actors such as weather, offer the most possible explanation. How-
ever, o explan the paradoxical coexistence of many competing phytoplank ton
speces, several possible solutions have been proposed during the last four decades.
The proposed mechamsms include spatial and temporal heterogeneity in physical
and biological environment (Leving, 1979 Powel and Richerson, 1985), externally
mmposed or sell-generated spatial segregation (Ives and May, 1985; Britton, 1989,
Hassel et al., 1994), incomplete vertical mixing (Huisman et al., 1999), horzontal
mesoscale turbulenee of ocean charactenzed by coherent vortices (Bracco et al.,
2000), oscillation and chaos generated by resource competiion among the phyto-
plankton species (Huisman and Weissing, 1999; review by Scheffer et al., 2003),
and stable eoexistence and compensatory dynamics under Auctuating temperature
in resource competition { Descamps-Julien and Gonzalez, 2005). However, in view
of the ever-persisting unpredictability of species abundance, the question as to
what drives the non-cquilibrium dynamics of plankton community still remains
open for further investigation (review by Scheffer et al., 2003).

In contrast to the explanations proposed so far, in this paper, our objective s
to introduce a new internal mechanism for regulation of the dynamics of over-
all plankton population. Monitoring and identification (Tomas, 1997) of marine
plankton population has been carried out by our group in the north-west coast
of the Bay of Bengal since January 1999, We have found a significant number of
species of phytoplankton that have the ability to produce toxie or inhibitory com-
pounds ( Hallegrae(l, 1993; Steidinger, 1996; Chattopadhyay et al., 2002a.b; Sarkar
and Chattopadhyay, 2003a). We call these toxin-producing phytoplankton (TPP),
and dstmguish them from nontoxic phytoplankton (NTP). In general, TPP group
contains (1) planktonic or benthic microalgae that produce toxin (e.g., the motile
stage of Alexandrium, the benthie Gambierdiscus ), () other toxic dinoflagellates
(g, Pfiesteria), (in) macroalgae that results in noxious smells (e.g., Pilayella), (iv)
a few species of Cynobacteria or blue algae (e.g., Microcystis), (v) nontoxic mi-
croorganisms that result in hypoxic conditions (e.g., Chactoceros, Mesodinium)
(for a detailed hist of TPP species that have been wdentified by our group, see
Chattopadhyay et al., 2002a). These TPP are entirely different from other phy-
toplankton in biochemical nature. Inhibitory substances released by TPP reduce
the prazing pressure of zooplankton (e.g., Kirk and Gilbert, 1992). Buskey and
Stockwell (1993) have demonstrated in their field studies that micro- and meso-
zooplankton populations are reduced during the blooms of a chrysophyte Aure-
ococcus anophagefferens in the southern Texas coast. Toxicily may be a strong
mediator of zooplankton feceding rate, as shown i both field studies (Nielsen
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etal., 1990) and laboratory studies (Ives, 1987). These observations indicate that
the toxic substances play an important role in the growth of the zooplankton
population and have a greal impact on phytoplankton—zooplank ton interactions
(Kozlowski-Suzu ki et al., 2003).

Amnalysis of our monitoring data shows a regulatory behavior of TPP on zoo-
plank ton populations aswell as its compensating role for competitive disadvantage
among phytoplankton groups. Our observations indicate TPP presence as a signifi-
cant factor promoting the coexistence of the speaes. Taking this factor into consid-
eration, we have proposed and analyezed a three-component mathematical model
consisting of the NTP, TPP, and zooplank ton populations. We have estimated the
parameters of the model system from our field data by dynamie estimation meth-
ods. We have numerically simulated the model system using estimated parameter
values and observed mit-cycle osallations. We have also found the condition for
a Hopl bifurcation in the model. We have assessed, starting from the estimated
parameters, the effect of all the parameters on the model system. Throughout, we
have observed that TPP provides a mechanmism for switching of plankton dynam-
ics from oscillation to stability and vise versa, leading to planktome-disequilibria.
Thus, coexislence and biodiversity of plank ton may be maintained.

2. Qualitative view of field data

The study area extends from Talsan (Orissa, India) to Digha Mohana (West
Bengal, India). Geographically, the area is situated from 21°37 northern latitude
and 87°25" eastern longitude to 21742 northern latitude and 87°31° eastern longi-
tude (Fig. 1).
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Fig. 1 Map of cosstal region of West Bengal and part of Orissa, India (source: CIFRI,
Barrackpore, India).
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Frequency of sampling was every 2 weeks, except the months of September and
October when the sampling program had to be suspended because of bad weather.
Morcover, due to local disturbances and finanaal constrains, we were unable to
collect the data every fortnight. Plankton samples were collected both from the
surface and subsurface water (1-2m depth) by a horizontal plankton tow with a
20 pm mesh net 0.3 m in diameter. The collected samples were preserved i 3%
formaldehyde in seawater. Counting of phytoplankton was done under microscope
using Scdgewick-Rafter counting cell and expressed in number of samples per
hiter (nos. per liter). Identification of plankton community was done following the
method of Tomas (1997). Sample data on populations for the period 2000-2001
have been considered for the present study.

The graphical plot of the observed data for NTP, TPP along with their grazer
wooplankton is presented i Fig, 2. In the sample data, the tme lag between two
consccutive data pontis not always constant. Moreover, because of the breaks n
data collection (including the months of September and October of each year),
some values are missing in our data. The gaps in the axis of date of collection show
the missing of data (Fig. 2).

To accommaodate the nonuniform spacing of sampling times, i the subsequent
analysis, we consider the collection times as discrete tme pomnlts, the time lag be-
tween any bwo of these points 1s measured in days.

The graphical representation (Fig. 2) of species” abundance against the discrete
tme of collection shows fuctuating number of organisms. This plot also depicts
that the number of zooplankton is low in those ponts where TPP s at high abun-
dance. The trend of variation in the abundances of NTP and zooplankton can be

Population abundance against date of collection
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Fig. 2 Representation of the Held data against the dates of oollection. The gaps indicate the
breaks in data collection, the data are missing at those points; all the populations are in Muctuating
abundance. The abundance ol zooplankton is low when the TPF is at high abund ance.
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Trend of variation in NTP abundance against TPP
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Fig. 3 Linear-regression plol representing the variation in abundance of NTF and zooplankion
with respect tovariation of TPP; (a) NTP vs. TPP; the regression ling has a positive slope, indicat-
ing that the presence of TPP reduces the competitive dissdvantage. (b) Zooplankion va. TPP; the
regression line has a negative slope, indicating that TPP has an inhibitory effed on zeoplankion
and high abundanoe of TPFis not favorable for the persistence of zooplankion.

found from the scatier plot of NTP against TPP and zooplankton against TPP
(Fig.3).

The negative slope of the linear-regression line for zooplankton against TPP
(Fig. 3(b)) indicates an antaponistic relationship manifesting that the abundance
of zooplankton reduces in the presence of TPP. This observation resembles the
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results obtained earlier from field (MNielsen et al., 1990) and laboratory exper-
mments (Ives, 1961) that the grazing pressure of zooplankton decreases in the
presence of TPP. This view of data pomts out that TPP has a sigmificant con-
trollmg command on zooplankton and acts as a regulatory factor on plankton
dynamics. On the other hand, the positive slope of the linear-regression line
for NTP against TPP (Fig. 3(a)) indicates an insignificant competitive disadvan-
tage between these two groups of phytoplankton. Our observation in this con-
text 1s consistence with the recent studies such as Hulot and Huisman (2004), and
Solé et al (2005).

Further statistical analysis of our field data followed by the estimation of the
missing values by expectation maximization algorithm (E-M algorithm) and
vector auto-regressive (VAR) modeling also indicate two distinet roles of TPP:
the mhibitory role influencing the abundance of zooplankton and compensation of
compeliive disadvantage among phytoplankton groups by toxin allelopathy. We
would like to point out here that the qualitative behavior of the dynamics remains
unaltered even if we include the missing values estimated by E-M algorithm. The
detail of this analysis can be found in Roy et al. (manuseript in preparation ). Ad-
ditionally, a study on the interaction among two NTP and a toxic phytoplank ton
sugpgests that toxin allelopathy (e, toxic matenials released by TPP) weakens the
mterspecalic competition among phytoplankton speces that allows several species
to coexist in a stable equilibrium. In other words, in the absence of the predator
zooplankton, toxin allelopathy acts as a stabiliang factor for the dynamics of
competitive phytoplank ton species (see Roy and Chattopadhyay, 2006). However,
in reality, the dynamics of phytoplankton are not stable but fuctuating and
unpredictable. And the presence of the predator zooplankton influences the
overall dynamies. In the followmg section, taking into account the inhibitory
role of TPP on zooplankton, we consider a mathematical model that deseribes
the imteraction among NTP-TPP—ooplankton. And in the subscquent analysis,
we explore how toxin inhibition on the predator zooplankton influences the overall
dynamics.

3. Analysis of mathematical model and results

In this section, we developa mathematical model of those interacting groups: NTP,
TPP, and zooplankton under the following assumplions:

(1) Each of NTP and TPP population follow logmstic growth in the absence of the
other and the grazer (Odum, 1971).
(i1) Both the groups of phytoplank ton exhibit Holling type-11 functional response
(Ludwig, 1978) to the grazer zooplankton.
(ui) Toxic maternals mgested on predation of TPP cause a significant imhibitory
effect on zooplankton growth.

The assumption of mdependent predation of TPP and NTP by zooplankton fol-
lows from the literature dealing with the modeling of interaction among toxic, non-
toxic, and zooplankton (e.g., Sarkar and Chattopadhyay, 2003b, Chattopadhyay
et al., 2004).
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Let Air), P(r), and Z(t) be the concentrations of NTP, TPP, and zooplankton
population, respectively, at tme ¢, Let K be the environmental carrying capacity
of phytoplankton which 1s shared by NTP and TPP; where o and o3 be the compe-
tition cocflicients among them respectively, arising from the resource competition
for the common resource of the shared environment. Let ry and r» be the constant
intrinsic growth rates of NTP and TPP population respectively. Let wy and us be
the rates at which NTP and TPP are consumed by zooplankton. Let & be the max-
imum rate of gain in 2ooplankton growth due to predation of NTP at a rate uy
and & be the rate of inhibition of (or reduction in) 2ooplankton growth by toxic
material ingested in feeding on TPP. Let Dy and % be hall saturation constants
for NTP and TPP respectively, and ¢ be the mortality rate of zooplankton due to
natural death.

Based on the carlier assumptions, plank ton dynamics may be writlen in the form
of simple differential equations as follows:

ﬁ P]Iﬁ(l—P]-i-a]&)— uy & ]

dr K D+ A

d P Ptex A waZ

—=mninl1- - ; 1
ar ‘*I”( K ) Dz+Pz] ()
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di h+PA D+ P

with the initial conditions A(0) = 0, A(0) = 0, Z(0) = 0.
ad. Eguilibria analvsis

All the solutions of system (1) which initiate in B} are uniformly bounded. (the
proof is obvious.)

The system (1) possesses the following equilibria: (i) the plankton-free equi-
librium, £y = (0, 0,0): (i1) TPP- and zooplankton-free equilibrium, £y = (K.0,0);
(111) NTP- and zooplank ton-free equilibrium, £ = (0, K, 0): (iv) zooplankton-frec
equilibrium, £; = (. f. 0), where
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(v) TPP-free equilibrivm, £ = (7. 0, 5), where

. ch
" B¢
2=$1Y1D]{K$|—Eff{+ﬂ]))_

g K{$1 = vl._::l.‘2



2310 Bulletin of Mathematical Biology (2006) 68 Z30-233)

(vi) the interior equilibrium E* = (P, Py, 2*),
where
P = Ates Aehtes)
aD+a P &P -cDh-ch
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and £y is given by
B(AY + 6 (PY+ 6P +6, =0,
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The ecquilibria £y, £, and £ always exist. The zooplankton-free equilibrium £
exists if eitheray = 1,00 = 1,0orey = 1 os = 1. The TPP-free equilibrium E; exists
if & = cfl + %‘-).Th{: positivity of the interior equilibrinvm point leads to following
conditions

W &> max[r LS (z-g% +|{1+f]|ﬂ';z)].

Fiuao
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The following theorem (which s obvious and thus stated only) summarizes the
results of local stability of system (1) around cach biologieally feasible equibbria.

Theorem 3.1 The plankton-free equilibrivm Ey = (0,0,0), TPP- and zooplank
-ton-free equilibrivm Ey = (K0, 0), and NTP- and zooplankton-free equilib-
rinm Fo = (0, K, 0) are unstable saddles. The zooplankton-free equilibrium B =
( 1, 2,0 is an unstable saddle under the conditions (i) & = & + ¢, (ii)

D]{E}'i‘f}l vL_D]
& —b - -]

P = max

The TPP-free equilibrivm E; = (7,0, 7)) is locally unstable if

The interior equilibrium E*(PF. Py, 2*) is locally asymptotically stable if

r]Df rgﬂgl

iy 2« mm! T
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o+ B Tt

Due to the complexity of the expressions, we are unable to see the effect of
system parameters analytically. To see this, we shall take the help of numerical
analysis.

.2, Hopf bifurcation

The dynamical behavior of system (1) around the positive interior equilibrium
(where all of the three species coexst) depends on the system parameters. We find
from standard analysis that the system is locally asymptotically stable in some re-
gion of parameter space, and that the dynamics of the system changes for different
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Fig. 4 Bifurcation diagram of the model system with &2 as bifurcation parameter. Hopl bifur-
cation oocurs al a critical value £ = 55, Oscillatory dynamics for £ = 25, interior equilibrium is
locally asympiotically stable for £ = 55,

values of £. A bifurcation diagram choosing £ as the bifurcation parameter shows
that there exists a critical value £, where a Hoplbifurcation oceurs (Fig. 4), and the
dynamics show limit-cyele oscillations. The dynamics of the system are oscillatory
for the values & - £5. On the other hand, the interior equilibrium s asymplotically
stable for & = £5 under the restriction on & such as required for the exstence of
E*. The bifurcation results sugpest that the dynamies of the system are sensitive to
the varation of £, and that corresponding to different strengths of toxin nhibition,
the overall dynamics would show large-amplitude oscillation, small-amplitude os-
allation, and stability. In other words, the presence of toxicity of varyimg strength
would allow switching of the overall dynamics through oscillations and stability.
The nonuniform fluctuation pattern of the abundance of plankton species (sec
Fig. 2) suggests that the overall all plankton dynamics change rapidly, and this
change might be the result of switching of dynamics from one state to the other.
The result of the bifurcation analyss suggest that toxin inhibition might be a po-
tential cause for the swilching of plank ton dynamics m real world. To confirm this
proposition, in the following section, we perform numerical simulations to explore
the overall dynamics of the model system over the permissible ranges of the model
AT AME LTS,
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4. Parameter estimation and numerical experiments

For numerical experiments, instead of taking an arbitrary set of parameter val-
ues, we approach to find the “best-fit estimation of the parameters consistent with
the behavior of the field data. For this purpose, we follow the dynamic estima-
tion method of ODE developed by SAS Institute Incorporation (see Bryne and
Hindmarsh, 1975; Erdman and Morelock, 1996).

From the field data, *best-fit estimation” of the model parameters has been made
in the following way.

Estimation procedure starts with an arbitrary set of imbal parametric values
(say. py) chosen on trial basis. We take the first-observed data point, Xt = 0)aw =
(P = Wb Palt = 0gig . £t = 0)ape) as the initial values for the vanables. Next
we solve the ODEs numernically with the mitial values of parameters and find
the solutions of the model at those time points where ficld data is present. Let
these solutions be, Xt 2 wed = (P mods P20 dmod . Z08 Jmea ), and the observed
data points be XT# o = (P08 Dobss P08 Jobss Z08 Jas ). Now the model parameters
are estimated from the data by mimimizing the followmg cost function over the
parameter space:

e
Ltpaldx::lm) — E " Xl::'r:li:llh o XE:L Pﬂ) "21
=iy
where
" Hr_]i:llm - XIL Pa:l "

= "fll::gll:'r)i:-lm - PEI {r:llfﬁ:lit:lz + {FEZU)-::III\ = le:'r)miﬂ).z + le:'r)i:llm - z{rjlﬂiﬂjz-

This has been done in the following sequential approach.

Step 1: Caleulate the cost function as defined abowve using the mitial parameters.

Step 20 Give a small increment (5.0%) in both direction (positive & negative) Lo
ecach parameter and caleulate the cost function m each case to find minm-
mum value of the cost function and the corresponding parameter for which
il 1% MinimLum.

Step 3: Preserve this parameter set as the mmitial value of parameters for the next
iteration and carry oul the same process.

The whole process was carried out with a special program developed in MAT-
LAB.

A praphical match of parameter estimation is produced (Fig. 5). R2-value of
estimation i found tobe 72.5%.

The estimated parameter values are: rp = 0.4632 per day, K = 505 nos. per ml,
wy = (L6625 per day, I = 45 nos. per ml, ra = 0.4425 per day, wa = 0.435 per day,
Iy =30 nos. perml, oy = 0002, o = 0001, &) = 0.516 per day, ¢ = 0.109 per day,
£ = 0.198 per day.



2314 Bulletin of Mathematical Biology (2006) 68 Z30-233)

Field data against cbserverd time points

400
z 350
2 304
S =50
pt—
22
2 L1150
a 10
[=]
a5
0 .
12345678 91011121314 15161718 192021 22 2324 25 26 27 26 29
Observed time points
(a)

Solution data against observerd time points

883

Population density
(nos./lit)
E3E88

Observed time points
(b)

Fig. 5 Graphical match of the parameter estimation. (a) Graphical representation of the field
data against the discrete time points al which data is present. (b) Graphical representation of
moddel output with estimated parameters al those discrete points, (Note that, because the ligure
i intended to provide just a comparison between the observed and estimated data an the disoete
time points, the observed points are not separated by a unilform sampling interval as in Fig. 2.)

Very low values of the competition cocfficients (o . o2) estimated from the fickd
data resemble that the toxie materials released by TPP weaken the interspecilic
competiion among phytoplankton species. This result supports the qualitative
view of the data (Section 2) and 15 consistent with the previous studies conducted
by Hulot and Huisman (2004 ), and Solé et al. (2005).

The model system with estimated parameter values shows self-sustained os-
allations (Fig. 6) asserting that, in general, plankton are in oscillating cocxis-
tential state, not in stable equilibrium. However, in reality, plankton dynamics
hardly show uniform osallation; rather, it shows fuctuating coexistence of species
(Fig. 2). And these fuctuations indicate that the overall dynamies © frequently
changing.
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Fig. 6 Limit-cycle oscillations of the model system with estimated parameters: oscillatory coex-
istence of the plankion population.

Now in order to find out the key factors responsible for unpredictable dynami-
cal change, we perform numerncal experiments on the estimated parameters. We
vary cach of the parameters and observe the system behavior of the model in cach
step. Results demonstrate that oscillations sustain for all possible combinations of
parameter values m the respective conlidence intervals. We further extend the sim-
ulation process up to the permissible range of each of the parameters (Le., values
satisfyving the parametric conditions for coexistence obtaned from equilibrivm and
stability analysis). The simulation results show that the dynamics are not sensitive
to the magnitudes of the parameters, except for the parameter £ and ¢ (Fig. 7).

When there is no toxin inhibition (i.e.. £ = 0) or the intensity of toxin inhibition
15 very low, dynamics show sellf-sustained oscillations (Fig. 8(a) and (b)). On the
other hand, if the parameter & 15 very large, then because of high toxic effect, the
predator goes o extinetion (Fig. 8(d)). The amplitude of the self-sustaned oscil-
lations s sensitive Lo the magnitude of toxin inhibition. Any vanation in £ causes
variation in the amplitude of oscillation of the overall dynamics (Fig. 8(b)). How-
ever, for a very restricted range of £ (0354 < £ = (0386), a stable equilibrium
possible. Because of the extreme sensitivity of the stable equilibrium to the mag-
nitude of &, we may characterize it as a “fragile-stable state™ (Fig. 8(c)). These
results demonstrate that the vanation in the rate of killing of the grazer zooplank-
ton by toxic materials ingested changes the dynamic behavior of the system. Unless
the parameter of toxin inhibition in very large (in that case, zooplankton gocs to
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Fig.7 Effect of different parameter values in the respective permissible range. (o) Sell-sustained
oscillation due o variation of ey in the range L0001 = @y < 001 similar resulis oblained (not
shown in figure) for all other parameters exceptl & and . (b) Sell-sustained oscillations to fragile
stability and vice versa due w variation of &; sustained oscillations obtained for long range and
stable focus for short range of values of & illustraled the variation of & in the range 0.30 = &
.39, which is similar (o the results oblained (nol shown) for 027 < ¢ = 0030,

extinction ), all the speaes coexst either in an osallating state or in stable equi-
librium. However, because the stability 15 only for a small range of the intensity
of toxin inhibition, any varation in the miensity of mhibition will allow switching
of the dynamics from stability to oscillation. This phenomenon may be a possible
cause for unpredictable plankton dynamics leading to ever-persisting fluctuations
n the abundance of phytoplankton. And this result shows that TPP is a possible
candidate for determining the nature of plankton dynamics in marine eoosyslem.

5, Conclusion

It 15 well established that non-equilibrivm conditions allow the coexstence of
many species under limiting resources, and that real-world plankton commumnitics
can never be in equilibrium, which i the reason for their coexastence (Huchinson,
196]1; Levins, 1979; Armstrong and MeGehee 1980; Sommer 1985; Huisman et al.,
2001). Oscillations and chaos in plankton dynamics generated by factors such as
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Fig. 8 Wariation in toxin inhibition and plankton dynamics: (a) limit-cyde oscillation when
£y = (& (b} sell-sustained oscillations for low values of £2: (o) fragile-siable steady state of plankton
dynamics, stability is obined for £2 in the range 0354 = & = 0386, illustrated the siability (sta-
ble focus) for & = 0L.38; (d) extinaion of predator zooplankton for large value of toxin inhibition.

weather Quetuation, ete., or competition among plank ton species, have been ated
50 [ar, for their non-equilibria (Scheffer et al., 2003 ). Structuring the overall plank-
ton population as a combination of NTP, toxic phytoplankton, and zooplankton,
here we demonstrate an internal mechanism within the plankton community that
does not depend on the effect of external factors and competition, and that may be
responsible for ther paradoxical coexistence. The qualitative view and statistical
analysis (also see, Roy et al., manuseript in preparation ) of our data establish two
distinet roles of TPP: the inhibitory role of toxie substances in reduction of zoo-
plankton abundance by posoning the grazer with toxic matenals, and the role of
toxin allelopathy in compensating the competitive disadvantage (also see, Hulot
and Huisman, 2004) among the phytoplankton species. Recent studices show that
the direct effect of toxic materials released by TPP on NTP (i.e., toxin allelopa-
thy) weakens the interspealic competition (sce, Solé et al., 2005) and stabilizes
the dynamics of competitive phytoplankton specics in the absence of zooplankton
(sce Roy and Chattopadhyay, 2006). In this paper, toxin inhibition on zooplank-
ton 1% incorporated in a model of nteracting NTP-TPP-zooplankton populations
and the plankton dynamies are explored analytically and numerieally using the
field data. The study demonstrates that toxin inhibition on the grazer zooplankton
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mves a significant feed-back to overall plankton dynamies, and the ntensity of
mhibition (£:) regulates the overall dynamic behavior. The nonuniform uetua-
tion pattern of the abundance plank ton species (see Fig 2) sugpgest that overall all
plankton dynamics change rapidly, and this change might be the result of switch-
g of dynamics from one state to the other. We sugpest that the so-called *plank-
tonic non-equilibria’ can be viewed as a consequence of the switching of dynamics
through self-sustained oscillations of different amplitudes and fragile-stable state.
Results show that in the presence of TPP, the interspecific competition among phy-
toplankton species (which 1s weak because of toxin allelopathy ) 1s not responsible
for such switching of dynamics (Fig. 7). Sensitivity of dynamical state is found to
be dependent (only) on the parameter of toxin mhibition on zooplankton. Varia-
tion in the intensity of toxm inhibition acts as a drving foree for determiming the
dynamics of different-amplitude osallations and switching of plankton dynamics
through osallation and stability. Undulating varniation in the imtensity of toxicity
may be explained with the vacillation of abundanee of TPPin the system (Fig. 2).
The large Quetwations of the abundance of TPPin the field data (Fig. 2) indicate a
large variation in the strength of toxicity in the system. Consequently, the dynam-
ics of plankton are also hikely to change from oscillations of different amplitude o
stability and then again to oscillation, leading o the *planktonic non-cquilibria’,
These results establish a prominent role of TPP in explaming dynamics of the
overall plankton population as a combination of NTP, toxic phytoplankton, and
zooplankton. The inherent switching of the plankton dynamies regulated by TPP,
as deseribed by our study, may be responsible for the waxing and waning of a large
number of plankton species, leading to ther cocxstence and persistence of biodi-
versity.
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