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Abstract

Effect of environmental factors and existence of harmful species in a community play an important role in generating hypothesis
about the nature of interactions between species in an assemblage. The present paper attempts to establish the role of different
hydrological parameters in the formation of plankton blooms and to look for a suitable form of functional response to describe the
reduction of zooplankton population due to toxin producing phytoplankton (TPP). We consider the analysis of variance technique
in regression model. In the analysis, first we try to check whether each of the zooplankton species has significant association with
any of the physical parameters and TPP as a whole. Secondly, we consider the fact whether each of the zooplankton species has
any association with the physical parameters and the TPP individually. Moreover, we propose a modified variance measure for
detecting species association, taking into consideration some of the environmental variables and suggested a suitable functional
form to describe the toxin production process by TPP population. We then incorporate our findings into a mathematical model
and show that a sufficiently large increase in the toxin production rate can destabilize the plankton system’s functioning and
result in algae bloom.
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1. Introduction

In community studies, the species abundance pat-
terns can be used to test or generate hypothesis about
the nature of interactions between species in an assem-
blage. Indeed, such patterns have often been used to
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infer the interactions directly. For instance, informa-
tion on correlation/anticorrelation between different
species can be used in order to distinguish between
mutualistic and agonistic interactions. Better knowl-
edge of the nature of interspecific relations leads to
better understanding of the community dynamics and
eventually to a possibility of biological control. Thus,
the description and statistical analysis of species abun-
dance pattern are of considerable interest.

The question whether individuals of a given species
occur more frequently when a second species is
also present or abundant was addressed by several
researchers (e.g., Lloyd, 1967; Pielou and Pielou, 1968;
Buzas, 1970; Taylor, 1979; Simberloff and Connor,
1981; Wiens and Rotenberry, 1981, etc.). A number
of methods have been developed for testing whether
such an association, or correlation, between two species
exists in a given community. Pielou and Pielou (1968)
were among the first to discuss a test for species asso-
ciation. Pielou (1972) proposed a variance measure
for detecting species association that uses the pres-
ence or absence of data for k different species in N
sampling units. He showed that the difference of the
observed variance of the number of species per sam-
pling unit and its expectation under the null hypothesis
that all £ species are independent could be used as a
measure of the overall association among the species.
Pielou (1972) was the first to compare the observed
variance with the expected variance but similar meth-
ods have been suggested independently at least three
times since then (Diamond and May, 1977; Jarvinen,
1979; Schluter, 1982). Robson (1972) derived a statis-
tic for testing the observed variance against the null
model. The limitation to Pielou’s measure is that it is
confined only to presence and absence of data and as
a result there is loss of information regarding species
association. Schluter (1984) modified the test origi-
nally suggested by Pielou and showed that the ratio
of the above-mentioned variances serves as an index
of species association in samples and is more powerful
than even Pearson’s x? test for comparing observed and
expected frequency distribution of species in samples.
Further, he has shown that the test may be generalised
to handle population density data also. In Schluter’s
measure, however, the estimate of the expected vari-
ance used in the denominator may be zero and in such a
case the measure is undefined and it becomes difficult to
handle such a situation. McCulloch (1985) established

connections between those association tests and stan-
dard statistical tests and used them as a guide to proper
interpretation of the association tests. He proposed that
the association measure W used in the association tests
is a multiple of Cochran’s Q (Cochran, 1950; see also,
Conover, 1980) for presence/absence data and a sim-
ple function of an F-statistics from a two-way (species
by samples) analysis of variance for density data. In
addition, he showed that the association measure could
be viewed as an average of the pairwise correlation
between species. He further suggested that association
tests are sensitive to sample-to-sample differences and
in some cases will not reflect species interactions at all.
However, in the cases where the association tests are
appropriate, the connections do provide information on
the choice of accurate critical values.

The role of competition in species associations is
still a subject of intense controversy. There has been
extensive effort to determine the role of interspe-
cific competition in structuring natural communities
(see reviews by Schoener, 1983; Connell, 1983 and
in Strong et al., 1984). Hastings (1987) determined
the equilibrium structure of a competition model with
an arbitrary number of species. These species were
assumed to live on a large number of identical patches
and all species were assumed to have similar char-
acteristics. In his model, competition was introduced
by letting the per species extinction rate on patches
increase with the number of species. He showed that,
with reasonable sample sizes and strong competition,
it is not possible to show statistically that the resulting
species distribution differ from random assortment. Ina
more realistic situation, when both species and islands
differ, competition would be much more difficult to
detect, so using species co-occurrence data to look for
competition is unlikely to reveal even strong compe-
tition. Effect of environmental factors and existence
of harmful plankton species in a marine community is
very much important in this context. None of the above
studies have considered the environmental effects on
the species abundance and also ignored the existence
of harmful species.

The dynamics of rapid and/or massive increase or
decrease of plankton populations is an important sub-
ject in marine plankton ecology. Generally, nutrient
levels and environmental conditions are the key factors
affecting algae growth. The water must contain high
level of inorganic nutrients (nitrogen and phosphorus)
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for the algae to feed on and also water temperature
and salinity levels must be within a certain range
to enhance plankton growth. A frequent outcome of
plankton blooms is massive cell lysis and rapid dis-
integration of large algae populations. This is closely
followed by an equally rapid increase in the concentra-
tion of bacteria and by a fast de-oxygenation of water,
which could be detrimental to aquatic plants and ani-
mals. Thus, such blooms hamper the growth of aquatic
vegetation. In recent years, there has been consider-
able scientific attention towards harmful algal blooms
(HABs) (e.g., see Anderson, 1989; Smayda, 1990; Hal-
legraeft, 1993; Blaxter and Southward, 1997; Stoer-
mer and Smol, 1999; Morozov and Petrovskii, 2000;
Chattopadhyay et al., 2002a,b). The adverse effects of
HABs on human health, fishery, tourism and coastal
recreation are well known. Nevertheless, despite the
apparent importance of this issue, the effect of different
hydrological parameters on the abundance of plankton
species and on the frequency of plankton blooms is
not yet well established and requires special attention.
Hence, the experimental as well as mathematical and
statistical studies are necessary.

Several researchers have tried to explain the dynam-
ics of plankton blooms by focusing on different fac-
tors such as nutrient upwelling (Edwards and Brind-
ley, 1996), spatial patchiness (Mathews and Brindley,
1996) and species diversity (Pitchford and Brindley,
1998). Steele and Henderson (1993) and Edwards and
Brindley (1996) observed that the choice of the func-
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tional form for zooplankton mortality has a major
influence on the blooms’ dynamics. Probably, one of
the main factors behind plankton bloom and species
succession is the toxin produced by the harmful phy-
toplankton. During a HAB, the cumulative effect of
all released toxins may affect other aquatic organisms
causing their massive mortality. Reduction of graz-
ing pressure of zooplankton due to toxin producing
phytoplankton (TPP) can be one of the key parame-
ter in this context (e.g., see Kirk and Gilbert, 1992).
There is also good evidence that herbivore grazing
plays a crucial role in the initial stages of a red tide
outbreak (Uye, 1986). It is shown in both field stud-
ies (Nielsen et al., 1990) and laboratory studies (Ives,
1987; Nejstgaard and Solberg, 1996) that toxicity may
be a strong mediator of zooplankton feeding rate. These
observations indicate that TPP has a great impact on
phytoplankton—zooplankton interactions. In particular,
Chattopadhyay et al. (2002a) considered the effect of
toxic chemicals on zooplankton in order to explain the
mechanism for the occurrence of plankton blooms and
its possible control.

Another interesting problem is the dynamics of
externally forced systems. Massive phytoplankton
blooms due to artificial eutrophication were observed
in Seto Inland Sea, Japan (Prakash, 1987) and in
Hong Kong Harbour (Lam and Ho, 1989). Plankton
populations often fluctuate unpredictably due to the
influences of fluctuating environment and the impact
of environmental noise can change the dynamics of

MEDINIPUR DISTRICT
(WEST BENGAL)

22.15°N |

22.00°N

T
524 PGS DISTRICT
(WEST BENGAL)

Geographical Situation
21°37" Northern Latitude
87°31’ Eastern Longitude

Region Investigated —p. /////l/ |

Fig. 1. A map of coastal region of West Bengal and part of Orissa, India. Dashed domain shows the arca where the samples were collected.
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given aquatic community significantly (Malchow et
al., 2002, 2004). Sarkar and Chattopadhyay (2003)
attempted to search a possible mechanism for control-
ling planktonic blooms by introducing environmental
stochasticity in the phytoplankton—zooplankton sys-
tem. Their field observations and mathematical anal-
ysis established the fact, that, both TPP and the level
of artificial eutrophication may act as a controlling
agent for planktonic blooms. These observations indi-
cate that the toxic phytoplankton and environmental
fluctuations play important role on the growth of the
zooplankton population and have a great impact on
phytoplankton—zooplankton interactions.

In this paper, we use field data on plankton abun-
dance and species composition in order to reveal associ-
ation between several zooplankton species and several
toxic and non-toxic phytoplankton species as well as
between species abundance and hydrological parame-
ters. For that purpose, a modified variance measure is
proposed to take into account some environmental vari-
ables. We then use the results of statistical analysis to
look for a suitable functional form to parameterise the
zooplankton population response to toxin producing
phytoplankton. That parameterization is then incorpo-
rated into a mathematical model to study the system’s
stability and to demonstrate a toxin-driven mechanism
of harmful algae bloom.

2. Field observations and results of statistical
analysis

In order to reach the goals of this paper, we have
used our field-collected samples for the period January
1999-December 2001. The study area extends from
Talsari (Orissa, India) to Digha Mohana (West Ben-
gal, India). Geographically, the area is situated between
21°37" Northern Latitude and 87°25" Eastern Longi-
tude to 21°42’ Northern Latitude and 87°31’ Eastern
Longitude. The geographical location of the study area
is given in Fig. 1. Samplings were done aboard 10-m
fishing vessel hired each time from Talsari fish land-
ing center and over seven stations (three in near shore
region, three in off shore region and one in river) nearly
2 km apart. Frequency of sampling was in every fort-
night except the months of September and October.
During that time sampling program had to be sus-
pended because of high roughness of the sea. Plankton

Table 1a
Physical parameters

Oxygen dissolved in water
Temperature

Water pH

Salinity

samples were collected both from the surface and sub-
surface water (1-2 m depth) by a horizontal plankton
tow with a 20 wm mesh net and 0.3 m in diameter.
The collected samples were preserved in 3% formalde-
hyde in seawater. Counting of phytoplankton was made
under microscope using Sedgewick—Rafter counting
cell and are expressed in numbers/liter. Identification
of plankton community was done following the method
of Tomas (1997).

Analysis of the collected samples revealed the pres-
ence of, in total, 115 phytoplankton species of which
65 are diatoms, 19 are green algae (Chlorophyceae), 9
are blue greens (Cyanophyceae) and 22 are Dinoflag-
cllates. Among the observed species, six diatoms are
known to be harmful algae, i.c., Chaetoceros spp.,
Skeletonema costatum, Cerataulina spp., Leptocylin-
dricus spp., Nitzschia spp. and Phaeocystis spp. (cf.
Sournia, 1995). Although Sournia (1995) showed that,
in general, Dinoflagellates contribute significantly into
toxin production, in our study out of total 22 species
of Dinoflagellates only three species were identified as
harmful, i.e., Dinophysis acuta, Noctiluca scintillans
and Prorocentrum sp. (cf. Richardson, 1997).

As we are mainly interested here to report the effect
of TPP on zooplankton and the role of hydrological
parameters, we choose 4 species of toxin produc-
ing phytoplanktons, 10 zooplankton species and 4
physical parameters for the study which are listed in
the Tables la, 1b and lc. In particular, among the
TPP that we have chosen, species Noctiluca scintil-
lans belonging to the group Dinoflagellates of the
Division Dinophyta is a very common heterotrophic
dinoflagellate and is known to feed on bacteria,
diatoms, other flagellates and ciliate protozoans.

Table 1b
Toxin producing phytoplankton species

Chateoceros spp.
Nitzschia spp.
Noctiluca scintillans
Favella franciscona
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Table 1c¢
Zooplankton species

Sagitta spp.

Vogtia glabra
Eucalanus sp.
Paracalanus sp.
Tintinnopsis spp.
Oikopleura sp.
Nauplius

Sphaerocapsa cruciate
Helicostomella subulate
Eutintinus sp.

This species has already been reported as harmful
when appearing in plankton blooms and it exerts
adverse ecological effects via toxins production to
other pelagic organisms including fish. This species
is taxonomically a phytoplankton but functionally it
is a phagotroph or heterotroph. Among zooplankton
species, we chose Paracalanus belonging to the
group Copepoda, which dominates the zooplankton
community in practically all oceans over the world,
and they are the major herbivore, which determine the
form of the phytoplankton—grazing curve.

In order to process the collected data, we use the
analysis of variance technique (ANOVA) in regression
model. We use the density dependent statistical anal-
ysis; that helps us to incorporate our findings more
casily into the mathematical model (see the next sec-
tion), which is also formulated in terms of population
densities. The analysis has been done in two steps.
Firstly, we have tried to check whether each of the
zooplankton species has significant association (cor-
relation) with any of the physical parameters and TPP
as a whole. Thus, we have taken the eight covariates
(physical parameters and TPP) and have considered the
null hypothesis that there is no association between dif-
ferent variables. The corresponding statistics follows
F distribution and if it is greater than the significant
value then the null hypothesis has to be rejected and
it can be concluded that there is a significant associ-
ation between the physical and biological variables.
Secondly, we have checked whether each of the zoo-
plankton species has any association with the physical
parameters and the TPP individually. In this case, we
have considered the null hypothesis that there is no
association between a zooplankton species and a sin-
gle physical parameter/TPP. As well as in the previous
case, if the F-value is greater than the significant value

then we reject the null hypothesis and conclude that
there is a significant association.

2.1. The test for species association

We have already mentioned in the introduction that
there are several limitations in Pielou’s measure and
Schluter’s measure for testing species association. For
that reason, to study the species association we have
used the analysis of variance technique in regression
model. We have analysed the data on 10 zooplank-
ton species considering them as dependent variables
while four physical parameters and four TPP species
were considered as independent variables, each of them
having 30 observations. Correspondingly, we have con-
sidered the following linear regression equation:

Y = Bo + B1X1 + B Xy + B3X3 + BaXy + BsXs
+ BoXo + B7X7 + BsXg + &

where Y is the n-vector of the zooplankton species den-
sities, X; the n-vector of the physical parameters and
TPP densities (i=1, ..., 8), B; the regression coeffi-
cients and ¢ is the error term.

Now we considered the null hypothesis Hy:

Bi=PB=B=B1=B5=PBs=P1=Bs=0

i.e., “Is there any significant association between the
dependent and independent variables?”

Our method follows the steps given below.

First we have estimated the parameters.

The above regression equation can be written as
Y=XgB+¢, where X is a n x 9 matrix with the first
column as a unit vector 1:

Then 8 = (X'X)'X'Y

Next, we have used the analysis of variance technique
(Rao, 1965).

The unconditional sum of squares: R3 =
(Y—-XB)(Y—XB) and has n—p—1=21 d.f
(here, n=30, p=28).

Now, let us consider that the Hy is true. Then the
regression equation becomes Y = fy + ¢.

Then, the estimate of the parameter is By=(1/n)
> Y.

The conditional sum of squares is R% =
(Y — XB0) (Y —XBo) and has n — 1 =29 d.f.
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Table 2
Analysis of regression equation
d.f. S.S. M.S. F
Regression P SSR = R} — R? MSR =SSR/p F=MSR/MSE~Fpn—p—1
Residual n—p—1 SSE = R} MSE=SSE/(n—p —1)
Table 3 pendent parameters individually and determine the

F-values obtained for different zooplankton species from data
analysis

Zooplankton species F

Sagitta spp. 1.455309
Vogtia glabra 3.033706"
Eucalanus sp. 2.029067
Nauplius 3.139377"
Paracalanus sp. 3.677749"

Sphaerocapsa cruciata 0.5098742
Eutintinnus sp. 2.368202

Helicostomella subulata 2.834533"
Tintinnopsis spp. 2.834533"
Oikopleura sp. 5.302536"

Note: The significant value of F statistic at 95% level of significance
is F8_21 =2.425.
" Values are significant.

Then the reduction in the residual sum of squares is
R% - R% which is due to regression and has p= 8 d.f.

The analysis is then given in the Table 2 and the
results (different F-values) obtained from our ficld
observation and data analysis are given in Table 3.
For values of F>2.425 we can conclude that the
null hypothesis Hy is rejected and thus the zooplank-
ton species have strong association with the physical
parameters and/or TPP species.

Next, we have observed the case of individual asso-
ciation. For this purpose, we have considered the inde-

Table 4

association with the zooplankton species. The regres-
sion equation then becomes Y = g+ 81X + ¢ and the
null hypothesis Hy becomes 1 =0.

Proceeding similarly as above we have F~ F g,
Thus, we reject the null hypothesis Hy if F>4.2. The
results obtained from our data analysis concerning the
association of each zooplankton species with the hydro-
logical parameters and the TPP species individually are
shown and explained in Tables 4 and 5, respectively. We
have observed in our field-collected samples that the
variance in the species abundances is small. For exam-
ple, in Table 5, we observed that, except for a few cases,
all the F-values are below 95% level of significance.
Since most of the species do not have strong influence
on the dynamics due to very low abundances and not
significant correlations, we have not considered their
influences and we have discussed only those species,
which have high abundances and strong correlations.
Moreover, if we observe the species abundances over
year-to-year then we found that the variances are small
(we omit the details for the sake of brevity). There-
fore, we have neglected the influence of variability on
the statistical robustness and also have not considered
the influence of seasonality for fortnightly collected
data. Further, we have used the average of all the
data collected over seven stations where we collected

F-values obtained from our data analysis depicting the association between different zooplankton species with the hydrological parameters

Zooplankton species Temperature pH Salinity Dissolved oxygen
Sagitta spp. 0.6298618 1.080656 0.3034033 5.617222"
Vogtia glabra 0.3499245 0.8818994 0.4017733 4.54605"
Eucalanus sp. 0.329278 1.731545 1.244313 10.29324"
Nauplius 0.03766475 1.355344 1.36431 3.062378
Paracalanus sp. 0.2370121 2.149041 0.0365161 13.00259"
Sphaerocapsa cruciata 0.02599495 0.5987141 2.215722 1.337612
Eutintinnus sp. 2.887205 0.7577197 2.567232 2.410258
Helicostomella subulata 4.192361" 0.0575023 1.727197 3.470369
Tintinnopsis spp. 5102181 0.1050237 1.385446 3.512541
Oikopleura sp. 0.4673887 0.4760498 1.071541 0.1650846

" Values are significant at 95% level of significance.
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Table S

F-values obtained from our data analysis depicting the association between different zooplankton species with the TPP species

Zooplankton species Chaetoceros spp.

Nitzschia spp.

Noctiluca scintillans Favella franciscona

Sagitta spp. 1520099 0.01043841 1.064833 0.003221674
Vogtia glabra 1.912566 0.8051882 0.03151465 0.9159299
Eucalanus sp. 4.657467" 0.1033835 0.6232938 0.06469811
Nauplius 9.24596" 2.180279 4.847778" 0.2153488
Paracalanus sp. 0.0104787 1.007272 0.06946201 0.9844788
Sphaerocapsa cruciate 0.0138113 0.0001501455 0.2459822 0.1311681
Eutintinnus sp. 11.88364" 5.104188" 0.05401933 0.0150741
Helicostomella subulate 17.66668" 4.109958 0.1716282 0.03902014
Tintinnopsis spp. 1.125753 54.54808" 0.4371176 4.502899"
Oikopleura sp. 0.5838282 1.482145 0.07489041 41.85221"

* Values are significant at 95% level of significance.

our samples (not the annual mean). This process also
reduces the chance of spatial variability in the ANOVA.
As in our observed data set we have not seen such
remarkable changes (the chronological patterns for the
species abundances are more or less same over the
years), hence, we have neglected the variability due
to chronological changes.

It is interesting to observe that the zooplank-
tonic species Sagitta spp., Vogtia glabra, Eucalanus
sp. and Paracalanus sp. have strong correlation
with the dissolved oxygen whereas Helicostomell
subulata and Tintinnopsis spp. have strong cor-
relation with the temperature. Further, we also
observe that there exists an association between
the following zooplankton—TPP pairs: Eucalanus
sp.—Chaetoceros spp., Nauplius—Chaetoceros
spp., Nauplius—Noctiluca scintillans, Eutintinnus
sp.—Chaetoceros spp., Eutintinnus sp.—Nitzschia spp.,
Helicostomella subulata—Chaetoceros spp., Tintinnop-
sis spp.—Nitzschia spp., Tintinnopsis spp.—Favella
franciscona and Oikopleura sp.—Favella franciscona.
Among them, the association between Helicos-
tomella  subulata—Chaetoceros spp., Tintinnopsis
spp.—Nitzschia spp. and Oikopleura sp.—Favella
[franciscona is especially strong.

3. A mathematical model of toxic plankton
bloom

Harmful algae blooms are known to have an adverse
and destructive impact on marine ecological commu-
nities, see the references in Section 1. Although this

issue has been under intensive study for more than two
decades, the factors initiating HABs have not always
been identified and often not well understood. In par-
ticular, the role of the toxins produced by the toxic
phytoplankton species has not been properly addressed.
Recently, Chattopadhyay et al. (2002a) showed that the
toxic substances may enhance bloom termination, how-
ever, their role in the bloom initiation remains unclear.
In this section, we are going to make an insight, by
means of mathematical modelling, into possible mech-
anisms through which the toxins affect the dynamics of
plankton systems and can possibly enhance or initiate
harmful plankton blooms.

It should be mentioned that, during the last two
decades, a lot of work has been done regarding mathe-
matical modelling of aquatic ecosystems and plankton
dynamics (e.g., see Suzuki et al., 2000; Omlin et al.,
2001; Reynolds et al., 2001; Edwards et al., 2004;
Ludovisi et al., 2005). However, the models taking into
account the impact of TPP on the community dunamics
(in particular, in order to identify the factors initiating
or enhancing HABs) are still rare.

We assume that during the time preceding HAB as
well as in its initial stage the environmental conditions
such as water temperature and nutrients concentra-
tion remain constant so that the phytoplankton intrinsic
growth rate can also be regarded as constant. Thus, the
main factor controlling the growth of phytoplankton
population dynamically is the grazing by zooplankton.
In its turn, toxins produced by the harmful phytoplank-
ton species affect the zooplankton species. Considering
logistic growth for phytoplankton, we arrive at the fol-
lowing equations:



596 R.R. Sarkar et al. / Ecological Modelling 193 (2006) 589—-601

P _ o _ P P\Z 1
ar_, (-—K)—mﬂ ) (M
(in = kaf(P)Z — nZ — 0g(P)Z @

where P is the density of TPP, Z the density of zoo-
plankton, r the phytoplankton per capita growth rate,
« the predation rate, « the food utilization coefficient,
w the zooplankton natural mortality (in the absence of
toxins) and f{P) is the predator response function. The
additional zooplankton mortality due to the effect of the
phytoplankton-produced toxins is taken into account
by the last term in Eq. (2), where 0 is the rate of toxin
production and function g(P) describes the dependence
of toxin production on the phytoplankton density. Due
to their biological meaning, all the parameters here are
positive.

Apparently, the properties of Egs. (1) and (2) depend
on the form of flu) and g(u). The predator response
Sf(u) is usually assumed to be either Holling II or III.
Since many zooplankton species exhibit active for-
aging behaviour, Holling III type seems to be more
appropriate:

2

3)
where y is the half saturation phytoplankton density.

Concerning g(P), recently Chattopadhyay et al.
(2002a) assumed that it belongs to the one of the fol-
lowing types:

P
(b)g(P) = ——,

@ 8(P) = P. s

2

(©)&(P) = 4

w2 + P2
where o is the half saturation phytoplankton density.
However, subsequent analysis of theoretical stability
did not make it possible to give a preference to any one
of these parameterizations. Thus, the question about
a more appropriate functional form of g(#) remained
open. Intuitively, since function g(P) gives additional
zooplankton mortality due to the impact of toxins, and
the toxin concentration is likely to increase with the
concentration P of toxin producing species, function
g(P) should be unboundedly increasing for large P
rather than exhibiting saturation. The present study
aims to establish this fact basing on the analysis of

available field data. To achieve this goal, we have used
the data of 10 zooplankton species and 4 toxin produc-
ing phytoplankton species, namely Chaetoceros spp.,
Nitzschia spp., Noctiluca scintillans and Favella fran-
ciscona, see Tables 1b and Ic.

In our method, we again consider the regression
equation:

Y=XB+¢

where Y denotes the zooplankton species, X denotes
TPP species for different functional forms of g(P), B
the coeflicient and ¢ is the error.

Using the same procedure as above, we estimate
B and calculate the error sum of squares as R% =
(Y — XB)'(Y — Xp) denoting them as R?, R} and R3,
respectively, for the three forms of g(P). The func-
tional form, which is most suitable to explain the
variation in the data should correspond to the small-
est error. The values of R%, R% and R% were calcu-
lated for those zooplanktons and the TPP species that
have been earlier found to be significantly correlated.
Since the concentration of the corresponding plank-
ton species is very large, we have scale these values to
mean variance for given species. The results are shown
in Table 6; they correspond to a hypothetical value
@=10.06 which was chosen from several other values
by “trial-and-error” method in order to reach a bet-
ter agreement with the field data. (Note that this value
is also in a good agreement with the range 0.02-0.1
obtained for the half saturation value by Edwards and
Brindley (1999).) Thus, we observe that for the two
cases where the inter-species coupling is really strong
(i.e., Tintinnopsis—Nitzchia and Oikopleura—Favella),
g(P)=P gives much better result than the other two
options.

Now, we are going to consider how toxins can affect
the stability of the plankton system. In order to attain
certain generality, we choose the following parameteri-
zation for the density dependence rather than the simple
linear growth given by Eq. (4a):

P(l+n)

®)

where n and § are non-negative parameters. Apparently,
the linear case considered above corresponds to n=1,
8=0.
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Table 6
The error sum of squares for significantly correlated zooplankton
and TPP species

Functional forms Zooplankton specics

TPP species: Chaetoceros spp.

Eucalanus sp. Nauplius
Type 1 0.390440892 0.331066486
Type II 0.304379498 0.334107123
Type 111 0.30517961 0.334826391

TPP species: Nitzschia spp.

Eutintinnus sp. Tintinnopsis spp.

Type 1 0.346189537 0.151247668
Type 11 0.326796696 0.424301318
Type 111 0.327013768 0.424451014
TPP species: Noctiluca scintillans
Nauplius
Type 1 0.345089917
Type 11 0.329366325
Type 111 0.325543758

TPP species: Favella franciscona

Tintinnopsis spp. Oikopleura sp.

Type 1 0.325795908 0.212643342
Type II 0.337045115 0.393621172
Type 111 0.337158977 0.393735486

From (1)—(3), (5) we arrive at the following system
describing toxic phytoplankton—zooplankton function-
ing:

dp p(1_F P? 5 ©
—=r - = —a|——=

dr K y2+ P?

4z p2 p(+n)

— =k |———|Z—pnZ—6 z (7
di m[y2+P2} : [8+P} @

The idea of our analysis is as follows. The function-
ing of phytoplankton—zooplankton community with a
relatively low phytoplankton density during the periods
preceding harmful algae blooms can be interpreted, in
terms of the models (6) and (7), as existence of a stable
steady state. Then, the beginning of a bloom can be
regarded either as the loss of stability or disappearance
of this steady state followed by a significant increase
in the TPP density.

The steady states arise, as usual, as the intersection
points of the zero-isoclines of the system. From Eq.
(6), we immediately obtain:

COE-DEE e

Since Eq. (7) is linear with respect to Z, correspond-
ing isocline is given by vertical lines situated at P= P+
where P+ is the solutions of the following equation:

P2 P( 1+n)
“laem] et o

Remarkably, the number of solutions of Eq. (9)
depends on parameter values. Fig. 2a shows, for tenta-
tive parameter values, the first and second terms of Eq.
(9), which, describe zooplankton growth and mortality,
respectively. The larger is the value of the toxin pro-
duction rate 0, the faster is the increase in zooplankton
mortality, cf. curves 1-3. It is readily seen that for suf-
ficiently small 0 (cf. curve 1 in Fig. 2a) Eq. (9) has two
solutions, Py and P,, which correspond to two steady
states in the phase plane of the systems (6) and (7),
see Fig. 3 below. However, with the increase in 6 the
values of P1 and P, gradually approach each other so
that the two corresponding steady state finally merge
and disappear, cf. Fig. 2b. Morcover, numerical simu-
lations of the systems (6) and (7) show that, while the
higher steady state is always unstable (a saddle-point),
the lower steady state is stable for sufficiently small
toxin production rate but it looses its stability at a cer-
tain critical value of 8 (marked by point A in Fig. 2b).
Since there is no other steady states in this part of the
phase plane (it is straightforward to see that the trivial
steady state (0,0) is always unstable unless r < which
is biologically unrealistic), both the loss of stability
and the disappearance of the lower steady state lead to
a fast and significant growth of phytoplankton density
which tends asymptotically to the upper value P=K.
This scenario seems to be in a very good agreement
with the intuitive expectations on the role of toxins in
plankton dynamics and toxic algae blooms.

The curves shown in Fig. 2 are obtained for n=1;
however, it is not difficult to see that the properties
of the systems (6) and (7) remain similar to those
described above for any positive § and n although actual
shape of the curves can be somewhat different.

In order to find out more details about and the sys-
tem’s stability, Egs. (6) and (7) are also studied by
means of computer simulations. Fig. 3 shows the phase
plane structure obtained for = 0.2. In this case, there is
a large domain (above the curve 4) corresponding to a
stable functioning of the system: starting from any ini-
tial conditions chosen from above curve 4, the system
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Fig. 2. Changes in the system’s stability with an increase in the toxin
production rate. (a) The rate of zooplankton mortality due to the
impact of toxins (curves 1-3) for different values of 6, curve 1 for
0=0.2,curve 2 for0=0.5, curve 3 for =0.8 and the rate of zooplank-
ton growth (curve 4) given by Holling type 11 functional response, cf.
Eq. (3). Other parameters arc: n=1, k=0.8, =1, y=0.5, ©=0.3,
§=0.5. Intersections of the curves correspond to the steady states of
the system. (b) The steady state value of phytoplankton density vs.
toxin production rate, on the right of point A the steady state is unsta-
ble. The dotted curve corresponds to the other steady state, which is
always unstable (a saddle-point).

gradually approaches the stable equilibrium, a typical
trajectory is shown by curve 5. Thus, in the case that the
rate of toxin production is not very high, zooplankton
is a controlling factor and a bloom can only begin if its
density falls sufficiently low, i.e., below curve 4.
However, an increase in the toxin production rate
changes the situation completely. Fig. 4 shows the

Zooplankton Density

0 0.5 1 1.5 2 2.5 3 3.5

Phytoplankton Density

Fig. 3. The phase plane of systems (6) and (7) in the case that there
exists a stable steady state. Parameters are: 6=0.2, n=1, K=20,
r=1,a=1,k=0.8,y=0.51=0.3,5=0.5. Curves | and 2 show the
zero-isoclines for zooplankton (dZ/d¢r=0), curve 3 shows the zero-
isoclines for phytoplankton (dP/dt=0). The domain above curve 4 is
the attraction basin of the stable steady state. Curve S gives a typical
system trajectory corresponding the stable functioning (no plankton
bloom), curves 6 and 7 correspond to the loss of stability (¢.g., duc
to a decrease in the zooplankton abundance) and can be interpreted
as the beginning of algae bloom.

phase plane for 6=0.5 when the two steady state still
exist but the lower state becomes unstable (the part of
the solid curve on the right of point A in Fig. 2b). In
this case, there is no domain corresponding to a stable
system’s functioning and any initial condition initiate
algae bloom (a typical system’s trajectory is shown by
curve 4). Zooplankton is too much depressed by the
toxin and cannot control phytoplankton growth any
more. The situation stays qualitatively the same for
larger values of 6 when the steady states disappear,
see Fig. 4b obtained for 6=0.8.

4. Concluding remarks

The factors affecting plankton dynamics and the
abundance of harmful phytoplankton species have been
the subject of intensive research recently. In this paper,
we made an attempt to clarify the role of differ-
ent biological and environmental parameters during
harmful plankton blooms and also tried to search a
suitable functional form for describing the toxin lib-
eration process. For this purpose, using the analysis of
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Fig. 4. Evolution of the phase plane with an increase in the toxin pro-
duction rate 6. (a) The steady states exist but the lower state became
unstable (6=0.5, other parameters are the same as in Fig. 2). (b)
The steady states have disappeared (6= 0.8, other parameters are the
same as above). In both cases, the system’s functioning is unstable
which can be interpreted as the beginning of algac bloom.

variance technique in regression model, we checked
whether each of the zooplankton species has signif-
icant association or correlation with either physical
parameters or TPP species as a whole as well as indi-
vidually. We obtained that there is a strong correlation
between some zooplankton species and dissolved oxy-
gen and/or water temperature. Motivated from the work
of Chattopadhyay et al. (2002a), we proposed a mod-
ified variance measure in order to detect species cor-
relation. We obtained that in some cases there exists a
strong correlation between different zooplankton and

TPP species, in particular, for Tintinnopsis—Nitzchia
and Oikopleura—Favella.

Based on the results of statistical analysis, we con-
cluded that the function g(P) which gives additional
zooplankton mortality due to the impact of toxins
should be unboundedly increasing for large P rather
than exhibiting saturation and suggested an appropriate
functional form to describe the toxin liberation process
by toxin producing phytoplankton. We showed that the
relevant choice of g(P) contains a beautiful mecha-
nism of algae bloom via loss of stability when the rate
of toxin liberation 6 exceeds a certain critical value.
Although we are not going to discuss now in detail envi-
ronmental factors that can possibly lead to an increase
in toxin concentration, it seems that one such mech-
anism can be readily identified. It is well known that
the beginning of harmful algae bloom is often preceded
by a period of calm weather. Calm weather means low
turbidity, which results in poor water ventilation and
enhances toxin accumulation. Sufficiently high toxin
concentration depresses zooplankton and, according to
our findings, triggers algae bloom.

In this paper, we had to restrict our study to the cur-
rently available data collected during the last 3 years.
From these data, it appears impossible to go into more
detail of the plankton bloom mechanism, particularly,
to give a reliable estimate of parameters n and 6 in Eq.
(5) for the toxin production density dependence or to
distinguish between the impacts of toxins and low oxy-
gen concentration. Continuing sampling is expected to
provide this information as well as to shed light on
many other related issues. A better understanding of the
bloom phenomena will be helpful for marine ecologists
and is hoped to eventually lead to biological control and
better environmental management.

It should be mentioned that our present study leaves
a few questions open. One of them concerns the impact
of higher trophic levels, such as fish and/or carnivorous
zooplankton, on the system’s stability and system’s
response to an increase in the toxins concentration.
Indeed, it has been shown in our recent work (Morozov
et al., 2005) that predation of zooplankton by a higher
predator can bring essential changes into the system
functioning, although the effects of TPP have not been
taken into account. A comprehensive study of the role
of TPP in a “three-level” community, as well as in more
complicated food webs, will become a focus of our
future work.
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