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Abstract: In aquatic ecosystems, species diversity is knawbe higher in poor nutrient conditions. The
enrichment of nutrition often induces the loss afdiversity. This phenomenon is called the paradbx
enrichment, since higher nutrient levels can supparre species. Furthermore, the species diversity
usually high in most natural communities of phytiton. However, the niches of planktonic algaersee
almost identical in apparently homogeneous, aquatigronments. Therefore, the high species diyesit
phytoplankton is incomprehensible and called thagax of plankton. Mathematical studies show tbatl
coexistence of competitive species is rare. Inrapmiitive community, the most superior species iakities
all the inferior species in the long run. Experittaénmesults using chemostats also support thisrétieal
prediction. Thus we have no sound explanation Herlocal coexistence of many planktonic specigun
nutrient conditions. Here we build a lattice modélten planktonic species. All ten species are unde
competition for space in a relatively large latt8ace. We report a few cases of simulation rumuition
shows that, in an ecological time scale, coexigesfcmany species is observed when all species loave
identical birth rates. We also show that, when dkierage birth rates are high, the most superiocispe
exclude all the inferior species immediately. Oesults suggest that competition for space doe$unction
among species, when the densities of species aremety low. The results of current simulation
experiments may be related to the paradox of emecth as well as that of plankton.
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1. INTRODUCTION The nutrient concentrations are low in most well-
preserved aquatic ecosystems. The species
diversities of phytoplankton are usually high in
these ecosystems. Because water environment is
homogeneous and the niches of phytoplankton are
almost identical, the most superior species should
exclude all the rest of inferior species. However,
seems that many species of phytoplankton usually
coexist in a single natural aquatic ecosystem
without apparent competitive exclusions. This
unexplainable phenomenon is called the paradox of
plankton after Hutchinson [1961].

Enrichment is empirically known to reduce the level
of species diversity of animal and plant
communities. However, a community should be
able to support more species with enrichment
because of increased productivity. Therefore, the
loss of Dbiodiversity with enrichment is

counterintuitive and called the paradox of
enrichment [Rosenzweig, 1975, 1995, Tilman,
1982]. Here we limit our argument in the aquatic
ecosystems.

In the aquatic systems, the loss of biodiversity is
often correlated with enrichment of water
conditions [Ogawa and Ichimura, 1984a, 1984b,
Ogawa, 1_988]. High _b|0d|ver5|ty is obseryed inl stil limited. Many mathematical analyses and
waters with low nutrients. Recent pollution due to _. : .
simulations show that local coexistence of

domestic and factory wastewaters increases the o o . X
. ) competitive species is usually impossible unless
nutrient levels of almost all aquatic systems

. . . : " interspecific  competition is weaker than
invoking the serious enrichment problem. . o o . . .
intraspecific competition. Simulation experiments

In contrast with the observed high diversity in
natural aquatic ecosystems, theoretical studies
predict that local coexistence of species is highly



usually show that the outcomes are the dominanceepresent the birth and death rates of an indiVidua

of a single species resulting in the exclusion Ibf a
the rest (inferior) species.

To explain the extreme diversity in some

communities, external factors are suggested, ssich a

climatic changes, immigration from other habitats.
Many mathematical models and theories try to
achieve coexistence of many species by means o
external factors, such as environmental change
(stochasticity), immigration of adjacent individsal

However, such external factors do not necessarily

seem to be applicable to the diversity of plankton.
Many empirical studies of small pond and lake
ecosystems with low nutrient still waters show high
species diversity. There seems no indication of
external factors in these ecosystems in general.

Thus we have three-fold mysteries in the planktonic
communities with low nutrient conditions: (1)
paradox of enrichment, (2) paradox of plankton and
(3) competitive exclusion of species with identical
niches.

In this paper, we built a simulation model of ten
planktonic species in a large lattice habitat. We

S

respectively. All parameters are kept constant
during a simulation run. The death rateis kept at

m 0.3 for all simulations. The parametdy
represents the accidental dispersal (movement) rate
of an individual, where an individual move to one
cell to another, randomly. The dispersal is

anlemented to prevent clumping or extreme
aggregation, simulating an aquatic system. The

reaction is carried out in two ways: the contact
process (CP) where interaction occurs between
adjoining lattices [Harris, 1974] and the meanefiel
simulation (MFS) where interaction globally occurs
between any pair of lattices.

We study two distinct growth conditions assuming
low and high productivities. In the high productyyi

we assume that all species have species-specific
birth rates, while in the low productivity, all spes
have the identical low birth rate due to the caitic
threshold for growth rates. We sbt= 0.5 { =
1,..,10) for the low productivity. At this birth teg

the net growth (reproductive) rate is positive, but
very close to zero. For the high productivity, vet s

b, =1.01-0.0L (i =1,..,10). Here mak, = b, =

assumed that the competition between planktonicl.00, and mir; = by = 0.91.

species (or individuals) is achieved through the
growth difference of species. We carried out gaite
few simulation runs with various birth rates,
keeping the constant death rate. We show a typical
dynamics of low and high nutrition conditions. In
low nutrient conditions, we show that many species
persist and coexist in ecological time. In high
nutrient conditions, we show the case of instant
elimination of all the inferior species by the most
superior species. We discuss the implication of the
current simulation trials in relation to the paraee

of enrichment and plankton.

2. LATTICE MODEL OF MULTIPLE
COMPETITIVE SPECIES

2.1 Lattice Mode

We consider a competitive ecosystem of ten
planktonic species (3 = 1,.., 10) on a large square
lattice (50x500 cells). Birth and death processes
are given by

b;
X +0 o 2X,
X - 0

d

Xi+O_>iO+Xi

(1)
(2)
(3)

where each lattice site is either occupied by szeci
S (X) or empty ©O). The reactions (1), (2) and (3)
simulate reproduction (birth), death, and dispersal
(movement), respectively. The parametgrandm

2.2 Simulation Procedure

|

The simulation procedures for the contact process
(CP) are as follows:

() Algal cells are distributed randomly over some
square-lattice points in such a way that each psint
occupied by only one individual cell, if the poist
occupied. The initial density of; is set to 0.0001
for all simulations.

(I Each reaction process is performed in the
following three steps.

(i) We perform the single body reaction (2).
Choose one square-lattice point randomly. Let
change the point to O with probabilitg, if it is
occupied by & individual.

(i) Next, we perform the two-body reaction (1).
Select one point randomly and specify one of
adjacent points. Here the adjacent site is sehas t
Neumann neighbors (4 sites: up, down, left and
right). If the selected pair % andO, then the latter
point will becomeX; with probabilityb;. Here we
employ periodic boundary conditions.

(iii) At last, we perform the two-body reaction (3)
Select one point randomly. If the selected poin,is
then we choose another point randomly. If the
second point is not occupie®), then we moveX;

to the second site (interchangeandO).
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Figure 1. A typical result of population dynamics for thétilee ecosystem of ten competitive speciegé S
1,..,10). A: the contact process. An identical lmvth rateb; = 0.5 is assumed for all species, implying a poor
nutrient condition. At this birth rate, the net gth (reproductive) rate is positive, but very closeero. B:
the contact process. High different birth ratesagsumed for ten species, such that1.01 - 0.01 (i =
1,..,10). Here mak; = b, = 1.00, and mitp; = b;g = 0.91. C: the mean-field simulation (MFS) for[&. the
mean-field simulation (MFS) for B. The death rate= 0.3 and the dispersal rate= 0.01. The time is
measured by the Monte Carlo step. The total nurbgquare-lattice sites is 560500.
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Figure2. Temporal dynamics of ten competitive speciesiingpatial ecosystems in ecological time with an
identical low birth ratdy; = 0.5. Top: the contact process model (exertem ff@y. 1A). Bottom: the mean-
field simulation (MFS). The density of each spe¢le# cells) and the remaining number of speciggh(

cells) is plotted against time evolution. Up to@) Monte Carlo steps are shown.

(Il) Repeat the step (1) bl x L times, wherd. x Note also that the reaction (3) has no meaning
L is the total number of the square-lattice sites. (effect) on the dynamics in the MFS.

Here we set = 500. This step is called a Monte

Carlo step [Tainaka, 1988]

(IV) Repeat the step (lll) for a specific lengthat 3. RESULTS

is 100,000 Monte Carlo steps. We run a long-term simulation for various birtherat
conditions, while keeping the death rate constant a
m = 0.3. A typical example of long-term dynamics

is shown in Fig. 1 for both low and high birth mate

In the case of mean-field simulation (MFS), the
above procedure is slightly different. In the canta
process, the interaction (1) occurs between adfacen
lattice sites. However, in the MFS, the long-ranged There is a threshold value for birth rates to aghie
(global) interaction is allowed: the reaction (1) positive or net reproductive rates, resulting inoze
takes place between any pair of lattice sites. Thenet growth where the birth and death rates are
second sentence in Step (ii) is changed as follows: balanced. When the birth rates are slightly lower
(i) Two lattice sites are than this threshold value (for examplg,= 0.49),

) all species go extinct quite rapidly. In an ecotadi
independently selected. time scale of about 10,000 time steps (Monte Carlo

randomly and



STEP-20000 Fig. 2 shows the results of the contact process and

W S=0.000224, WS:=0.054764, MS:=0.017176, MS:=0.009404 - ; . ; ; ;

B5+-0.03390%, WSe—0.01G948, B $=0.008444. MS1-0.000000 the mean field simulation in which the birth rase i
$-0.009624.  S10=0.01722 close to zero growth rate value. Note that the
" EE- g A PR S dynamics of up to 20,000 time steps is long enough

to cover ecological time scales. In both the cdntac
process and the mean-field simulation, the
coexistence of most species is maintained in these
time steps (Fig. 2). Between the two simulations,
there are only slight differences in the average
density and extinction dynamics. In the contact
process, the average density is slightly higheg.(Fi
2, top-left) than that of the mean-field simulation
(Fig. 2, bottom-left). The remaining number of
species is also higher in the contact process gig.
top-right) in contrast with that in the mean-field
simulation (Fig. 2, bottom-right).

STEP=40001 . . .
S =0.000000, WS:=0.039984, WS:—0.010084, WS0.015640 These slight differences should be due to the alpati
I S:=0.008260, W S:=0.025960, M S=0.000000, ™ $5=0.000000 structure of lattice model in the reaction (e.gpst

570040048, Si=0025464 (11)). Fig. 3 shows the temporal pattern dynamits o
A S Ve i _}"__ i it Fig. 1 at a time point of 20,000 and 40,001 time

steps. Fig. 3 clearly shows clumping tendency. It
indicates the effects of lattice spatial structore
the coexistence trends in Fig. 2.

We also tested various conditions in birth rates. F
example, we run the simulation with low variable
birth rates i, = 0.49 + 0.00D). In the low density,
the effects of the 0.01 differences in birth rate o
the dynamics are extraordinary. All the inferior
species are instantly eliminated from the ecosystem
The elimination rate is a few times faster thart tha
in the high birth rates. The implication of
variability (differences) in low and high birth est
will be discussed in detail later in the discussion
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Figure 3. Snapshots of a temporal pattern in the
lattice model (CP) of Fig. 1 at a time point
(top: 20,000, bottom: 40,001). The birth rbte 4. DISCUSSION
= 0.5. The density of;Sire listed above. The | the current simulations, we vary birth rategeof
100x100 sites are cut from 500x500 sites. species to see the persistence and coexistence of
species in ecological time scales. When the birth
rates of ten species are identical, most species
steps, almost all species still coexist in the Coexist. However, a slight difference are introdljce
ecosystem, when the birth rate is positive, buselo the species with the highest growth rate elimirdite
to zero growth ratesh( = 0.50; Fig. 1A). In much  Other species. In natural ecosystems of poor mitrie

longer time scales, most species are eliminated byeonditions, growth rates are closely zero and
chance, as a random walk. virtually no species variability in growth rate is

) N expected [see e.g., Tilman, 1982]. Thus the
In contrast, when the birth rates are significantly coexistence in ecological time scale in our

hlgflle(;, da[! |2fer|or species are _Immed|ately simulation is understandable in nutrient-limited
excluded by the most superior species in a Veryaquatic systems. In contrast, in nutrient-rich

short time much shorter than 5,000 time steps (F'g'conditions, the species-specific growth rates shoul

;En)c')nwzegc'tgs glrzlth c:r?(teezoi:i]ahr:?z Zr;qesdlﬁ%e?r: be extremely variable [Kuwata and Miyazaki, 2000].
g species, only ! pecies wi E"I'hus, the elimination of all the inferior species

highest growth rate eliminate all the rest species o i
. . . i . ; should take place due to the competitive interactio
immediately in almost any simulation. This happens .

between species.

irrespective of the simulation methods (either
contact process models or mean-field simulations).



The lattice size (50 500) in our simulation is Microcystis novacekii  (Cyanobacteria) and
larger than usual lattice models, but it is still Scenedesmus  quadricauda  (Chlorophyta):
extremely small in comparison with the real sizés o simulation study,Ecological Modelling, 135,
natural aquatic ecosystems. The total densities of 81-87, 2000.

plankton in natural ecosystems are lower in severalLevins, R., Coexistence in a variable environment,

magnitudes than those in our low-density simulation American Naturalist, 114, 765-783, 1978.

Due to the computational limitation of lattice size Ogawa, Y., Net increase rates and dynamics of
(500x500), it is impossible to get the stable steady phytoplankton populations under
state with lower birth rates (closer to the thrégho hypereutrophic and eutrophic conditiodpn.

value. The general trends we observed in the dattic J. Limnol., 49(4), 261-268, 1988.

simulation could be much more significant in the ©gawa, Y. and S. Ichimura, Phytoplankton diversity
natural ecosystems. in island waters of different trophic statupn.

. . _ J. Limnol., 45(3), 173-177, 1984.
Our simulation shows that the local coexistence ofogawa, Y. and S. Ichimura, The relationship

phytoplanktonic species in ecological time may be between phytoplankton diversity and trophic
achieved by the internal factors alone. The status of island watersap. J. Ecol., 34, 27-33,
coexistence in the ecosystem is virtually not 1984.

coexistence at the same site in the lattice; rathelRosenzweig, M.L., Paradox of enrichment:
almost all individual planktonic species survivelan destabilization of exploitation ecosystems in

reproduce independently from other species due to ecological timeScience, 171, 385-387, 1971.
the vast space between them. Low nutrient Rosenzweig, M.L., Species diversity in space and

conditions of natural ecosystems may prohibit the time, Cambridge University Press, 1995.
reproduction to reach the high density that inalirre Rosenzweig, M.L., Win-win ecology: how earth's
competitive interaction. species can survive in the midst of human

enterprise, Oxford University Press, 2003.
Tilman, D., Resource competition and community
structure, Princeton University Press, 296pp,
Princeton, 1982.

Even though the current simulations are limited and
only trial runs with limited combinations of
parameters are carried out, these results indicate
that local coexistence of many species in very low
birth rates is possible, while the instant elimioat

of all inferior species by a single dominant specie
is also possible. Thus the mechanisms underlining
the current lattice model may relate to the paradox
of enrichment, as well as that of plankton.

5. ACKNOWLEDGEMENTS

This work was partially supported by grants-in-aids
from the Ministry of Cultures, Education and
Sciences in Japanto T. M., T. T., K.T. and J. Y.

6. REFERENCES

Alam, K., and A.C. Falkland, Home Island
groundwater modelling Stage 2, ECOWISE
Environmental, Canberra, 1998.

Grover, J.P., Resource competition, Chapman &
Hall, 342pp, London, 1977.

Harris, T.E., Contact interaction on a lattice, Ann
Prob., 2, 969-988, 1974.

Hulsman, J. and F.J. Weissing, Biodiversity of
plankton by species oscillations and chaos,
Nature, 402, 407-410, 1999.

Hutchinson, G.E., The paradox of plankton,
American Naturalist, 95,137-145, 1961.

Kuwata, A. and T. Miyazaki, Effects of ammonium
supply rates on competition between



