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Abstract. Simple application of rules governing a one-dimensional Cellular Automata
(CA) demonstrated patterns of spread of Chytridiomycosis in three grid-based CA
models. Simulation results show that the spread of Chytridiomycosis follow exponential
patterns of infection rates for susceptible and resistant frog populations, while there was
oscillatory behavior inthe simulationsfor resistant popul ations and popul ati ons subj ected
todrug treatments. Susceptible popul ationsdied out, whileresi stant and treated popul ations
recovered or stayed healthy. Stable oscillatory patterns in these models provide a
quantitative description of the relationship between periods of recovery versus periods of
sickness, two variables significantly measured in epidemiology. These CA-based models
areuseful aidsintheanalysisof behavior of emerging infectiousdisease (EID) inwildlife.
Applicationsof theoretical biology inanalyzing visualization model s of complex systems
presents an alternative in understanding population behavior so that possible scenarios
that highlight these simulated transmi ssion experiments may strengthen studiesin disease
control.

1. Introduction

Chytridiomycosis now constitutes a global panzootic disease, infecting and killing
amphibian speciesin six continents. Thefungus(Batrochochytriumdendrobatidis) causing
this has low host-specificity and ability to thrive without an animal vector. Theoretically,
an analysis by HERO et al. (2002) have attributed this phenomenon to global warming
(causing frog species clumping in certain areas) and the introduction of species by
international trade (that may have brought the disease to naive populations). One of the
impacts of the drastic decline in amphibian populations and the extinction of significant
species is the loss of wealth of animals that play important roles in the ecosystem.

Frogs and other amphibians (toads, salamanders, newts, etc.) act as global sentinels
for environmental degradation such as pollution, ozonelayer depletion and theintroduction
of invasive species by their niche specialization and inherent biological peculiarities. In
Asian countries, very little study has been done on the dynamics of wildlife diseases as

37



38 A. P. TAMINO and R. P. SALDANA

related to these environmental issues. So the science in uncovering diseases, its origins,
spread and control is presently linked with multidisciplinary approaches parallel to
technol ogical innovationsthat have aided humansto understand compl ex disease dynamics
in populations. Many emerging infectious diseases (EID) in wildlife tell us two things.
Primarily, disease emergence happens by the change in ecology of host, pathogen or both
(ScHRAG and WEINER, 1995). Secondly, spread of disease depends on the critical levels of
infection rates and density of susceptible hosts and its vectors . This may contribute to
pathogen pollution that impinges itself to unsuspecting host populations.

Wildlife is known as reservoirs of many pathogens and their potential to harm other
species of animals and man has to be curbed by standardized surveillance strategies, some
of which areimpractical todoinactual fieldwork but can be done using computer generated
outputs.

Thiscurrent study isaimed at visualizing the effects of Chytridiomycosison susceptible
and resistant representative species of frogs based on analysis of existing data and by
employing a powerful computational tool called Cellular Automata (CA). These are
discrete space-time model sthat have been used to study the dynamics of several biological
systems from the levels of cell activity to the levels of clusters of cells and populations of
organisms. CA was devised to prove that a logical order exists in the behavior of
populations affected by disease spread. By putting a specific frog population as one
complex system with many identical discrete components in lattices, having periodic
boundary conditions; local interacti on between neighboring individual s can be observed as
highly influential in the change in cell states. These results account for the dynamics and
produced the patterns that were highly observed to belong to all biological systems.

2. Dynamics of Chytridiomycosis

Diseases in amphibians are poorly studied and methods for treatment are not well
established. It is only this century that the baffling issues of emerging infectious diseases
(EID) fromwildlife are being considered significant dueto advancing detrimental changes
in the environment. Now, the best way an EID is controlled is by isolation of “infectives’
(MARANTELLI and BERGER, 2002). It appearsthat though thisdiseaseiswidespreadin alot
of amphibians, some species were discovered to be resistant to infection and others were
more susceptible.

2.1. Possible origins

The origin of Chytridiomycosis has baffled scientists and wildlife biologist because
its occurrence cannot be implicated to a specific area pertaining to onset of an EID. This
emerging infectious disease that affects a wide-range of amphibian species may have
originated as a result of (1) a spill-over from domestic animals to wildlife populations
living in proximity, (2) direct human intervention by host or parasite translocation, or (3)
there may not be adirect involvement from humansat all, because the pathogen isendemic
tothearea(DAsSzAK etal., 2000). Thelatter condition wasthought of whenfrogsin pristine
areas (mostly endemic and or endangered) were turning up dead in Australia (BERGER and
SPEARE, 1999; ABC NEwS ONLINE, 2000).
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Table 1. CA states.

Sate  Cell property Expression
0 Healthy —
1 Carrier/Quiescent —
2 Infected —
3 Terminally ill —

2.2. Geographical range

Although rare asit may seem, the extent of outbreak in Chytridiomycosis has affected
both captive and wild amphibians. It has been identified as the cul prit behind mass deaths
and extinction of some frog species worldwide in these six continents: Africa, South
America, Central America, North America, Europe and Australia and Oceania
(ENVIRONMENTAL NEWS NETWORK, 2001) (Table 1). Chytridiomycosis was first noticed
by John Nicholsin 1990 upon theinvestigation of the cause of death of California’ s“arroyo
toad” (TENENBAUM, 1991).

2.3. Characteristics of the fungus

Mycol ogist Joyce L ongcore characterized thefungus Batrachochytriumdendrobatidis
of Phylum Chytridiomycotain 1998 as causing Amphibian Chytridiomycosis 1. Chytrids
aretrue fungi that live in soil, freshwater ponds and streams and feed by degrading chitin.
They reproduce asexually and produce abody called athallus, having rhizoidsthat takein
nutrients on the skin. The thallus is contained in a shell that mature and later on produce
zoospores, which are free-swimming forms (affecting metamorphosing tadpoles). The
speciesdegrading keratin is B. dendrobatidis, where the type specimen was collected in an
isolate from the blue poison dart frog, Dendrobates azureus (LONGCORE et al., 1999). By
comparison of Morphology, histological section ultrastructural and 18srDNA, thechtyrids
found in the Old World such as Australia are similar to samples isolated from the New
World (North America) (DASzAK et al., 1999). Batrachytrium can also exist as a saprobe
without any adult amphibian host. Because of that, it can exist inlong-lived tadpolesin the
wild and hasthe capacity to wipe out adult frog popul ationstill extinction (DAszAK, 1998).

2.4. Factorsinfluencing the spread of Chytridiomycosis

The fungus infect amphibians by feeding on keratinized cells specifically the stratum
corneum and stratum granulosum without producing much immunol ogical suppression. In
Australia, half of 266 collected frogsfor three yearswereinfected with the fungus but they
have not been infected with any other disease and there was no evidence of depressed
immunity, as studied by BERGER and SPEARE (1999). Studied archival collections showed
that the diseaseispresent in North Americainthe 1970’ sand in Australiaduring 1978. The
onset of international pet trade for outdoor pond stocking, importation for zoo collections
and pest control brought introduced frog species in large numbers into different regions
(DAaszak, 1998) such as Litoria in New Zealand and Bufo marinus in the Philippines.
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Massdeathsdid not occur inall casesof wild amphibiansinfected by Chytridiomycosis
showing that some frogs are resistant and some are susceptible to the disease. The species
Bufo marinus (sample from Maryland) and Acris crepitans (sample from Illinois) have
been infected but without observed deaths (MiLIus, 1998). In experimental infections,
exposure of susceptible species of frogsto greater than 100 zoosporesin water for 12 hours
produce 100% infection but more resistant species like Rana catesbiana have low
incidence for infection even if infected with 5 million spores for five days. Although
zoospores are abundant in water, tadpoles are harder to infect. According to Speare
(personal communication, 2002), these do not show clinical symptoms or die; infection
only happens in the teeth and thisis usually shed off until juvenilesturn into adults. It is
only when the skin of the hind limbs and the tail become keratinized in metamorphosing
frogs that infection occurs. Crowding in water sources such as ponds or streams during
periods of environmental drought is said to increase transmission rates in Monteverde,
Costa Rica (DAaszak, 1998). The same event happened in New Zealand when bell frogs,
Litoriaraniformes (introduced from Australia) were monitored during spring and summer
of 1999-2000. Though afew individual swere found infected outside of the pond, majority
of the metamorphosing tadpoles uncovered in the pond were dying (WALDMAN et al.,
2002). Field surveysin 1998-1999 found out that in Australiamost of theinfectionshappen
near stream frog communitiesand thefrogsappear heal thy upon collection (suggesting that
clinical symptoms come in afew days before death) (MAHONY, 2002).

2.5. Symptoms and treatment

The clinical symptoms are usually abnormal posture, lethargy and loss of righting
reflex, lesionson the epidermismuscle and the eyeleading to ul cerations, hemorrhagesand
sloughing (DAszAK et al., 1999). Hypothesized mechanisms for death to occur include
epidermal hyperplasiaimpairing cutaneousrespiration and osmoregul ation and or systemic
absorption of fungus toxin. In susceptible species, death occurs between 18-48 days and
most clinical signs appear aday or so before death. Since B. dendrobatidis do not grow at
temperatures higher than 27°C, species mortality with higher temperatures is not 100%
complete (Speare, personal communication, 2002). Treatment for juvenile frogs
experimental ly exposed to B. dendr obatidiswasdone by topical application of Itraconazole
(Sporanox) or immersion in the drug with saline solution. Frogs that discontinued the
treatment were not free of the infection until death but treated blue and yellow dart-frogs
were free of theinfection after continuous treatment of 11 days. Control frogs on the other
hand died 35 days after exposure to the fungus (NICHOLS and LAMIRANDE, 2002).

3. Cellular Automatain Biology

Cellular automata (CA) provide simple discrete deterministic mathematical models
for physical, biological and computational systems(WOLFRAM, 1982). Thiswasconceived
by Ulam and von Neumann in the 1940sto organize the investigation of complex extended
systems (SIPPER, 1996). Basically, the CA iscomposed of an array of cellsor programmed
automatain grids or squares. All cellsfollow the identical rule or the transition function.
This means that each cell evolves in discrete time periods assigned following a periodic
boundary condition. Thevariablethat separates each cell or latticeisitsstatethat can either



Spatial Models of Chytridiomycosis Dynamics in Frogs 41

be a number or property. For two-state CA’ s the numerical representativeis either a0 or
1 where 1 can be designated as dead and O as alive (as an example). Multi-state CA’s can
also be generated in response to more propertiesin asystem (i.e. healthy, sick, removed).
Thecellsare also allowed to interact with adjacent cellsand called neighbors. One cell has
left and right neighbors and a periodic boundary condition will be assumed (GREEN, 1993;
SIPPER, 1996). Properties of CA such as self-organization allow patterns to emerge as
successive states are expressed inside grids. This behavior of CA that is similar to that of
biological systems added to its popularity in this field of science. Some other biological
mimicriesinclude 1) dying out, 2) becoming stable or moving in acyclewith fixed period,
3) growing indefinitely at afixed speed, and 4) growing and contracting regularly. These
factors are considered in the rules for artificial systems.

In studying epidemiology CA concepts were incorporated to indicate the behavior of
a disease agent in a host population which is not homogeneously affected by the disease
over time. Because of this, patterns emerged showing how actual infections emerge from
a particular disease dependent dynamics on the level of the respective local units of
infection. Thisis simply afixed number of consecutive states (i.e. healthy, infected and
removed) that are changed periodically depending ontheeffects of neighborhood infections.
Consequently, aspatially explicit, grid-based simulation model linksaspects of local agent
transmission between individual animals to aspects of the regional spatiotemporal spread
of an epidemic (THULKE et al., 1998).

4. Methodology

There were two kinds of CA applied to 3 kinds of simulations that showed how
Chytridiomycosisspreadswithin theamphibian popul ations. Theseweredonein conjunction
with an actual case study in Chytridiomycosis epidemiology. Deterministic CA is where
the outcomes of the cells that underwent transition produced a repeating pattern and was
used to simulate behaviour of thediseasein 1) susceptibleand 2) resistant frog popul ations.
A Stochastic CA on the other hand does not produce aregular pattern when the simulation
runs and was used for 3) heterogeneous frog populations that underwent drug treatments.

A cell which is the basic element of a CA was given one state that may evolvein 1
transition period (r) (see Table 1) and was arranged in a spatial web called alattice; a set
of finite grids. For our models, we made use of aone-dimensional lattice. These CA models
had multi-states (symbolized by 0, 1, 2, and 3) with periodic boundary conditionsand made
use of the von Neumann neighborhood. In this neighborhood, an active cell or acell in
guestion can possibly interact with its four neighbors. Since we used one-dimensional CA
with a von Neumann neighborhood, then the transition state of the active cell was
influenced by its left and right neighbor. But for a two-dimensional CA with the same
neighborhood condition, the active cell interacts with the cell aboveit, below it and on the
left and right side of it. Construction of the CA models was implemented as each of the
multi-state dimensions were symbolized by a number which codes for a cell property
indicating areal event experienced by affected amphibian populationslike varying ranges
between sickness (P) and recovery (R) (see Table 1).

Dynamics of the population was observed as each state was allowed to undergo a
periodic transition state in response to the disease. One transition period (r) has a time
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Table 2. CA rulesto give the next state of the cell (the middle number). The asterisk means any state except 0.
“Model depend.” means that the state is dependent on respective model, especially on the relationship of P
and Rinvolved in the model (see Sec. 4.1).

Neighborhood  State (r = i)

000

*00 or 00*
* 0*

*1* 2

* 2% Model depend
* 3* "

010, 020, 030

01*, 02*, 03*

== o

equivalent (t), wheretisequal to 1 week or 7 days. In one transition (r), acell proceeds at
an “i” times step according to afinite set of rules that can be outlined (see Table 2). This
set of rules also act as a lookout table that makes the change of state for an active cell
automatic. The first column shows the neighborhood of the middle cell and the second
column shows its state after i transition period.

Models were done by constructing grids of 25 x 25 squares in Excel software where
each cell has been assigned a random initial state and expressed in the corresponding
symbol of Table 1. Graphs of affected populations versus time were done to complement
the Excel grid-based models.

Thebasicassumptionsfor al model sincluded spacelimitationsthat subjects populations
to overcrowding thus increasing infection rates. Quiescent stages of the disease in frogs
that show no symptoms of infection were incorporated in the model. There was no fixed
number of individuals for apopulation since 1 cell was assumed to have an “n” sample of
apopulationthat changesitsstate. Critical periodsfor increasein recovery or sicknesswas
put between t = 7-14 days or r = 2 and once this was surpassed by a population, easy
recovery and stability of health was achieved at t = 36 days.

4.1. Spread in susceptible populations (SP’s)

Background case study

In the multi-state CA the addition of death as a property was linked with the species
extinction phenomenon if it occurred in large numbers of a population. Taudactylus
acutirostis, the Australian sharp-snout day frog was currently amissing frog speciesin the
wet tropics. Updated news listed it as extinct in the wild, as the last specimen died of
Chytridiomycosisinfection in 1995 whilein captivity (SPEARE and BERGER, 2000b). The
disappearance of the golden toad of Costa Rica and the 2 species of gastric brooding frogs
in Australia was also linked with Chytridiomycosis (SPEARE and BERGER, 2000a).

Assumptions

The requirements for this model are species having small clutch size and small
geographic range with the tendency to overcrowd in streams and ponds. The equation for
thisis given as
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Table 3. Rulesfor CA model of SP's.

Neighborhood  Sate (r=1) Conditions (P > R)

000 0 No variation
*0*, 00*, *00 1 No variation
*1*, 01*,*10 2 No variation
02*,*20 3 No variation
*2% 03* 3 If 3 repeats 2 transitions, cell dies out

Table4. Rulesfor CA model of RP's. After thecritical period of t > 14 days, cells state oscillate between healthy
or infected depending on the state of their neighbors.

Neighborhood Sate (r=i) Conditions(P <R)

000 0 No variation

00*, *00, *0* 1 No variation

*1*,01*, *10 2 Revert one step to healthy after critical period of t > 14
* O 2 "

02*,*20 2 "

020, 010 2 TurntoOatt>14,r=i+3

P>R, (1)
where P and R represent the sick period and recovery period, respectively.

4.2. Modeling spread in resistant populations (RP’s)

Background case study

One of the observed resistant speciesto Chytridiomycosiswas the American bullfrog
Rana catesbiana. Having a cosmopolitan distribution, thisamphibianis highly introduced
to many areas of the world and was deemed to have been originally from the Americas.
Studies showed that these frogs possessed |ow rates of infection against Chytridiomycosis
and no deaths in the population were observed that was linked to the disease (Speare,
personal communication, 2002).

Assumptions

Therequirementsfor thismodel were populations having abroad range of adaptability
to awider range of habitats and microclimates. Many individuals may be carriers of the
fungusbut do not exhibit symptoms (state of 1 = carrier, quiescent stage). Thusrelationship
of P and R was shown as P < R. Sickness occurs in a short period and recovery period is
at least equal to the time of sickness.

4.3. Astochastic model of Chytridiomycosisfor drug treated captive populations (DTP’s)
Background case study
Frogsare quarantined for 2 monthsbeforethey areadded to acollection (MARANTELLI
and BERGER, 2002). Studies on topical drugs like Itraconazole showed the variation of
some properties in this system.
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Table 5. Rulesfor CA model of DTP's.

Neighborhood Sate/Transition Conditions

Random No. 0 Increase in R Effective treatment (recovery)

Random No. 1 Increase in P (relapse) I neffective treatment (re-infection)

*3*, 030, *30 3 Diesout, if repeatedatr =i+ 3

000 0 Remains healthy until the end, repeated atr =i + 2

w] wf ] wl wf w] vl wlwl wlwl el wl el wlwlwlwlwl el wlwl]
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Fig. 1. Deterministic CA model for susceptible frog populations simulating the dynamics of Chytridiomycosis
exhibited by cell states: 0 = healthy, 1 = carrier, 2 = infected, and 3 = terminally ill/dead.

Assumptions

Infected frogs can berestored to the healthy statewith drug treatments. But medication
has varied affects on individuals having different states so that it does not guarantee that
100% of apopulation under treatment recovery fully although the chanceis always 50/50.
Because of thiswe let P = R for this model.

By using a2-number generator in acomputer, either 0 or 1 will be chosen and thiswill
dictate if the frog population will take one step to recovery or sickness again. Thisis a
random event that will simulate if drug administered to a frog sample population was
effective leading to restoration of the healthy state or ineffective leading to re-infected
state. Weassign in our generator O if the popul ation assumes one step towardsrecovery and
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Fig. 3. Deterministic CA model for resistant frog populations simulating the dynamics of Chytridiomycosis.

1if the population assumes one step towards becoming moreill. If the treatment underway
was working, it meant that the cells changes one-step for one transition period to become
healthy. If the drug was ineffective, then the cells were changed to the dying state unless
the randomizer generates a 0. There is an assumption that there is limited neighborhood
interaction during the course of treatment and that the change of states can be reversible.
It means that the possibility of reverting back to a sick state was considered in the model.
This procedure simulated direct human intervention applied to captive populations. A
simple coin toss can also generate 2 random events, heads (for recovery) and tail (for
sickness) for simple CA grid models.

5. Results and Discussion

Simulations from Fig. 1 are one-dimensional deterministic CA model for susceptible
frog populationswhereaninitial number of individualswereadded randomly (i.e. someare
healthy, some are sick) at t = 0. By following the set of rules and variations for this CA, it
was shown that the rates of infection progressed on exponential increase (Fig. 2(b)), and
therewasaplateauatt=7till t=9 and agentledrop after the 9thweek. FromthisCA model,
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Fig. 5. Stochastic CA model for captive frog populations simulating the dynamics of Chytridiomycosis.

population size (n) of healthy frogs sharply decreased after 5 transition periods or from t
= 0tot=05. This was also evident as the rate of dying frogs increased in increments
following 2 uneven oscillations until the 9th week when it demonstrated a plateau. Only a
few sampl es of the population remained healthy (therewereonly 3 cellsleft). The numbers
of carriersand locally infected frogs also declined as the former event was carried out. In
general the model followed a Pascal triangle increase, which was shown by the triangular
configurationsin Fig. 1.

Demonstrations of Fig. 3 are one-dimensional deterministic models that showed the
spread of Chytridiomycosisin resistant frog populations, where at t = 0 popul ation size (n)
for 25 cells of the GBM contained infected samples chosen randomly. The spread of
infection initially followed the Pascal triangle increase pattern fromt = 0tot = 4 that was
proven by the exponential curve of the graph for this model (Fig. 4(b)). But as time
increased after the fourth transition period, the spread rates followed a periodic uniform
pattern. What resulted was agraph that had regular oscillatory motion for both healthy and
carrier individuals (Fig. 4(a)). Dying cellsin the model were not observed evenif few cells
reached the infected state. These were able to revert into a healthy state in one transition
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period (lasting 1 week) as the rules were applied this model.

A stochastic CA was modeled by Fig. 5 where random order was achieved by
randomizing (such as following a coin toss system) to predict population sample (n)
tendencies for recovery or sickness. The model did not exhibit regular patterns of spread
for Chytridiomycosis. At the end time period when the simulation was run (t = 25), it was
shown that 20% of the infected cells died and 80% were restored to the healthy state. The
graph of this model (Fig. 6(b)) showed that infection rates followed a steep increase but
declined at the 5th to the 9th week, increasing shortly after that and climbing down till the
rates of infection waslowered to allow half of the infected cellsto recover. Changesin the
population size were noted to increase over time for healthy populations and decrease at
one step from both infected and carrier samples. The dying cell s/samples graph exhibited
aplateau parallel to the time that total infection rates were decreasing at after 17 periods
or 17 weeks.

The type of population dynamics manifested in these models all showed exponential
growthininfectionratesat the start of simulation. But their differenceswerethe emergence
of uniform periodic patternsfor resistant popul ations, declinein ratesfor treated popul ations
and the plateau behavior of the graph for susceptible species. In any biological system,
wave fluctuations are afunction maintained within atolerable range of limits. Oscillations
then produce wave periods of stability and instability running along those limits. MURRAY
(1999) was ableto show thisby hisdiscussion of local perturbationsin populationsand said
that asteady state populationisunstableif the small perturbation found doesnot reach zero.
If we connect this with the model results for resistant species, oscillatory behavior was
found occurring at regular intervals such that the amplitude of each wave in the graph
cancelsout theother. If thiswould be plotted asaphase pl ot graph, it would show an elliptic
figure equivalent to stable system configurations. This proved that such asystem gained a
steady state after the 8th week where some population samples were carriers and some
reverted back to the healthy state. Chytridiomycosis at this stage had no significant effects
on populations of resistant frogs. For susceptible and drug treated popul ations, exponential
rise of infected samples/cells were due to increased transmissions which may have been
brought about by an assumption of overcrowding although it does not answer the biology
behind species susceptibility. A real example is the case of mass deaths of frogs in Costa
Rica during a period of drought where most frogs overcrowded in ponds.

By categorizing the CA type according to Wolfram’s categories of one-dimensional
CA'’s, Class 1 governsthe CA model for susceptible populations (SP), Class 2 governsthe
CA model for resistant popul ations (RP) and Class 3isfitted for captive popul ations (DTP)
that were given drug treatments for the disease. Class one governs models for SP’s since
the automata changes into a fixed configuration after a finite number of transition states
occurred. Thiswas perceived when the graph for infected population versus time became
aflat line. In the model, it was seen when 23 out of 25 cells died out. Class two is found
for RP's since the configuration of this automaton followed a periodic cycle or fixed
configurations observed in the oscillatory behavior of the model’ sgraph. Itisalso periodic
but end result of the simulation that produced a heterogeneous group of healthy and carrier
frogs. For DTP's the configuration is chaotic and aperiodic producing a class three
automata that may not be necessarily random at all.
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6. Conclusion

Using one-dimensional cellular automata(CA) with periodic boundary conditionsand
multi-states, patterns of spread of Chytridiomycosiswere modeled in three genres of frog
populations (susceptible, resistant and drug-treated). It was shown that there are three
classes of CA’s governing the three kinds of models presented. These models were
influenced greatly by the relationship of recovery (R) and sickness (P). Spatiotemporal
dynamicswasoutlined by model sof transmission ratesin neighborhoodsthat were affected
by proximity (shown by Pascal triangle patterns). In the process of simulation, susceptible
populations died out, while resistant and treated popul ations recovered or stayed healthy.
Resulting fluctuations of the graphs these models provide ascertained a quantitative
description of the relationship between recovery periods versus periods of sickness, two
variablesthat are significantly measured in epidemiol ogy. Simulation results show that the
spread of Chytridiomycosis followed exponential patterns for SP’'s with incidence of
regular oscillatory behavior for RP’'s. The treated captive population model showed that
drug treatments brought significant change in curbing the infected population growth.

These cellular automata-based models can be used to analyze the behavior of
emerging infectious disease (EID) in wildlife and its control to develop a testable
hypothetical study on the effects of the disease in frogs and amphibians asawhole. It also
stresses the significance of biodiversity conservation and environmental education.

Applicationsof Cellular Automatainthe analysisof visualization modelsfor complex
systemsisan alternativetolearn population behavior and create possibl e scenariosthat will
highlight the significance of simulated transmission experimentsin epidemiology. Thisis
building on the capability to predict disease pathogenicity variations depending on type of
species, tempo-spatial relationships and effect of human intervention through controlled
experiments and treatments.

7. Recommendations

The produced simulations should be subject for further review by those doing
experimental studies on the epidemiology of Chytridiomycosis. Similar simulations may
be done using the Ateneo’s AGILA high performance computer as well as the use of
programming tools (Mathematica). More information is required about the fungus B.
dendrobatidisand thereview of thelife cyclefeatures of thisfungusto further improvethe
models shown. It is also important to incorporate the frog’ slife cycle for future models so
that each time period can be described in terms of biological events pertinent to the stages
of growth and development of frogs as a biological component of the disease dynamics
system.
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