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Abstract—The Gaia hypothesis examines the global feedback loops that regulate concentrations of chemicals
effects of local interactions among organisms. A model on Earth. As a result of these cycles, concentrations of
commonly used to examine the global emergent prop- chemicals on Earth are not consistent with the concentra-
erties proposed by the Gaia hypothesis is Daisyworld. tjong that would be observed on a planet at equilibrium,
The original Daisyworld relies on a deterministic set of 074 chemicals are present in concentrations that are

equations to determine the outcome of the model. This itable for life on Earth. Eor examol n lanet at
project develops a two dimensional cellular automata (CA) suitabie for {ire o arth. For eéxample, on a planet a

representation of Daisyworld. By using a cellular automata ©9guilibrium all oxygen would be bound in molecules
and incorporating stochastic effects into the model, this With other elements, as a result there would be no oxygen

project is able to develop a Daisyworld that takes into leftin the atmosphere. In contrast, the average amount of
account both the spatial and stochastic characteristics of oxygen in the atmosphere of Earth2$%. This can be
natural ecosystems. attributed to the oxygen cycle maintaining concentrations

The model developed is found to closely resemble resultsof oxygen in the atmosphere at a level that is suitable
produced by a mathematical Daisyworld. The effects of ¢, |ife.

death rate and solar luminosity on the CA Daisyworld

are examined. It is found that lower death rate causes the Underlying the Gala hypothesis is the idea of emer-

daisies to adjust to varying solar luminosities more slowly, gence on a global scale. Slml'lar to the W‘?‘y ants can
but it also enables them to survive longer when the solar assemble complex structures without centralized control,

luminosity is extremely high. The model is found to be Organisms are able to produce a global environment
able to adjust to changing solar luminosity and maintain that is conducive to life through interactions with other
a temperature that is close to the optimum temperature organisms and the abiotic environment. These simple
for daisy growth. Finally, the model is extended to include interactions can have global impacts on conditions on
four species of daisies. The general properties of the four ggrth. For example, nitrogen fixing bacteria in soil
species [_)aisyworld are stqdied as well as the impacts of, nitrogen gas into inorganic compounds that can be
solar luminosity on this variant of the model. used by plants to synthesize amino acids. This simple
interaction is a key component of nitrogen cycling on
Earth and helps ensure that nitrogen in the atmosphere
The Gaia hypothesis postulates that life on Eartind soil are in a balance that is suitable for life. However,
works as a collective unit to ensure that conditiorig is carried out autonomously by simple bacteria with
on Earth remain conducive to life. Some forms of theo centralized control.
Gaia hypothesis attribute the maintenance of conditionsThe emergent properties suggested by the Gaia hy-
on Earth to a macro-organism [1] and as a result tipethesis can be observed in Daisyworld. Daisyworld is
hypothesis has been somewhat controversial. Howewermodel in which the Daisyworld planet orbits a sun
principles at the core of the Gaia hypothesis are uthat is warming slowly over time, similar to Earth. Life
deniable with applications across several disciplines ofi Daisyworld is simplified to only include two species,
science. black daisies and white daisies. The black daisies re-
The global regulation suggested in the Gaia hypotheflisct less light back into space than the white daisies,
results from interactions between organisms and ttlés causes them to increase the global temperature.
environment. These interactions lead to the formati@imilarly, white daisies reflect more light back into
of feedback loops that control concentrations of variospace, decreasing global temperature. These effects can
chemicals on Earth. The cycling of water, carbon, nitrdye quantified by the albedos of each species of daisy. The
gen and many other chemicals are natural examplesadifiedo of the planet is calculated based on the quantities

I. INTRODUCTION



of black and white daisies present on Daisyworld. Thi&/hereE,... and E,.; are the amount of energy received

is explained further in Section II. and reflected by the planet, respectively. By the laws of
The original Daisyworld [2] is modelled using aphysics these quantities can be described by:

deterministic set of differential equations. The model

does not take into account the stochastic or spatial nature Eree=5x L (4)

of interactions in a two dimensional or potentially three Eref = Erec X 0y (5)

dimensional environment. With these considerations in , _

mind, this project develops a two dimensional cellul heres; IS the solar flux constant W'th a value of

automata (CA) that takes into account both spatial a8&7W/m  ap IS the planetary albedo anflis the solar

stochastic elements of the Daisyworld model. CelluldfmMinosity. Solar luminosity for the above equation may
automata have been previously used to model Dais}f calculated in one of two ways. The first method is

world in [3], [4], [5], [6] to use an automatic linear increase in luminosity at each
S time step in the simulation. Also, a manual method to
Il. METHODOLOGY adjust luminosity is provided in this project.

Daisyworld begins as a planet that is uninhabited by By substituting Equations 3, 4, and 5 into Equation 2
daisies. As the sun increases in intensity the temperatthre following equation can be derived:
on Daisyworld increases. The temperature of the planet
is impacted by the amount of light reflected by the Eem = 8 x L(1 = ay) (6)
planet back into space and the luminosity of the suAfter substituting Equation 6 into Equation 1 and simpli-
The amount of light reflected back into space by thging, the following formula for temperature is reached:
planet is determined by the albedo of the planet, which
is impacted by the amount of black and white daisies T, = Sx L(1 —ap) 7)
on its surface. This section describes the equations that €0sB
control the dynamics of Daisyworld and how they are It remains to be shown how the albedo of the planet,
applied to create a two dimensional cellular automata gf, is calculated in the above equation. Planetary albedo
the planet. The variant of Daisyworld described is frong determined by the following formula:
[7].
A. Temperature

Temperature of Daisyworld is influenced by the albedg
of the planet and the luminosity of the sun, it is governe[aI

Qp = QpGy + Opap + QynQun (8)

herea,,, o, anday, are the albedos of white daisies,
ack daisies and bare land, respectively. The percent of

by the following physical laws. Temperature of Daisyb e planet covered by white daisies, black daisies and

. . bare land are represented hy,, a;, and a,,. All of
world is calculated using the Stephen Boltzmann LaWt'he albedo values are between 0 and 1. This formula

effectively weights the albedo of each species by the

Eem = AT? 1 : -
em = COSBLp (1) amount of area it covers when determining the planetary
Where E.,, is the amount of energy emitted by theypedo.

planet,cgp is the Stephen Boltzmann constadtjs the o

surface area of the planet affg) is the temperature of B- Growth of Daisies

the planet. The value of the Stephen Boltzmann constanirhe area of land covered by daisies is governed by
is 5.67e-8 Jisem?K*. Also, surface area of the planetfaisy growth. Daisy growth is modelled according to the

A, is taken to be a unit value of 1. following equations.
It is assumed that the planet is in radiative equilibrium. dag
Thus it follows thate will be a unitless constant. The 7 = @s(aungs — deathrate) +0.001 9)
following equality also holds: 4 )
L 1- m(22.5 —T) (10)
em — Lvabs (2)
Fralay —as) + 1T, (11)

Where E ;s is the amount of energy absorbed by the

planet. By using knowledge of physical systems it foWhere% is the change in area for daisy speciem

lows that: time ¢t. The growth factor of the daisy specieg,, is
Eops = Erec — Erey (3) represented using a parabola with a maximum of 1 at



the optimal temperature for daisy growth. Growth maipclude a comparison with a mathematical Daisyworld
only occur in a limited range of temperatures, whgn with the same parameters as the CA model. The effects
is not betweerb°C and40°C growth will not occur.Zs of solar luminosity and varying death rate are also ex-
denotes the local temperature for each species of dajgpred. The two species CA Daisyworld is then extended
In this equation,F'y 4 is the heat absorption factor thato include four species of daisies. The effects of solar
is set to 20. luminosity are further examined on the four species

C. Cellular Automata Rules model.

Using the aforementioned equations, rules for a cel-
lular automata (CA) Daisyworld are developed. Thege Comparison with Mathematical Model
rules aim to capture some aspects of realistic daisy
growth, while ensuring growth patterns follow the gen- When compared with a mathematical Daisyworld with
eral pattern described by the formulas. Daisy growth i8e same parameters, the CA model developed in this
dictated by the following rules: project produces similar results. Characteristics used to
« If the change in area for a daisy specieis greater compare the tvvp models include, area covereq by each
than 0, daisies of this species will consider thelyP€ Of daisy, Figure 1, and temperature of Daisyworld,
neighbors. Figure 2.

— If the amount of neighboring cells occupied by In the case of area covered by daisies, there is one
daisies (of any species) is less than a sprea{Hf"in instance when the CA model does not match

ing threshold, then the bare neighbors of tH&Sults reached in the mathematical case. This is at the
current cell will grow daisies with probability, P€ginning of the simulation when white daisies do not
p=c x da/dt. increase in area as rapidly as they do in the mathematical

— If the number of neighbors occupied by othefnodel. This problem is compounded by black daisies

daisies is greater than the spreading threshd@@ching a much higher initial peak in the CA model, as
a new patch of daisy specieswill be started well as decreasing in area more slowly than they do in
at a random location. the mathematical model. As a result, the white daisies
. If the change in area for speciess not greater than have to compete with more black daisies initially, this
0, then daisies of specieswill die with probability may be partially responsible for the delayed growth of
p’: ~da,/dt " the white daisies.
’ The impact of the higher initial peak in the amount of
lack daisies on temperature is illustrated in Figure 2

constant the daisies were not able to grow fast enough C)) Initially, fthe r;[ergp_er_atu?hls higher thaln tfheh |dbe|al K
keep up with changing solar luminosity. This constantogmperature or the daisies. Then, as a result of the blac

currently set to 9. The spreading threshold helps av g's1es nqt decreasing in area as fast as they do in the
daisy growth being limited by over crowding and can brgnathematlcal model, the temperature remains above the

adjusted dynamically from within the model interface. 'deal temperature for a longer period of time than it does

in the mathematical model.

lll. RESULTS In both Figure 1 and Figure 2, the effects of random-

To evaluate the effectiveness of the two dimensionaéss on the CA Daisyworld can be observed. The effects
cellular automata (CA) Daisyworld, several tests weid using stochastic processes to control the growth and
run. In each case various parameters were set to defal@ath of the daisies is evident in noise effects on the
values, unless otherwise specified by the experiment. Tdgantities of daisies. Despite the effects of noise on the
baseline parameters include an automatic linear increagstem, both the mathematical and CA models show
of temperature. Death rate is set to 0.3, spreading threstmilar overall trends. This suggests that for the simple
old is set to 7 and optimal daisy growth temperature case, the mathematical model may be a good method
set t022.5°C. The albedos of black daisies, white daisig® study the dynamics of Daisyworld. However, for
and bare land are set to 0.25, 0.75 and 0.50, respectivelyamining more complicated situations on Daisyworld

Experiments run on the model attempt to verify ththe CA model may prove to be more convenient and
accuracy of the model as well as testing the effects sifmilar to natural processes because of its stochastic and
modifying parameters on the model. These experimesisatial components.

In the above rulesc is a constant value to help
accelerate daisy growth. Before the addition of th



% of land area

temperature (C)

0z 04 06 08 10
| | 1

0o
I

40 50 80 100

20

— hlack
— white
— hare

500

1000 1500

time

(a) Mathematical Model

% of land area

0z 04 06 03 10

0o

— black
— white
— bare
T T T
500 1000 1500
time
(b) CA Model

Fig. 1. Comparison of Area Covered by Daisies in the Mathematical Model to CA Model of Daisyworld

/
/ temp with daisies
/ — tempwithout daisies
| |
500 1000 1500

time

(a) Mathematical Model

Fig. 2.

temperature (C)

80

60

40

20

temp with daisies
— temp without daisies

500 1000 1500

time

(b) CA Model

Comparison of Temperature in the Mathematical Model to CA Model of Daisyworld



(c)L=1.0

i igh,
Py
1 .|.:._

oy

L

o ﬁ-l';.-'.;i- v

()L =1.2 fHL=13 (@) L=14
Fig. 3. Effects of Solar Luminosityl{) on Two Species Daisy World
TABLE |

AVERAGE TEMPERATURE OFTWO SPECIESDAISYWORLD WITH
VARYING SOLAR LUMINOSITY

temperatures for each solar luminosity were recorded.
Due to space constraints, only solar luminosities from
0.8 to 1.5 are illustrated in Figure 3. Outside of these

L | Avg. Temp (C) solar luminosities there was no sustained daisy growth.
0.6 -9.066 The self regulation of temperature by daisies on Daisy-
0.7 1.803 g L . . )

08 23795 world is illustrated in Figure 3. It is evident that in order
0.9 22.416 to keep the temperature close to the optimal temperature
1.0 21.343 for daisy growth, the amount of each species of daisy
i; 28'883 changes depending on the solar luminosity. This can be
13 20.529 attributed to the feedback mechanisms employed in the
1.4 23.111 Daisyworld system. If one species of daisies dominated,
1.5 27.204 for example, white daisies, the overall temperature of

the planet would decrease. Also, since the albedo of the

white daisies is lower than the albedo of the planet, this
B. Effects of Solar Luminosity on Daisyworld with Tw@yould cause the local temperature of the white daisies
Species to amplify their cooling effect. This would limit their

To examine the effects of solar luminosity on Daisydrowth and cause the area occupied by white daisies
world the parameters of the model were set to the defatftdecrease. This feedback mechanism guides the planet
values mentioned above. However, solar luminosity molilto a state where each species occupies an appropriate
ification was set to manual. At each time step the sol@fount of land to sustain a planetary temperature that is
luminosity was set to a specified value and the model wigi§al for daisy growth.
given time to adjust to the new solar luminosity. This was The average temperature recorded for each solar lumi-
done by waiting until populations of each type of daisgosity is very close to the optimal temperature for daisy
reached a relatively constant value. Screen shots wgrewth, with the exception of when solar luminosity is
taken for each solar luminosity (Figure 3) and averade5. When the solar luminosity is 1.5, the intensity of the



sun is too high for the daisies to effectively regulate thaf daisies. The majority of the formulas for the original

temperature. At other solar luminosities, however, theodel remain unchanged. The calculation of the plane-

emergent property of temperature regulation keeps ttaey albedo can be generalized to include more than two

temperature of the planet close to the ideal temperatggecies as follows:

for daisy growth. The emergence of this temperature

regulation should be emphasized, because the daisies

do not follow any centralizeq cont_rol to reach the ap- ap = Z Qss + Clyn Gun (12)

propriate quantities to sustain an ideal temperature for seS

growth. Instead they grow or die based on the feedback

mechanism discussed above, as a result causing the i _

temperature of the planet to stay within a suitable ran%aWhereS Is the set of all species and, gnd as are

for the daisies to survive. e albedo and area of a species, respectively. Similar to
the previous formula for planetary albedws,,, anda,,

C. Effects of Death Rate on Daisyworld are the albedo and area of land not occupied by daisies.

The effects of varying the death rate of daisies élso, in this new model the albedo of the species are
examined in Figures 4 and 5. Death rate was examinecfd © 0-2: 0.4, 0.6 and 0.8 for red, orange, yellow and
determine its effects on how quickly the model can adjugfeen daisies, respectively.
to increasing values of solar luminosity. The automatic A motivation for including more species of daisies in
linear increase of solar luminosity was used. Daisyworld is to explore what happens when the system

Intuitively, the area covered by the daisies is impactdtfis more species that it can utilize to achieve an optimal
by varying the death rate of the daisies. When the ded@nperature. The base case, uses the default parameters
rate of daisies is |0wer, the p|anet is dominated biﬁscribed above, with the exception of albedos, which
daisies and the amount of bare land is reduced. As de@ff modified for the four species case. In Figure 6 (a),
rate increases, the amount of land covered by daistB§ areas covered by each species of daisy during the
decreases. simulation are plotted. Similar to the two species case,

Death rate also has impacts on how well the model cHiere are certain times in the simulation when specific
regulate temperature. This can be observed in the ti§Recies thrive. In particular, the daisy populations expe-
that daisies stop being able to survive extremely higignce elevated populations in increasing order of their
solar luminosity. In the case when death rate is equal@pedos. Also similar to the two species case, the lowest
0.1, the daisies are able to survive until approximatefPedo species experiences a large spike at the beginning
1200 time steps. In contrast, when death rate is 0.5 figlowed by a relatively slow decrease in population. The
daisy population crashes well below 1000 time stepéree higher albedo species experience a lag before they
When examining the temperature graphs, it is evide®fow, during the spike and decrease period. One main
that when death rate is lower, it takes the model longer@ference between the two and the four species model, is
adjust to non_optimal temperatures_ In particular’ Whéhe level of Varlablllty in the outcomes of the simulation.
death rate is 0.1, the elevated temperature as a reéiifough the red daisies experience a population spike
of the initial spike in the black daisy population takefirst and the green daisies experience peak populations
several time units to return to an ideal temperatur@hen solar luminosity is high, the quantities of orange
However, when death rate is set to 0.5 the initiallgnd Yellow daisies vary between trials. This can be
elevated temperature is reduced more quickly. When thtributed to impacts of using stochastic processes to
death rate is higher the daisies may be able to adjG@ntrol daisy growth on the simulation.
to fluctuating solar luminosities more quickly. However, Since the growth factor of each species of daisy is
once solar luminosity is too high for the daisies tealculated using Equation 10, the daisies still only grow
survive the higher death rate causes the daisy populatiora narrow range of temperature with peak growth when
to crash more rapidly than it would if the death rate e temperature i22.5°C. As a result of this, the four
lower. species model does not provide any added benefit to the
sustainability of optimal growth conditions on the planet,
as illustrated in Figure 6 (b). Potentially if the species

To gain more insights into the Daisyworld system thiead different ideal temperatures this would not be the
two species model is extended to include four speciease.

D. Daisyworld with Four Species of Daisies
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TABLE 1l

AVERAGE TEMPERATURE OFFOUR SPECIESDAISYWORLD WITH
VARYING SOLAR LUMINOSITY

is reported in Table Il. Due to space constraints, images
of Daisyworld are only included for solar luminosities
between 0.7 and 1.4 inclusive. Outside of these solar

L | Avg. Temp (C) luminosities the planet was not able to support daisy
0.6 -9.066 growth because the solar luminosity was either too high
0.7 20.873 or too low.

0.8 21.337

0.9 22.368 - : :
1.0 22.383 Similar to the two species model, the four species
1.1 23.936 model of Daisyworld is able to keep the temperature of
12 23.939 the planet ideal for life, despite increasing solar intensity.
1.3 23.810 L , )

14 24.160 This is accomplished by varying the amount of each type

of daisy to produce a global albedo that results in ideal
global temperature for daisy growth. The continuous
E. Effects of Solar Luminosity on Daisyworld with foupature of the t_ranS|t|on for each level qf solar_lummosny
: can be seen in the gradual change in dominance from
species -
the red to orange, yellow and eventually green daisies
A study of the effects of changing solar luminosity isvhen the solar luminosity is very high. Depending on the
also carried out on the four species model (Figure 7). Theevious conditions for each albedo there is potentially

average temperature for each value of solar luminosityore than one stable state that will ensure temperature is
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ideal for daisy growth. For this study of solar luminosityable to move global temperature closer to its optimal
the luminosity was gradually increased from 0.6 to 1.5femperature by reflecting energy back into space. In
However, if solar luminosity had been adjusted in both these cases, competition and cooperation have the
different sequence the proportion of each type of daipptential to emerge and it would be interesting to observe
may have differed. Despite these potential differencse effects of these different interactions on the planet's
though, the planet is still able to stabilize at a temperatuability to maintain global temperature within a range that
that is very close to the optimal temperature for growis conducive to daisy survival in general.
of daisies. By developing a Daisyworld model that incorporates
stochastic and spatial effects on daisy growth, this project
provides a starting point for several lines of inquiry into

The goal of this project was to examine emergegtobal emergent phenomena. There is also potential to
phenomenon on a global scale. The Gaia hypothes®dify some of the core components of the model to
provides a framework for considering the Earth as iacrease its similarity to natural systems.
decentralized, self regulating unit. This project focused
on a simple model of emergent properties on a global
scale in the Daisyworld model. The deterministic natufél J. Lovelock, Gaia: é\gl’\lew Look at Life on Earth Oxford

s : University Press, 1979.
of the Orlgmal.mOdel’ alth(?th true to physics, does n 5 A. Watson and J. Lovelock, “Biological homeostasis of the global
?a_S”y extend _'tself t_o making the model more Char?‘Ct_ I= environment: the parable of daisyworldgllus vol. 35B, 1983.
istic of organisms in nature. To over come the limitg] W. Von Bloh, A. Block, and H. Schellnhuber, “Self-stabilization
of the mathematical system, this project represented of the biosphere under global change: a tutorial geophysiological
Daisyworld using a two dimensional cellular automatg, 2PProachTellus vol. 498, 1997.
yw 9 ) tﬁ] W. Von Bloh, A. Block, M. Parade, and H. Schellnhuber, “Tu-

that was able to capture both the spatial and stochastiCtorial modelling of geosphere/biosphere interactions: the effect
properties of natural systems. The cellular automata of percolation-type habitat fragmentatioi®hysica A vol. 266,

; 1999.
apErOSCh IS fr?und FO FI)rOdl?jcel I’esdultﬁ tha# are c?mpar'ifgﬁeel Ackland, M. Clark, and T. Lenton, “Catastrophic desert
with the mat ema_ltlca model and t ?e ects of varying formation in daisyworld,”Journal of theoretical biologyvol.
parameters on this model were studied. 223, 2003.

Future work on this topic would include extending th&] G. Ackland, “Maximization principles and daisyworldjournal

: : ‘g of theoretical biologyvol. 227, 2004.
basic model to include more characteristics of naturﬁi D. Bice, “Modeling Daisyworld,” http://www.carleton.edu/ de-

systems. For examp!e_, evolutionary algo_rithm_s COU_Id D€ partments/geol/DaveSTELLA/Daisyworld/daisywaridde. htm
used to allow the daisies to evolve to suit their environ- Accessed: 04/17/2006.

ment. In particular, a daisy’s fitness could be evaluated
by how close its local temperature is to its optimal
temperature. Using this measure the daisy’s albedo could
be modified to bring the local temperature closer to the
optimal temperature.

Allowing daisies to have different growth tempera-
ture ranges would provide some interesting competition
among species. Instead of working together to reach a
common optimal temperature, the daisies would need
to compete to bring the global temperature closer to
the optimal temperature of their own species. There are
several things to consider in a model where species
have different optimal temperatures. These include the
case where a high albedo daisy has a higher optimal
temperature. In this case, if the species became overly
abundant, it would decrease the temperature, causing its
population to crash. Similarly low albedo daisies with
low optimal temperature could be examined. There is
also the case where high albedo daisies have a lower
optimal temperature in this case the daisy would be

IV. CONCLUSIONS
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