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Abstract. The Daisyworld model was conceived by Watson and Lovelock
(1983), to provide insight into temperature regulation on Earth. The close
coupling between non-intelligent lifeforms (two varieties of daisy) and their
environment is shown to regulate the planet’s temperature, across a wide range
of solar luminosities.

Attempting to model the Earth in all its grandeur would be an undertaking
of unthinkable complexity. The simplifications required to keep Daisyworld
accessible prompt us to study the model with caution. I take care to discuss
the validity of each assumption that the authors make, before analysing the
dynamical systems at work.

I investigate how increasing the diversity of life affects the global temper-
ature. This is, after all, the most striking difference between Daisyworld and
planet Earth. I find that, the more species present, the more efficient the
coupled system of biospere and geosphere becomes in its capacity to regulate
Daisyworld’s temperature. However, once Darwinian evolution is allowed, di-
versity actually hinders the flowers’ ability to survive large perturbations in
their environment.
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1. Introduction

In the late 18th century James Hutton, the ‘father of geology’, gave a lecture
to the Royal Society of Edinburgh. He put forward the idea that the Earth was
a super-organism and would be best studied, not through conventional science,
but through physiology. His ideas on the subject were soon forgotten, as science
rapidly progressed and fragmented into the seperate disciplines that we recognise
today. It was not until 1983 and the birth of the ‘Daisyworld’ model that any
kind of mathematical proof was contructed to add weight to his philosophies.

In 1961 James Lovelock, an independent scientist from Hampshire, left his
home to join a research team at NASA. Their task was to answer the question
‘is there life on Mars’? During his work there, Lovelock made an observation
that was to spark the reincarnation of Hutton’s ideas, and those of the ancient
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greeks before him. Since studying tangible pieces of Mars’ surface was neigh
on impossible, the team concentrated on the study of the planet’s atmosphere.
The observation that Lovelock made was that those planets whose atmospheres
were in chemical equilibrium were almost certain to be void of life. In contrast,
the Earth’s atmosphere is, in chemical terms, wildly imbalanced. The logical
conclusion to draw is that the array of life on Earth somehow stabilises the
atmosphere.

In a BBC radio interview [7], Lovelock recalls:

“chance favoured me with a view of the Earth from space”.

He goes on to explain that, on seeing the Earth as a complete entity, it struck
him that it could infact be an organism in its own right. An analogy often used
is that of insects who spend their lives roaming the back of an elephant. Whilst
they are familiar with the mountains that are the contours of their host’s body,
and the towering hairs amongst which they wander day after day, they have no
comprehension that the mass on which they live is itself alive. One day though,
an insect falls off and sees the elephant for what it really is. Viewing the Earth in
a similar light, Lovelock went on to publish books arguing that the life on Earth
allowed it behave as if it were a living organism. Convinced that this held the
key to why our planet’s atmosphere is so stable, Lovelock gave his theory a name:
‘Gaia’, after the greek goddess of the Earth.

In his first papers on the subject in the late 1960s, Lovelock puts forward the
first incarnation of his Gaia theory. He argues that the biosphere regulates the
atmosphere and oceans to keep the Earth inhabitable, much like the workings of
your fridge keep the temperature within constant, even if the conditions outside
vary. These ideas were met with much scorn in some scientific circles; many bi-
ologists saw them as a threat to Darwinism and gave them no scientific merit.
Others simply argued that, in the words of H. D. Holland [4],

“we live on an Earth that is the best of all possible worlds only for those
who are well adapted to its current state”.

Such criticism is to be expected when a new hypothesis is introduced. Many
advances in science defy the logic of current thinking, and must be challenged
and defended to demonstrate their worth. Such criticism came most pointedly
from Richard Dawkins, and did infact prompt Lovelock to rethink his theory.
In his book ‘The Extended Phenotype’ [3] Dawkins argued that it is impossible
for organisms to regulate anything beyond their own bodies, and thus cannot
possibly evolve so as to regulate the planet.

Lovelock’s current and longstanding Gaia hypothesis answers Dawkins’ criti-
cism. The Earth is viewed as a coupled system between the biota and the envi-
ronment. The planet is then capable of self regulation without any contradiction
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to Darwinian theory. Although the Earth has not the motive of a living being,
in all other respects it behaves as if it were alive.

The Gaia theory is often misinterpretted as a purely spiritual concept, and
its powerful applications to science are little known amongst the masses. Many
‘new agers’ have even adopted the power of its philosophies as a form of religion.
However, the theory’s ability to view Earth systems in a new light has already
proved fruitful in solving longstanding scientific mysteries. For example, it has
long been known that large stores of elements necessary for life, such as sulphur,
are found in the oceans. However many such chemicals are less abundant on land.
In his 1972 book entitled ‘Gaia as Seen Through the Atmosphere’ [8] Lovelock,
contrary to the wisdom of the time, predicted that the natural carrier for the
transfer of sulphur from sea to land was dimethyl sulphide. It was the Gaia
theory that prompted him to seek such a compound. This prediction has since
been proved right, and with it the value of the Gaia theory as a scientific school
of thought.

In 1983 Lovelock teamed up with marine biologist Andrew Watson. Together
they constructed a simple model to prove just one aspect of Earth’s regulatory
powers as an organism: temperature. The Earth is unique in our solar system in
that its average global temperature stays relatively constant, varying between 10
and 15 degrees Celcius. The model that they constructed, Daisyworld, considers
a planet inhabited by just two species. The idea was to see whether the Darwinian
competition between these species could stabilise the global temperature to a level
suitable for their growth. The model was a resounding success and, to this day,
its analysis and extension occupies the time of many scientists around the globe;
a short list of scientific papers can be found on the Daisyworld Research Network
website [2]. A useful intuitive approach can be found in Andrew Ford’s book
‘Modelling the Environment’ [5]. However, so accepted is the model that none
of the papers that I have read offer an in depth critical analysis of its workings.
Thus, in this paper I shall explain the Daisyworld model in some detail, before
proceeding to analyse the dynamical systems that govern its behaviour.

In Section 2, I introduce Daisyworld as a hypothetical planet, and discuss some
of the assumptions that Watson and Lovelock made in their 1983 paper [12]. In
Section 3 I explain the eight equations that govern Daisyworld’s behaviour. With
the exceptions of Sections 3.2 and 3.5, all derivations and equations are taken from
[12]. In Sections 4 through to 7 I study the fixed points of the system, discuss
their behaviour, and finally investigate the affect of diversification on Daisyworld’s
regulatory powers. Unless cited otherwise, all analysis in these sections is original
work.

2. Daisyworld

From space, Daisyworld is a rather striking planet. It orbits a sun of a similar
age to our own, although it does so at a much larger distance. Instead of the
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greens and blues of Earth, all that stand out are large areas of the ground that
glow with pettles. There are no cloud formations swirling above its surface, nor
are its contents hazily distorted by protective gases; Daisyworld has no atmo-
sphere. Somehow though, Daisyworld is home to two varieties of daisy. One
variety, the ‘black’ daisies, are dark in colour and absorb 50 percent more light
than bare ground. The other variety, ‘white’ daisies, are light in colour and reflect
50 percent more light than bare ground. Their combined effect is to stabilise the
planet’s temperature, even if the luminosity of the sun is radically altered.

Due the simple nature of Daisyworld, it is possible to model its behaviour
using just eight equations. Even so, the resulting dynamical system, whilst one-
dimensional, is still relatively complex. It is no wonder then that the planet on
which we live is such a mystery. It is impossible for us to model almost any
ecosystem with complete certainty, so why do we try? By simplifying reality we
hope to see patterns that might otherwise be concealed, and single out important
factors that we can be confident are at the heart of a system. In doing so we may
predict their behaviour and understand the consequences of human intervention.

Before I look at the mathematics behind Daisyworld, there are a couple more
assumptions that need to be made. Firstly, the planet is assumed to be perfectly
flat: not a mountain in sight. This allows us to omitt the effects of local cooling
and heating on, for example, east and west facing slopes. Secondly, we ignore the
planet’s curvature, its rotation about its axis and its orbit around the sun. Doing
so means that everywhere receives the same level of solar luminosity, regardless
of the time of day or year.

Finally, we note that most of the variables used are dimensionless; the units of
those that are not are given when the variable is first introduced. For clarity, all
constants are denoted as such with a single bar above them, whilst asterisks are
used above variables if the system is at a steady state. As a quick reference tool,
a list of all notation can be found in the Appendix A.

3. The Equations Explained

3.1. How the Flowers Grow. Let us assume that both varieties of daisy are
healthy, with no threat of disease. They also have little to fear from herbivores
since daisies alone make up the planet’s ecosystem. However, there are still three
factors that control their growth. The modelling of each is discussed below.

Space. The flowers occupy an otherwise baron landscape. However, not all un-
occupied areas are necessarily fertile enough to support a colony of daisies. The
proportion of the planet’s area available for new growth, denoted x, is therefore
given by

x = p̄− αb − αw, (1)

where p̄, αb and αw denote the proportion of the planet covered by fertile land,
black daisies and white daisies respectively.
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Temperature. Daisies, like all flowers, require appropriate temperatures in which
to grow. The free growth rate, denoted βi, represents new growth as a proportion
of αi over a time period, t. It is a parabolic function of local temperature, Ti.
I use the term ‘free’ because βi is not restricted by x; the actual growth rate is
given by xβi.

βi =

{
1− 0.003265(22.5− Ti)2 if 5 < Ti < 40,

0 otherwise,
for i = b, w. (2)

Although dimensionless, let us think of Ti as temperature in degrees Celsius. The
free growth rate may vary from zero (if Ti ≤ 5 or Ti ≥ 40) to one (if Ti = 22.5),
as shown in Figure 1. This wide range of temperatures is plausible since daisies
are hardy flowers and, whilst most common in the hotter months, often flower in
autumn and even mild winters.
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Figure 1. The free growth rate

Decay. We would expect that, over time, a proportion of αi will be lost due to de-
cay. A death rate, denoted γ̄i, is therefore included in the model. In the Watson
and Lovelock paper [12], γ̄i is fixed at 0.3 for both species of daisy. However, we
know that extreme temperatures can freeze or scorch flowers and hence increase
their death rate. We might therefore consider extending the Daisyworld model
to include γ̄ as a function of Ti. However, we shall see in Section 5.3 that this
actually has no effect on the stability of the system.

Now let us use x, βi and γ̄i to model the rate of change of αi. This is done
using the following system of differential equations:

dαb
dt

= αb(xβb − γ̄b),
dαw
dt

= αw(xβw − γ̄w). (3)

For neatness within text, I use the short hand α̇i to denote dαi/dt. In Section 5 we
shall see how a single species of daisy is capable of regulating its own population.
Already we can see how this might be possible; there is a positive correlation
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between α̇i and βi, but since overcrowding is detrimental to growth, there is
negative correlation between α̇i and x. Therefore, given suitable conditions αi
will stabilise.

3.2. An Example: Emptyworld. Suppose that we visit Emptyworld, a lifeless
planet in Daisyworld’s solar system. Radiation from the sun is the same as on
Earth, and all the land is fertile. We take some readings, and find that the
temperature is 26.87 degrees celsius all over the planet. As an experiment we
have decided to sprickle the whole planet with seeds for our two species of daisy.
The seeds take root and after a few days flowers appear. We note that black
daisies cover 28 percent of the planet, whilst white daisies cover 32 percent. The
the remaining 40 percent of seeds have yet to germinate. We also take new
temperature readings and find that in the black daisy areas they have risen to
30.56 degrees, whilst in the white daisy areas they have dropped to 20.56 degrees.
We can use equations (1), (2) and (3) to predict that in one unit of time, say a
day, the black and white daisy areas will have spread to cover 28.42 percent and
35.04 percent of the planet respectively. However, we cannot look any further
into the future until we understand what effect the vegetation will have on the
planet’s climate. I will revisit this example once we have studied the equations
that regulate Daisyworld’s temperature.

3.3. Global Temperature. The only input into the Daisyworld model is solar
luminosity, denoted L̄. This represents the luminosity of Daisyworld’s sun as a
proportion of present day luminosity on Earth (1.0). Of course, not all energy
from the sun is absorbed by the planet. The global albedo, denoted A, is a
weighted sum of the local albedos.

A = αbĀb + αwĀw + αgĀg, (4)

where αg is the proportion of bare ground (fertile or otherwise), and the Āi are
fixed as follows:

Āb = albedo of black daisies = 0.25,

Āg = albedo of bare ground = 0.50,

Āw = albedo of white daisies = 0.75.

The values chosen for the Āi may be varied slightly without much disruption to
the system. So long as Āb < Āg < Āw the daisies possess some degree of power
to regulate the climate. We shall see later that the presence of either variety of
daisy has a homeostatic effect on the global temperature. However, if both are
present then the larger the difference in albedo between black and white daisies,
the wider the range of luminosities under which this homeostasis can take place.

The global temperature, denoted Te, is a non-linear function of L̄ and A:

σ̄(Te + 273)4︸ ︷︷ ︸
energy emitted

= S̄L̄(1− A)︸ ︷︷ ︸
energy absorbed

, (5)
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where σ̄ is Stefan’s constant (discovered by Josef Stefan in 1879) and S̄ is the solar
constant. The left hand side of (5) uses the Stefan-Boltzmann law, which states
that the energy emitted from a body depends on the fourth power of its absolute
temperature. Stefan’s constant and the solar constant are given in units of flux
and equal 5.67 E -8 and 917 joules per square metre per second respectively. This
choice of S insures that, for 0.7 ≤ L̄ ≤ 1.7, we have −42 < Te < 106 for any value
of A. But, since there is a negative correlation between Te and A, in practice the
possible range of Te is more like 1 < Te < 70.

Let us suppose that Daisyworld is void of all life, and hence that A is fixed
at 0.5. Figure 2 shows a plot of solar luminosity against global temperature for
such a planet. For the luminosities of interest, we see that the relationship is
approximately linear. This gives us scope for some simplification of the model,
as we shall see in Section 3.5. The first graph in Watson and Lovelock’s paper
[12] is identical to Figure 2. However, instead of a lifeless Daisyworld, they chose
to include daisies that are perfectly camoflaged with bare ground. Predictably,
daisies appear but have no impact on the climate. This situation was used as their
null hypothesis, and compared with Daisyworlds containing more conspicuous
flowers.
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Figure 2. A lifeless planet

3.4. Local Temperature. As one type of surface spreads or receeds, A will
change accordingly, thus affecting Te. Due to the different Āi, this change will
affect each area differently. Thus three micro-climates are created, each with their
own local temperature. Since Āb < Āg < Āw, we would expect that Tb > Tg > Tw.
Substituting each Āi in to the following model for local temperatures gives such
a result.

(Ti + 273)4 = q̄(A− Āi) + (Te + 273)4 for i = b, w, g, (6)

where q̄ is the proportionality constant. Temperatures are again converted to
Kelvin and raised to the fourth power. This enables us to use the Stefan-
Boltzmann law to calculate the proportion of radiation lost to space from each
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area. The total radiation emitted from Daisyworld is given by∑
i=b,w,g

αiσ̄(Ti + 273)4 = σ̄[q̄A
∑
i

αi︸ ︷︷ ︸
=1

−q̄
∑
i

αiĀi︸ ︷︷ ︸
=A

+(Te + 273)4
∑
i

αi︸ ︷︷ ︸
=1

]

= σ̄(Te + 273)4,

as consistent with equation (5).
The first term on the right hand side of equation (6) models how solar energy

is distributed amongst the different surfaces. We shall see later that Watson
and Lovelock fix the proportionality constant at 2.064 E 9. To understand why
this was an appropriate value to choose, we must first eliminate A from (6).
Rearranging (5) we have

A = 1− σ̄

S̄L̄
(Te + 273)4.

Then substituting this into (6) gives

(Ti + 273)4 = q̄(1− Āi) +
(

1− q̄σ̄

S̄L̄

)
(Te + 273)4 for i = b, w, g. (7)

If q̄ is equal to zero then we have Ti = Te for all i. This represents perfect heat
transfer between the three surfaces. If q̄ is equal to S̄L̄/σ̄ then equation (7)
becomes

(Ti + 273)4 =
S̄L̄

σ̄
(1− Āi), for i = b, w, g.

In this case each area’s local temperature is influenced only by the sun and
the local albedo. This represents perfect insulation of energy between the three
surfaces. If q̄ is greater than S̄L̄/σ̄ then there is a negative correlation between
Ti and Te, implying a flow of heat against the temperature gradient. The first
two senarios are highly unlikely, whilst the third defies the laws of physics. A
realistic value of q̄ is somewhere in the range 0 < q̄ << S̄L̄/σ̄. For L = 1
we have S̄L̄/σ̄ = 1.617 E 10. Therefore, for present day luminosity, Watson
and Lovelock’s choice of q̄ = 2.064 E 9 represents 87.24% heat transfer between
surfaces. For this q̄ to exceed the critical value, Daisyworld must be plunged into
almost complete darkness with a luminosity below 0.1276. Watson and Lovelock
suggest that values of q̄ less than 0.2 × S̄L̄/σ̄ are plausible. With this in mind,
solar luminosity must fall to 0.6382 before q̄ = 2.064 E 9 becomes unrealistic.

3.5. Simplifying Local Temperature. As a consequence of the Stefan-
Boltzmann law, two fourth order terms appear in equation (6). These com-
plicate the model and make analysis much more difficult. However, we shall see
in Section 5.3 that if Ti ≤ 5 or Ti ≥ 40 then αi will plummet to zero. Hence we
always have Ti ∈ (5, 40). This temperature range is small when converted to the
Kelvin scale, and therefore the left hand side of (6) may be linearized with damp-
ened error. Recall from Figure 2 that, when Tb and Tw are not considered, the
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relationship between solar luminosity and global temperature is approximately
linear. Therefore the fourth order term on the right hand side of (6) may also be
linearized.

We start by introducing the following substitutions:

ui =
Ti − 22.5

22.5
, ue =

Te − 22.5

22.5
. (♠)

Notice that both |ui| and |ue| are strictly less than one for all temperatures in
our range. Non-linear terms may therefore be dropped with dampened error.
Rearranging gives

Ti = 22.5(ui + 1), Te = 22.5(ue + 1). (♣)

Now substituting (♣) into (6) we have

(22.5(ui + 1) + 273)4 = q̄(A− Āi) + (22.5(ui + 1) + 273)4.

Expanding the brackets, cancelling and dropping higher order terms we have

90(295.53)ui ≈ q̄(A− Āi) + 90(295.53)ue

ui ≈ q̄′(A− Āi) + ue,

where q̄′ = q̄/90 295.5−3. Finally, substituting (♠) back in and cancelling we
obtain the following linearized model for local temperature.

Ti = q̄′(A− Āi) + Te for i = b, w, g, (8)

where q̄′ = q̄/4 295.5−3. This highlights a mistake in Watson and Lovelock’s
paper [12], which claims that q̄′ = q̄/4 295.53. When plotting their final graphs
they chose q̄′ = 20. To varify that our result in (8) is indeed correct, we now
interpret this value for present day luminosity using both results.

(i) Watson and Lovelock: q̄′ = 20 =⇒ q̄ = 3.100 E -6

= 1.917 E -14× S̄L̄
σ̄
.

This represents near perfect heat transfer between surfaces. As already discussed,
this is highly unrealistic.

(ii) Our calculations: q̄′ = 20 =⇒ q̄ = 2.064 E 9

= 0.1276× S̄L̄
σ̄
.

This is well within our range of plausible values for q̄, and represents 87.24%
heat transfer between surfaces. Thus confirming that our result in (8) is indeed
correct. Unless otherwise stated, this linearized model for local temperature will
be used from now on.
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3.6. Emptyworld Revisited. Recall the example from Section 3.1. Having now
seen the eight equations that regulate Daisyworld, we return to Emptyworld to
check on the daisies. When we last visited, the local temperatures and flowered
areas were:

Tb = 30.56, Tw = 20.56, αb = 0.28, αw = 0.32.

It is now a couple of months on and the temperatures have become:

Te = 21.85, Tb = 27.50, Tw = 17.50. (♦)

After a few days we notice that these temperatures do not change. Due to self
contained regulation of the system, Emptyworld has reached a point of equilib-
rium. To understand how, let us follow through what happened in the two days
after we left.

As predicted, after one day αb and αw increased to 0.2842 and 0.3504 respec-
tively. Due to this increase in the proportion of white daisies, Emptyworld’s
albedo increased: from equation (4) we see that A rose to 0.5166. This in turn
caused the planet to cool down: from equation (5) we see that Te fell to 24.36.
Equation (8) shows that local temperatures then dropped to Tb = 29.69 and
Tw = 19.69. Finally, using equations (1), (2) and (3) we find that, after two days,
black daisies occupied 28.53 percent of the planet whilst white daisies occupied
35.15 percent.

If we continued to iterate αb and αw through time in this fashion, then the
temperatures would stabilize to those shown in (♦). In this case it takes 24
time steps, which equates to about three and a half weeks on Emptyworld. This
result may also be seen geometrically in Figure 3, which shows the vector field
of αb against αw. The plotted trajectory traces the above calculations through
phase space. The phase point starts at (αb, αw) = (0.28, 0.32), as first recorded.
It is then carried by the flow until it reaches the stable node at (αb, αw) =
(0.2713, 0.4041) where, barring any disruption to the system, it stays. These
values of αb and αw yield the temperatures in (♦). Notice that the vectors near
the fixed point all point inwards. Therefore if Emptyworld was to suffer some
kind of disruption, the daisy populations would soon return to equilibrium.

Our experiment successful, we leave Emptyworld behind. We are fairly con-
fident that our daisies will survive, but was this a fluke, or can we prove that
such stable behaviour is exibitted for a wide range of luminosities? If the latter
is true, then how do the fixed points vary in both stability and position?

4. The Fixed Point at the Origin

4.1. Linearization. Our starting point for analysis will be to classify the fixed
point (α∗b , α

∗
w) = (0, 0). This is desirable since it will allow us to visualize the

vector field in the surrounding phase space. Unfortunately, equations (1) to
(8) have formed rather a complex, non-linear system of multiple feedback loops.
Therefore even this seemingly trivial task requires some work. Our first step is
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Figure 3. Emptyworld

to familiarise ourselves with a technique called linearization. What follows is an
account of this method based on that written by Steven Strogatz in his book
‘Non-linear Dynamics and Chaos’ [11, Chapter 6].

The Daisyworld model is of the form

α̇b = f(αb, αw), α̇w = g(αb, αw). (♥)

We wish to look at the system’s behaviour close to the fixed point (α∗b , α
∗
w). We

therefore define

r = αb − α∗b and s = αw − α∗w

to be small (<< 1). Now, differentiating r and s gives us a model for how a small
pertubation will evolve through time. We first substitute r and s into (♥), and
then use a Taylor series expansion to seperate the linear terms.

ṡ = f(α∗b + r, α∗w + s)

= f(α∗b , α
∗
w)︸ ︷︷ ︸

=0

+r
∂f

∂αb
(α∗b , α

∗
w) + s

∂f

∂αw
(α∗b , α

∗
w) + higher order terms,

ṙ = g(α∗b + r, α∗w + s)

= g(α∗b , α
∗
w)︸ ︷︷ ︸

=0

+r
∂g

∂αb
(α∗b , α

∗
w) + s

∂g

∂αw
(α∗b , α

∗
w) + higher order terms.
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The linearized system is therefore given by(
ṙ
ṡ

)
=

(
∂f
∂αb

∂f
∂αw

∂g
∂αb

∂g
∂αw

)
︸ ︷︷ ︸
Jacobian matrix

(
r
s

)
,

where the partial derivatives are calculated at (α∗b , α
∗
w). We may then use the

Jacobian to classify the fixed point. The discarded higher order terms will only
affect the classification if the linearized system produces a borderline case.

4.2. Classification. Intuitively, the most obvious steady state is when both
black and white daisies are extinct. Indeed, regardless of initial conditions, if
(α∗b , α

∗
w) = (0, 0) then we immediately have that α̇b = α̇w = 0. The partial

derivatives of α̇i are:

∂α̇b
∂αb

= xαb
∂βb
∂αb

+ (p̄− 2αb − αw)βb − γ̄,

∂α̇b
∂αw

= xαb
∂βb
∂αw

− αbβb,

∂α̇w
∂αb

= xαw
∂βw
∂αb
− αwβw,

∂α̇w
∂αw

= xαw
∂βw
∂αw

+ (p̄− αb − 2αw)βw − γ̄.

For the fixed point at the origin, many of the terms vanish. We are left with the
following Jacobian matrix.

J(0,0) =

(
p̄βb − γ̄ 0

0 p̄βw − γ̄

)
. (9)

For simplicity, Watson and Lovelock chose Daisyworld to be 100 percent fer-
tile. If it was not, then the planet would still be capable of regulating its own
temperature, but to a lesser degree. Intuitively, the less area that the flowers
cover, the less impact that they can have on the climate. From now on, I make
the same assumption as Watson and Lovelock and set p̄ = 1.

Since the albedo of a lifeless Daisyworld is fixed, βi depends only on L̄. This
means that the Jacobian can tell us how solar luminosity affects the system’s
behaviour near the fixed point. All of the information that we need can be
deduced from the Jacobian’s eigenvalues, λi. Since J(0,0) is diagonal, we simply
read them off as

λ1 = p̄βb − γ̄ and λ2 = p̄βw − γ̄.
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The determinant, denoted ∆, is given by the product of these eigenvalues:

∆ = det J(0,0) = (p̄βb − γ̄)(p̄βw − γ̄)

=

0.7− 0.003265

(
290.5−

(
S̄

2σ̄
L̄

) 1
4

)2
 (10)

×

0.7− 0.003265

(
300.5−

(
S̄

2σ̄
L̄

) 1
4

)2
 .

The trace, denoted τ , is given by their sum:

τ = trace J(0,0) = p̄βb + p̄βw − 2γ̄

= 1.4− 0.003265

(
290.5−

(
S̄

2σ̄
L̄

) 1
4

)2

(11)

− 0.003265

(
300.5−

(
S̄

2σ̄
L̄

) 1
4

)2

.

Figure 4 shows how ∆, τ and τ 2 − 4∆ vary with solar luminosity. This gives
us a visual tool for classifying the fixed point: we may use it to check that our
analytical solutions are realistic.

Trace
Determinant
Trace squared minus four times determinant
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Figure 4. The trace and determinant of the Jacobian at the origin

If ∆ < 0 then the eigenvalues are real with opposite signs. Geometrically this
corresponds to a saddle point. If λ1 < 0 then the saddle is attractive along the
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αw axis. If λ2 < 0 then the saddle is attractive along the αb axis. Solving (10)
for L̄, we see that the fixed point is

• a saddle with attraction along the αw axis whenever L̄ ∈ (0.7161, 0.8257),
• a saddle with attraction along the αb axis whenever L̄ ∈ (1.072, 1.220).

Figure 5 shows the vector field near the origin for L̄ = 0.76.
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White daisy area

–0.1 –0.05 0.05 0.1

Black daisy area

Figure 5. Saddle point at the origin

Nodes. If ∆ > 0 and τ 2 − 4∆ > 0 then the eigenvalues are real with the same
sign. Geometrically this corresponds to a node. Stability is then determined by
the sign of τ . Using (10) and (11) we see that τ 2 − 4∆ > 0 for all L 6= 0.9429.
Also, τ > 0 whenever L̄ ∈ (0.7161, 1.072). Therefore the fixed point is

• a stable node whenever L̄ ∈ {(0, 0.7161) ∪ (1.220,∞)},
• an unstable node whenever L̄ ∈ {(0.8257, 0.9429) ∪ (0.9429, 1.072)}.

Figure 6 shows the vector field near the origin for L̄ = 0.94.

Borderline Cases. We have yet to classify the fixed point when ∆ = 0 or when
τ 2 − 4∆ = 0. For these luminosities the linearized system produces borderline
cases. Let us look at each point in turn.

If L̄ ∈ {0.7161, 0.8257, 1.072, 1.220} then ∆ = 0 and τ 6= 0. This is the
borderline between saddles and nodes, and hence the higher order terms may tip
the classification either way. If they do not, then we have a line of non-isolated
fixed points.

If L̄ = 0.9429 then τ 2 − 4∆ = 0. This is the borderline between nodes and
sprirals. The higher order terms tip the classification to nodes. This is because
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Figure 6. Unstable node at the origin

if αi = 0 then α̇i = 0. Hence both axes are nullclines with vectors running along
them. Therefore the non-linear system cannot contain spirals around the origin.
If the higher order terms do not affect the classification, then the fixed point is a
star node.

In reality, stars are gaseous balls of hydrogen and helium. The massive nuclear
reactions at their core fluctuate the energy that they emmit. Therefore such
borderline cases would exist for infinitesimally small periods of time. Thus the
daisies would not have time to react and Daisyworld would not be affected. In the
model, we assume that the daisies react instaneously. However, since the critical
values of L̄ are extremely precise, incrementing luminosity by discrete amounts
means that we will almost certainly never encounter either a line of fixed points
or a star node.

5. Single Species Behaviour

5.1. Introduction. Let us now consider what happens if only one species of
daisy is present. This may occur either by design, or because the current climate
is too harsh for the other variety to grow. I implied in Section 3.1 that, since
implicit to the actual growth rate is a system of negative feedback, it is plausible
that a single species could maintain a stable population. In this section we
will look at both black and white daisies in turn, and investigate under what
conditions this is possible. Happily, we did a lot of the leg work in the last
section: by classifying the fixed point at the origin, we obtained information
about the direction of the vectors nearby. This will help us a great deal as we
move away from the origin.
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Since we shall continue to use vector fields to study the behaviour of the system,
it is worth making the following points before we start our analysis. Since we
have fixed p̄ = 1, and since negative areas are not possible, we are only interested
in the region enclosed by the lines αb = 0, αw = 0 and αb +αw = 1. Fixed points
that exist outside this area will be referred to a ‘dummy fixed points’, since it is
impossible that the system will ever reach them. If a fixed point is said to be ‘on
the αi axis’, then it should be assumed that it exists in the open interval (0, 1).

5.2. Safe Luminosities. Let us establish the range of luminosities under which
both species can independently survive. We start by making the following obser-
vations from equation (3):

(αb, αw) = (1, 0) =⇒ (α̇b, α̇w) = (−0.3, 0), (12)

(αb, αw) = (0, 1) =⇒ (α̇b, α̇w) = (0,−0.3). (13)

So, at the maximum value of αi, the vector points inwards along the αi axis.
Recall from Section 4.2 that if L̄ ∈ (0.8257, 1.072) then the fixed point at the
origin is an unstable node. Therefore, arbitrarily close to the minimum value of
αi, the vectors point outwards along the αi axis. We conclude that there must
exist a (fixed) point where these two flows meet.

Outside this range of luminosities, the two species behave rather differently
from one another. I therefore consider each case seperately.

5.3. Black Daisy Behaviour. Since temperatures are higher in black daisy
areas, there exists a range of luminosities in which only black daisies can survive.
Recall that if L̄ ∈ (0.7161, 0.8257) then the fixed point at the origin is a saddle.
For this lower range of temperatures, the saddle is attractive along the αw axis
and repellent along the αb axes. Therefore, since (12) bounds the flow, there
must exist a fixed point on the αb axis for all luminosities in this range. If
L̄ ∈ (0, 0.7161) then the origin is a stable node. In such cases there must exist
an even number (possibly zero) of fixed points on the αb axis.

The second graph in the Watson and Lovelock paper [12] assumes a Daisyworld
where only black daisies exist. This is shown in Figure 7 where black daisy area
and global temperature are plotted against solar luminosity.

A Note on Plotting Methods. Figures 2, 7, 8 and 9 show the four graphs in the
Watson and Lovelock paper [12]. The method that I use to plot them is just the
same as described in the paper, although thanks to the speed of modern comput-
ers we are able to plot many more points. An example of such a procedure can
be found in Appendix B. Each time the luminosity is incremented, the system is
iterated forward in time until a steady state is reached. That is, Daisyworld is
always given enough time to adjust to its new conditions. This is a reasonable
representation of reality, since our own sun is growing hotter extremely slowly. If
a natural system on earth does not have time to reach an equilibrium point, it
will more likely be due to human intervention or a natural disaster than to our
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ever brightening sun. An important point to note about this plotting method
is that, should the birth rate of a species fall to zero, that species will become
extinct before the next point is plotted on the graph. Recall that in Section 3.1 I
put forward the idea of an increased death rate for extreme temperatures. We see
now how this would not alter the system’s behaviour: whilst the species would
die out more quickly, the fixed point reached would be just the same, and hence
the next point plotted on the graph would not change.
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Figure 7. Daisyworld with only black daisies present

As Daisyworld’s luminosity is increased from 0.6 to 0.7161, the global tempera-
ture increases inline with Figure 2. There do exist two fixed points on the αb axis,
but the one closest to the origin is unstable. Therefore the system cannot move
from its current position until the luminosity reaches 0.7161, when this unstable
fixed point passes through the origin and becomes a dummy fixed point. This
transcritical bifurcation causes the stable node at the origin to become a saddle
(unstable along the αb axis). The system then moves to the stable fixed point on
the αb axis. Black daisies appear and heat the air around them. Global temper-
atures then increase making conditions more favourable. This positive feedback
allows the daisies to rapidly colonise 70 percent of Daisyworld’s surface. As they
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do so, the global temperature increases from 2.596 degrees to 23.85 degrees Cel-
sius. However, the instant that they cover more than 70 percent of the planet,
their death rate exceeds their actual growth rate and their numbers decrease.
The key to their initial success becomes their downfall as the positive feedback
now works against them. As they become fewer, the planet cools making condi-
tions even less favourable. By the time luminosity reaches 1.0721 the fixed point
on the αb axis has reached the origin. Another transcritical bifurcation takes
place and what is now an unstable node at the origin becomes a saddle again.
This time though, the orientation of the saddle suits more thermophilic fauna,
no more fixed points exist on the αb axis, and the black daisy area remains zero.
The temperature then increases from 32.14 degrees inline with Figure 2.

Notice that between the luminosities of 0.7162 and 1.072 the global temperature
remains relatively stable, varying by only 8.291 degrees Celsius. In this period
the effects of the increasing luminosity and the increasing albedo of the planet
all but cancel either other out. Thus, not only can black daisies survive on their
own, they also have a pronounced homeostatic effect on the planet’s temperature.

5.4. White Daisy Behaviour. I now consider a Daisyworld where only white
daisies exist. Recall that if L̄ ∈ (1.072, 1.220) then the fixed point at the origin is
a saddle. For this higher range of temperatures, the saddle is attractive along the
αb axis and repellent along the αw axes. Therefore, since (13) bounds the flow,
there must exist a fixed point on the αw axis for all luminosities in this range. If
L̄ ∈ (1.220,∞) then the origin is a stable node. As for the black daisies, in such
cases there must exist an even number (possibly zero) of fixed points on the αw
axis.

So far we seem to have symmetry with the black daisy case. However Figure 8
shows that, under varying luminosity, the white daisies behave rather differently.

This is the third graph in Watson and Lovelock’s paper [12]. Global tem-
perature increases inline with Figure 2 until a transcritical bifurcation occurs at
L̄ = 0.8257. The saddle at the origin (stable along the αw axis) becomes an un-
stable node, and the system moves to the new stable fixed point on the αw axis.
White daisies appear, but do not spread as fast as the black daisies did. This
is because they cool the air around them, making conditions less favourable for
themselves. So, as luminosity rises the white daisy area increases, which in turn
cools the planet. This negative feedback keeps the global temperature remark-
ably constant, varying by just 18.47 degrees Celsius between the luminosities of
0.8257 and 1.562.

Let us now pay particular attention to what happens when the luminosity
reaches 1.220. We know from Section 4.2 that what is now a saddle (unstable
along the αw axis) at the origin becomes a stable node. We might therefore
expect that the fixed point on the αw axis be attracted to the origin. However,
the graph shows that white daisies continue to thrive well after this point. So
what is happening? The answer is that when luminosity reaches 1.220, another
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Figure 8. Daisyworld with only white daisies present

transcritical bifurcation occurs in the same direction as the first. That is, there
becomes two fixed points on the αw axis. The new fixed point is unstable and
therefore the system does not move from its current position. The white daisies
continue to spread until the luminosity reaches 1.480 when they cover 70 percent
of the planet. At this point their death rate exceeds their actual growth rate and
their numbers start to decrease. That is, the stable fixed point on the αw axis
starts to move towards the origin. Meanwhile, the unstable fixed point has been
moving up the axis. At a luminosity of 1.562 these two fixed points collide and
annihilate. The system then jumps to the stable node at the origin, and the area
of white daisies rapidly declines from 0.6422 to zero.

Given that the white daisy population is stable until the luminosity reaches
1.562, we might expect that under decreasing luminosity daisies would first ap-
pear at the same point. However, the system is unable to leapfrog the unstable
fixed point to reach the white daisy outbreak level. The temperature therefore
decreases inline with Figure 2 until the origin becomes a saddle at a luminos-
ity of 1.220, at which point daisies appear. Similar hysteresis is exibitted if the
daisies are black. The important point to note is that once Daisyworld has been
colonised, the daisies adapt it to suit themselves and can therefore survive under
luminosities that they could not have been born into.
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6. Steady States with Both Species Present

6.1. The Trapping Region. The final graph in the Watson and Lovelock paper
[12] shows what happens when the two species of daisy co-inhabit Daisyworld.
Before we see this though, I would like to offer some analytical proof that a
steady state involving both black and white daisies does exist. This is a relatively
complex task, and so I tackle it for a relatively small range of luminosities.

The method is to construct a trapping region. We choose the region to be the
solid triangle enclosed by the lines αb = ε, αw = δ and αb + αw = 1, where ε and
δ are arbitrarily small positive numbers. The task is to prove that every vector
on the boundary of this region points inwards.

Let us first consider the diagonal. When the system is on this line there is
no room left for new growth. Thus, if p̄ = 1, the equations (1) and (3) give
immediately that α̇i = −0.3αi. That is, every vector on this line must point
inwards.

The remaining two lines require a little more work. For luminosities in the
range L̄ ∈ (0.8257, 1.072), we know that the fixed point at the origin is an unstable
node, and that there exists exactly one fixed point on each of the axes. To find
out what happens on the lines αb = ε and αw = δ we need to classify these fixed
points. Substituting αw = 0 into the partial derivatives from Section 4.2 we have
the following Jacobian matrix:

J(αb,0) =

(
αb(1− αb) ∂βb∂αb

+ (1− 2αb)βb − 0.3 −αbβb
0 (1− αb)βw − 0.3

)
. (14)

Similarly, substituting in αb = 0 we have

J(0,αw) =

(
(1− αw)βb − 0.3 0

−αwβw αw(1− αw) ∂βw
∂αw

+ (1− 2αw)βw − 0.3

)
. (15)

Using the same methods as in Section 4.2 we find that, for the luminosities in
our range, the fixed point on each axis is a saddle with attraction along that
axis. This means that the vectors on the positive side of these points cross our
boundary and face into the trapping region. Because the origin is an unstable
node, we have now proven that, for suitably small choices of ε and δ, every vector
on the boundary points inwards, and thus that there must exist a fixed point
within. If there is only one such fixed point then it must either be stable or be
contained in a closed orbit. Plotting a few examples on the computer shows us
that the fixed point is actually a stable node. Using the computer in this way is
crude since we can only look at specific values. However, due to the complexity
of the system it is the most convenient way for us to see what is happening.

6.2. The Homeostasis of Global Temperature. We are now ready to look at
Watson and Lovelock’s most famous graph. It shows how Daisyworld, populated
by both black and white daisies, copes with dramatic changes in luminosity. This
is shown in Figure 9.
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Figure 9. Daisyworld with both black and white daisies present

Initially black daisies appear and spread as they did in Figure 7. The global
temperature rapidly increases and the climate is soon warm enough for white
daisies to survive. Notice that with the help of the black daisies the white daisies
appear much sooner than they did in Figure 8. As luminosity increases further
the black daisies receed, but not quickly as they would have on their own. The
white daisies colonise the land that the black daisies leave behind, thus cooling
the planet further. Each increase in luminosity is met with increased global
albedo in such an efficient manner that, whist both species are present, the global
temperature actually decreases by 6.739 degrees. Eventually the black daisies
become extinct at a luminosity of 1.354. The temperature then increases inline
with Figure 8 until the white daisies disappear as well at a luminosity of 1.562.

In which ever direction luminosity is varied, one variety of daisy will appear and
thrive in harsh conditions. This pioneer species either cools or heats the planet
so as the other species can also survive. Although under extreme luminosities
only the better adapted species will remain, it does seem that the daisies work
together to keep the temperature at a level where they can both live. The removal
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of one species certainly hinders the survival of the other. We might imagine that
such symbiotic relationships exist in nature and create vastly complex systems of
interdependence. Disturbing one key species could have dramatic consequences
for countless others.

The Earth’s sun is a 4.6 billion year old yellow dwarf star, with a life expectancy
of around ten billion years. In its remaining 5.4 billion years it will increase in
luminosity by just 20 percent before it expands and becomes a giant star. There is
some debate as to how long the Earth will be able to support life; some estimates
are as low as one billion years. With this in mind, the claim that Daisyworld’s
sun could increase in luminosity by over 100 percent with little impact on the
planet’s temperature is all the more remarkable.

6.3. The Homeostasis of Local Temperatures. Let us now look a little closer
at why the homeostasis of Daisyworld’s temperature is so pronounced. One reason
is that feedback allows the system to respond to a change in luminosity with a
change in the type of ground cover, thus adjusting the global albedo. However
another reason, closely linked to the last, is that the local temperatures themselves
stay constant for a wide range of luminosities.

The following analysis is included in the Watson and Lovelock paper [12],
although little mention is given to the questions it raises concerning the validity
of Daisyworld as a representation of Earth processes. In this section I look at
the calculations and discuss what impact their conclusion has on Daisyworld’s
behaviour.

Let us suppose that Daisyworld has reached a steady state in which both
species are present. At this point of equilbrium, both equations in (3) equal zero.
We therefore have that

x∗β∗b = γ = x∗β∗w =⇒ β∗b = β∗w, (16)

Now equating free growth rates:

1− 0.003265(22.5− T ∗b )2 = 1− 0.003265(22.5− T ∗w)2

(22.5− T ∗b )2 = (22.5− T ∗w)2.

Then, since T ∗b 6= T ∗w, we must have that

T ∗b − 22.5 = 22.5− T ∗w. (17)

We now use our linear approximation for Ti to isolate steady state values. From
equation (8):

T ∗b − T ∗w = q̄′(Āw − Āb).

So, for a 20 degree proportionality constant (q̄′ = 20), the local temperatures
differ by 10 degrees Celsius. Now solving (17) and (18) for T ∗b and T ∗w in turn we
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have

T ∗b = 22.5 +
q̄′

2
(Āw − Āb), (18)

T ∗w = 22.5− q̄′

2
(Āw − Āb). (19)

Notice that there has been no mention of solar luminosity. So, provided that an
equilibrium is reached in which both species are present, the steady state local
temperatures will always settle to prefixed values. As we have already seen on
Emptyworld, if q̄′ = 20 then T ∗b = 27.5 and T ∗w = 17.5.

In the knowledge that local temperatures are constant for L ∈ (0.7174, 1.354),
we can prove analytically the decrease in global temperature exhibited in Figure
9. Differentiating equation (7) with respect to luminosity we have that

dT ∗e
dL

=
−q̄σ̄(T ∗e + 273)

4S̄L̄2(1− q̄σ̄/S̄L̄)
,

which is negative for all q̄ < S̄L̄/σ̄ and L ∈ (0.7174, 1.354).
The importance of equations (18) and (19) is great; they show that local tem-

peratures stay constant for a wide range of luminosities. This is a significant
factor in why the global temperature in Figure 9 shows such remarkable home-
ostasis. A possible reason for why this localized stability takes place is that,
as luminosity rises, the white daisies spread and cool not just the planet as a
whole, but also the black daisy areas. This transfer of heat, coupled with the
changing global albedo undoubted causes some degree of homeostasis of local
temperatures. It follows that for heat distribution to be the overiding factor,
the proportionality constant must be carefully chosen. However, it is clear from
equations (18) and (19) that varying q̄′ only serves to vary the steady state local
temperatures, and not to affect the presence of homeostatic behaviour. Further,
the global temperature is not perfectly constant, whilst the local temperatures are
predetermined to exact values. These inconsistencies lead us to question whether
the model might have been constructed in such a way as to accentuate an already
significant result.

It is certainly plausible that a planet is capable of regulating its own tem-
perature. Indeed, mammals manage to maintain a constant body temperature
despite the continual fluctuations in their environment. However, is it really re-
alistic that areas of a planet could maintain predetermined temperatures amidst
such severe changes in the incoming radiation? I suggest that it is not. The
homeostasis of Daisyworld’s global temperature is significantly influenced by the
daisies’ ability to achieve perfect homeostasis of their local temperatures. Watson
and Lovelock’s paper [12] does not give any indication of how such a feat might
be possible in the real world.

My scepticism of this aspect of Daisyworld is further supported by a talk given
by Nanne Weber at the second Chapman Conference on the Gaia Hypothesis in
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2002. A summary of this talk can be found in [13]. Weber also points out that
the chosen method of representing heat transfer does not differentiate between
neighbouring colonies of daisy and those a distance a part. As she, in my opin-
ion rightly, concludes, the modelling of energy distribution amoungst different
surfaces is the weakest point of the Daisyworld model.

7. Diversification

On Daisyworld we have not seen a complete reflection of our own world, nor
did the authors ever envisage that we would. The main reason being that the
Earth is so varied with magnificently complex food webs and ever unpredictable
weather patterns. When can only hope to pick up on important aspects of these
systems, and then model them in a simple but informative way. In this section
I extend the Daisyworld model to include more than just two different species.
The aim is to observe whether or not simply increasing the number of species
necessarily increases the stability of global temperature.

Let us introduce four new varieties of flower to Daisyworld’s ecosystem. The
first two are progressively lighter in colour than the black daisies, although still
darker than bare ground. The second two are darker in colour than white daisies,
although still lighter than bare ground. After the success of the two species
Daisyworld, I predict that these new varieties will demonstrate similar symbiotic
behaviour, and will further stabilise Daisyworld’s temperature. Since the range
of albedos has not changed, it is not expected that the range of luminosities under
which life is supported will increase. However, the global temperature curve in
Figure 9 should become more consistantly horizontal between the luminosities of
0.7161 and 1.562.

Our new Daisyworld is modelled using the following system of differential equa-
tions:

dαb1
dt

= αb1(xβb1 − γ̄b1),
dαb2
dt

= αb2(xβb2 − γ̄b2),
dαb3
dt

= αb3(xβb3 − γ̄b3),

dαw1

dt
= αw1(xβw1 − γ̄w1),

dαw2

dt
= αw2(xβw2 − γ̄w2),

dαw3

dt
= αw3(xβw3 − γ̄w3),

where the αbi denote the proportion of Daisyworld’s surface covered by the three
darker species. Similarly, the αwi denote the proportion covered by the three
lighter species. Equations (1) and (4) now become

x = p̄− αb1 − αb2 − αb3 − αw1 − αw2 − αw3 ,

A = αb1Āb1 + αb2Āb2 + αb3Āb3 + αw1Āw1 + αw2Āw2 + αw3Āw3 + αgĀg,
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where the Āi are fixed as follows:

Āb1 = albedo of black daisies = 0.25,

Āb2 = albedo of purple daisies = 0.35,

Āb3 = albedo of green daisies = 0.45,

Āg = albedo of bare ground = 0.50,

Āw1 = albedo of pink daisies = 0.55,

Āw2 = albedo of yellow daisies = 0.65,

Āw3 = albedo of white daisies = 0.75.

I borrow the equations for free growth rates, global temperature and local tem-
peratures directly from the two species Daisyworld. Keeping the constants p̄,
σ̄, S̄ and q̄′ fixed at the same values as before, we plot the daisy populations
and global temperature against increasing luminosity. These graphs are shown
in Figure 10.

The black daisies appear at the same luminosity as in the original model. Over
time they increase the global temperature enough for the purple daisies to survive.
The first point on figure 10 therefore shows both species appearing at the same
luminosity. The flowers spread until the black daisies cover 40.98 percent of the
planet. Their local heating raises the global temperature to 23.85 degrees Celsius.
At this point the purple daisies, which have been spreading slightly less rapidly
than the black until now, become the better adapted species. They win the battle
for space and cause the black daisy population to decrease until its extinction at
a luminosity of 0.7594. At this point the purple daisy coverage peaks at 70
percent. Whilst both species thrive, the feedback systems described in earlier
analysis keep the global temperature relatively static, decreasing it by 0.6667
degrees. When the black daisy coverage drops below approximately two percent
the global temperature starts to increase. This encourages the purple daisies to
receed faster, making way for the more thermophilic green daisies. When the
green daisy coverage reaches approximately five percent the global temperature
decreases once more. This pattern of behaviour is repeated as the pink, yellow
and white daisies come and go.

What is clear from Figure 10 is that, despite giving Daisyworld a more diverse
seed-stock, a maximum of just two species are present for any one luminosity.
Even so, the global temperature varies by just 6.928 degrees between the lumi-
nosities of 0.7161 and 1.562 (compared with 38.96 degrees on the two species
Daisyworld). As predicted, the increased diversity has decreased the range of
global temperatures whilst life is present.

Our extension of the Daisyworld model, although relatively simple, demon-
strates some important aspects of its behaviour. The more varied seed stock
means that there always exists two very well adapted species to inhabit the
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Figure 10. Daisyworld with six species of daisy present

planet. Therefore the global temperature stays more stable under varying lumi-
nosity. Intuitively, this behaviour seems entirely natural and we might imagine
that similar situations exist on Earth. However, so celebrated is Darwinism in
modern society that it has become synonymous with what is natural. If we were
to allow Daisyworld’s biota to evolve in the Darwinian sense, then the six species
model would actually fare worse than the two species model.

In his 1994 paper [10], Peter Saunders considers the consequences of natural
variation on Daisyworld by allowing the daisies to mutate, and hence evolve.
Some daisies mutate to become better adapted to grow in their steady state
local temperatures. They therefore grow faster and replace the original daisies.
Following through the calcuations, Saunders finds that the range of luminosities
in which these new super-daisies can survive actually decreases by approximately
16 percent.

Let us now consider a similar experiment on our six species Daisyworld. At low
luminosities the black and purple daisies appear and evolve to grow best at their
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steady state local temperatures. If luminosity is started slightly higher then the
purple and green daisies appear and behave similarly. For higher luminosities,
green and pink daisies appear and so on. However, there are five different pairs
of steady state local temperatures on the six species Daisyworld, compared with
just the one in the original model. Consequently, the new super-daisies are very
well adapted to their current environments, but are extremely sensitive to change.

8. Conclusion

The objective of this paper has been to provide the reader with a detailed yet
accessible analysis of the Daisyworld model. At each step I have questioned the
authors’ motives and the validity of their simulations. Almost by definition, no
model is perfect. Key to successful modelling is an awareness of how the simpli-
fications introduced are likely to affect the system’s behaviour; I used techniques
such as linearization to give mathematical proofs of how and why the system
behaves as it does, and how changing parameters might alter results. To check
our analytical solutions I used computer simulations to view the system in phase
space. This technique also proved useful when analytical techniques were not
viable.

In the course of this analysis, I discovered a misprint in Watson and Lovelock’s
paper [12]. More significantly, discussion on the homeostasis of local temper-
atures highlighted a possible weakness in Daisyworld’s construction. In 1996
a paper written by Harding and Lovelock [6] extended the original Daisyworld
model to two dimensions. Although this multi-dimensional model saw herbivores
grazing on the daisies, regulation was still achieved and homeostasis of global
temperatures was evident over a wide range of luminosities. What is clear from
such models is that the heat transfer processes on Earth are too complex to be
realistically portrayed using a one-dimensional model.

Daisyworld is without doubt a work of importance. After the initial dispar-
agement of Lovelock’s Gaia hypothesis, this simple model proved to the scientific
community that such a veiw of the Earth could indeed be backed up with a solid
mathematical argument. It may be argued that the massive simplification of
Earth processes make comparisons with our own planet tenuous. By incorper-
ating other aspects of interest into the model, many have attempted to make
the comparison with our own planet more tangible. For example, scientists at
the Potsdam Institute for Climate Research published a paper [1] outlining a
multi-dimensional model for the interaction between the biospere and the geo-
sphere. The model is strongly based on Daisyworld but also includes the effects
of competition between species, mutations and habitat fragmentation.

Current researchers are working on the inclusion of models for hydrological and
biogeochemical cycles. If successful, it may be possible to simulate the impact of
civilisation and urban expansion on the stability of the system. The hope is that
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the continuing development of such models will help scientists predict the causes
and impacts of climate change on Earth.

From its humble beginnings as a quaint black and white planet in a hypothetical
solar system, Daisyworld has emerged as a precursor to some of the most advanced
simulations of Earth processes to date. With this in mind, I pause to contemplate
what clues, if any, Daisyworld and the Gaia hypothesis can give us as to the future
of our own planet. Unlike Lovelock’s early critics, I believe that the unification
of the Gaia and Darwinian theories into one universal hypothesis is by no means
contradictory. The long-term evolution of the Earth would seem to be governed
by similar feedback processes to those demonstrated by Daisyworld. The short-
term variations in local environments are likely to be controlled by Darwinian
evolution. Whilst the world may appear to be affected by the evolution of a
species, I believe that its long-term fate is not so easily altered.

A prime example is mankind. We are unique as a species because we do not
act solely on instinct. We have the intelligence to manipulate our environment
for short-term gains. However, if we are not wise then our ability to disrupt the
systems that regulate Earth’s atmosphere will undoubtedly be our downfall as a
species. For example, by over farming and destroying diverse habitats such as
rainforests, we are responsible for successive habitat fragmentation. In both of the
multi-dimensional Daisyworld models discussed (see [1] and [6]), such behaviour
is modelled and causes a breakdown of regulation. This results in planetary
conditions unsuitable for many species. An important point to note, however, is
that while Gaia can be perturbed from its steady state, over time it may return
to equilibrium and live on regardless.

By mistreating ‘our’ planet we succeed only in decreasing our chances of sur-
vival in the Darwinian sense. However, if we act wisely then we may be successful
as a species for a long time to come. In the words of James Lovelock:

“To be selfish is human and natural, but if we choose to be selfish in the
right way then life can be rich yet still consistant with a world fit for our
grandchildren, as well as those of our partners in Gaia”.
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Appendix A

Below are the definitions, dimensions and, where applicable, the default val-
ues of all constants and variables used in this paper. Each is discussed in the
body of the text and hence the following is intended only as a quick reference tool.

Subscripts.

b = black daisies in the two species model, b1 = black daisies in the six
species model, b2 = purple daisies, b3 = green daisies, g = bare ground,
w1 = pink daisies, w2 = yellow daisies, w = white daisies in the two
species model, w3 = white daisies in the six species model, e = planetary.

Constants.

p̄. Proportion of Daisyworld’s surface covered by fertile land; dimensionless;
default value 1.0.

γ̄i. Death rate; proportion of αi over time; default value 0.3.
Āi. Albedo of local areas; dimensionless; default values:

Ab = Ab1 = 0.25, Ab2 = 0.35, Ab3 = 0.45, Ag = 0.50,

Aw1 = 0.55, Aw2 = 0.65, Aw = Aw3 = 0.75.

σ̄. Stefan’s constant; units of Flux; equals 5.67 E -8.
L̄. Solar luminosity as a proportion of the present day value; dimensionless;

no default value.
S̄. Solar constant; units of Flux; equals 917.
q̄. Proportionality constant in fourth order model for local temperature; di-

mensionless; default value 2.064 E 9.
q̄′. Proportionality constant in linearized model for local temperature; di-

mensionless; default value 20.

Variables.

x. Proportion of Daisyworld’s surface covered by fertile land; dimensionless.
αi. Proportion of Daisyworld’s surface covered by surface type i; dimension-

less.
βi. Free growth rate of species i; proportion of αi over time.
Ti. Local temperature; dimensionless.
Te. Global temperature; dimensionless.
A. Global albedo; dimensionless.
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Appendix B

This is a Maple procedure that I wrote to produce a plot of global temperature
against luminosity in the two species model. This program can also be modified
to return information about daisy areas and six species behaviour.

DaisyworldSimulator := proc(start_L, h, N)

local alpha_b, alpha_w, x, A, Te, Tb, Tw, Bb, Bw, eq1, eq2,

i, j, L, black, white, temp; black[0] := 0.01; white[0] := 0.01;

for j from 0 to N - 1 do

L := start_L + h*j;

if black[j] = 0 then alpha_b[0] := 0.01

else alpha_b[0] := black[j]

end if;

if white[j] = 0 then alpha_w[0] := 0.01

else alpha_w[0] := white[j]

end if;

for i from 0 to 1000 do

x := 1 - alpha_b[i] - alpha_w[i];

A := 0.5*x + 0.25*alpha_b[i] + 0.75*alpha_w[i];

Te[i] := 356.6125059*(L*(1 - A))^0.25 - 273;

Tb[i] := 20*A - 5.00 + Te[i];

Tw[i] := 20*A - 15.00 + Te[i];

Bb := 1 - 0.003265*(22.5 - Tb[i])^2;

Bw := 1 - 0.003265*(22.5 - Tw[i])^2;

eq1 := alpha_b[i]*(x*Bb - 0.3);

eq2 := alpha_w[i]*(x*Bw - 0.3);

if alpha_b[i] <> 0 then alpha_b[i + 1] := alpha_b[i] + eq1

end if;

if alpha_w[i] <> 0 then alpha_w[i + 1] := alpha_w[i] + eq2

end if;

if alpha_b[i] <= 0.001 then alpha_b[i + 1] := 0

end if;

if alpha_w[i] <= 0.001 then alpha_w[i + 1] := 0

end if;

if 0 < i and (Te[i] - Te[i - 1])^2 < 1/100000000 then

black[j + 1] := alpha_b[i]; white[j + 1] := alpha_w[i];

temp[j] := Te[i];

break

end if

end do

end do;

return temp

end proc
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