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PREFACE

The publications in this thesis are directed towards the construction of a theoretical basis
for the science of ecology. The general method is that of formalization, a technique
which belongs to the field of formal symbolic logic. The modus operandi is to construct
a new branch of pure mathematics using the concepts of modern logic. These require in
outline first the establishment of a semantic basis, the universe of discourse. Secondly
primitive terms undefined in the system are laid down; these are based on biology in the
present work in contrast to the many branches of mathematics which stem from physics.
The primitive terms are then used in formal definitions which range across population and
community ecology, beginning with animal ecology and extending to plant ecology in the
final paper in this collection.

This line of research was started early in 1977 after three years of preliminary work.
Prior to this I had used standard well-known mathematical methods such as stochastic
simulation modelling and difference and differential equations for problems in ecology,
breaking new ground with a stochastic simulation model of Tribolium populations
published in Physiological Zoology' in 1967. However my original training in pure
mathematics and physics had given me a good knowledge of the basic role played by
mathematics in theoretical physics and I was well able to contrast this with the lack of
fundamental mathematically-based theory in ecology. By 1973 I was fully aware that the
mathematics developed for physics was often not suitable in ecology and that a new kind
of pure mathematics was essential for a satisfactory scientific theory. The methodology I
adopted followed that given by J.H. Woodger in his 1937 book "The Axiomatic Method
in Biology'. In an article in the 'British Journal for the Philosophy of Science' in 1952
Woodger wrote "In considering the relation of mathematics to biology we must
distinguish between the process of applying existing mathematics to biology and the less
familiar process of letting the biological statements suggest new mathematical ones".
Woodger's first process is that of mathematical modelling; his "less familiar process" is
the one followed in this thesis; it is within the academic discipline of formalization in the
non-physical sciences. In contrast to Woodger I aimed at producing results which would
be of immediate use to field ecologists, in particular those of the Andrewartha School of
animal ecology in the University of Adelaide. Thus initially and for some years the work
was confined to animal ecology and in particular to population ecology of single animal
species. Furthermore in order to obtain useful results I dropped the restriction to first-
order logic which is customary in a formalization. My decision to use higher order logic
and draw when necessary on techniques and symbolism from the whole of modern
mathematics was aided by useful discussions with Mr Dene Barnett in the School of
Humanities at Flinders University whose lectures on logic I attended in 1977 and 1978.



By December 1977 I had obtained the first useful although rather crude result. This was
a formal symbolic definition of the (theoretically) total environment of an animal. The
ecological ideas which I used to obtain this result came from four main sources:

(i) Andrewartha H G (1971). Introduction to the Study of Animal Populations, 2nd
Edn. Chapman and Hall, London.

(i) Maelzer D A (1965). A discussion of components of environment in ecology.
Journal of Theoretical Biology 8, 141-162.

(iii) Andrewartha H G and Browning T O (1961). An analysis of the idea of
"resources" in animal ecology. Journal of Theoretical Biology 1, 83-97.

(iv) Many discussions about animal ecology with Professors Andrewartha and
Browning and Dr Maelzer.

The new result was conveyed immediately to Professor Andrewartha (and others) at a
seminar I gave in the Entomology Department, University of Adelaide, in December
1977. Professor Andrewartha made excellent use of the result in a fundamental recasting
of his book "The Ecological Web' published in 1984 jointly with Professor Charles Birch
and they added an Appendix written by myself which is included in this thesis. From my
mathematical definition Andrewartha developed a highly stylized diagram which opened
out the complex network yielded by the definition of the environment and projected it on
to a plane. I have made extensive use of these 'envirograms' in my later work. I
published a slightly improved version of this early result in 1980 in the 'Australian
Journal of Ecology'.

A more sophisticated version together with some suggestions about niche, community
and ecosystem appeared in 'Erkenntnis’' in 1982 and an inference drawn from this work
in the 'Journal of Theoretical Biology' in 1983.

At this stage of the work it became clear to me that a correct definition of environment
was of critical importance to the entire developing system. I therefore decided that it was
essential to do a very careful check of my mathematical definition in addition to the
previous ongoing check of several score individual examples of objects in various
animals' environments. I undertook a series of studies of the environment of each of
twenty-five species of animals, ranging across the phyla from the sponges to the non-
human primates. They were:

(a) Five lower invertebrates: sponge, coral, sea gooseberry, tapeworm, earthworm.
(b) Six arthropods: copepod, waterflea, mosquito, honeybee, blowfly, butterfly.



(c) Five higher invertebrates: freshwater snail, terrestrial snail, squid, octopus,
brachiopod.
(d) Nine vertebrates: fish, frog, toad, fulmar, penguin, wallaby, dolphin, gorilla,

chimpanzee.

I chose these species deliberately within the four groups on the basis that they were well-
known either with many papers or a book easily available. Clearly the scientific journals
would have been unable to cope with the massive output of my results so I published
these as occasional papers from Griffith University. The system was that the papers
were read only by the Editor who would call on staff members to assist when necessary.
They were published immediately and advertised world-wide. I was assisted by a
Research Assistant, Mr M G Stewart under a grant from the Australian Research Grants
Scheme, during 1981 and 1982. Mr Stewart was an enthusiastic assistant and I included
his name on all publications for which he had at least some input. I was also assisted by
Honours student J C Moore for a brief period.

I read a paper on the structure of the environment at the Australasian Association for
Logic Conference in 1983, using the three-spined stickleback as an example. An abstract
appeared in the 'Journal of Symbolic Logic' in 1984 and is included in this collection.

The twenty-five animal study gave me confidence in my mathematical definition of
environment since I could not find an object referred to in the literature as being an
element of the animal's environment which could not be classified. I also gained
knowledge of the topological structure of the (defined) environment. It became clear as
the work proceeded that an improved formulation was necessary, first in order to cope
with technical difficulties associated with my use of the conditional in first-order logic
and secondly because the relatively high level of mathematical sophistication necessary to
obtain a correct classification militated against the wide use of the method particularly by
undergraduates.

For these reasons a new formulation suited to teaching undergraduate Zoology students
was developed and used immediately for updating the studies of the sponge, tapeworm,
octopus, toad and chimpanzee of the original set of animals. The resultant papers were
published in 1987 and 1988 in the 'Australian Journal of Zoology'.

I proceeded immediately to develop my ideas on animal community and published a paper
in 1988 in 'Coenoses' in which I gave a formal definition of community and showed the

connection with the algebra of categories by writing the axioms of that algebra in terms of



my formalization. The important axiom concerning the existence of an identity morphism
was deduced from my 1983 paper. The definition uses the notion of the functionally
connected modifier chains of the environment which connect animals in the community.
It lends itself also to the classification of real-life communities and I give examples in the
paper. An interesting mathematical object is a 'product’, the term having the meaning
assigned to it in the algebra of categories. This turned out to be a representation of the
'food-web' of animal ecology. It is possible to derive a representation of a food-web
from that of the total environment or community but it is not possible to derive a
representation of the total environment or community from a knowledge of the food-web.

I then turned to the notion of niche for which I required a formal definition of animal
species. I used the ideas of H E H Paterson here and published a separate paper on this
point. The two publications appeared in 'Rivista di Biologia' and 'Coenoses', both in
1989.

At this point I wrote a short monograph published in 1989 in which I set out the general
philosophy of the approach and gave a summary of the results, also presenting a Venn
diagram of the primitive terms of the system which shows how the concepts of
environment, species, niche and community are linked at a basic level, i.e. a linkage of
population and community ecology. The Editor of the monograph series in Griffith
University consulted three referees before accepting my monograph for publication. One
of these, W T Williams, wrote to me directly suggesting an extra paragraph in the
Introduction listing all the symbols which I then added.

It was then time to extend the system to plant ecology and the initial extension was
published in 'Coenoses’ in 1992. Animal and plant ecology at the population and
community level are now combined. The ideas on plant ecology stem largely from J L
Harper's 1977 book 'Population Biology of Plants'.

Early in the work it became clear that it would be necessary to make special provision for
humans. A single example will suffice. Consider as an object a specific cigarette in a
specific human's environment. This object would be classified as a malentity under my
definition since it is inimical to the subject human (but is not a predator). However a
cigarette-smoking human does not regard a cigarette as a malentity but rather as a kind of
resource and often a social asset. Basic ecological mathematics which does not take
account of such strong human reactions and the associated cultural and sociological
milieu is bad mathematics and unlikely to further the cause of science. Unfortunately my



early ideas on human ecology (not yet published) were too late for Andrewartha and

Birch (1984) and they used my definition of environment for humans also.

My work provides an integrated and precise basis for a large segment of ecological theory
which until now has been only qualitative. The developing system is stochastic in two
ways. First at a fundamental semantic level the two primitive terms G for plants and H
for animals both contain probabilistic ideas. Either G or H is incorporated in all
definitions. Secondly the definition of mate for animals and co-reproducer for plants
contain a probabilistic sentence. The system is also totally interactive via the directed-
interaction primitive. It is time-dependant; provision is made for the environment of an
individual organism to change from instant to instant. All definitions are functional; it is
the functional relations among animals or plants which provide both the structure of the
environment and that of the community. By excluding the primitive term Hab from the
environment definition I have made the concept of environment habitat-independent.
This enables us, for example, to include the blight Endothia parasitica among the
predators of the chestnut tree even in the case that the tree in which we are particularly
interested is growing in an area far removed from the place where the observation was
made.

Both my initial papers in animal and plant ecology contain the terms 'direct environment'
and 'indirect environment' in contrast to Andrewartha and Birth (1984) who replaced
these expressions by 'centrum' and 'web'. In mathematics 'modifiers of order 0, 1,
2,..." would seem more natural.

Throughout the work I have attempted to strike a sensible balance between the amount of
symbolism and explanation in ordinary English where the latter can be done without
losing too much precision.

In science classification itself is of fundamental importance. However the precise
classification of objects in an animal's environment has advantages in addition to (or
perhaps because of) the simplicity of the method. First it is easy to justify the
classification of objects by using semi-formalized sentences. Secondly ecologists are
able to see immediately where their specialized observations and experiments fit into the
overall research on the species. They can compare progress from one organism to
another, for instance it is clear from such analyses that more is known about the cane toad
than the King penguin. Furthermore the environment analysis makes it possible to
combine reports from various sources and different disciplines in a standard form which
is then accessible to all.



The future potential of the work is difficult to assess but is certainly very big. Already it
is the case that the research has thrown light on issues which have not been direct aims.
One of these is the general and somewhat vague idea that in nature everything is
connected to everything else. The modifier chains of the present system give precision to
this vague idea. Furthermore they provide us with a modus operandi. Beginning with
any living organism in our chosen community we can write down the modifiers one by
one, repeating the process until the entire structure is evident. A second point is that
hypotheses which are set up for testing in field ecology can now be stated with precision;
only by using precise definitions can we state precise hypotheses.

Using the precise foundation presented in this thesis it should now be possible to develop
biologically-based ecological mathematics. For instance suppose we have (in theory) two
communities, contiguous in space, which are of low order, say two or three and
connected by some predator. It should be possible to combine these within an overall
habitat by writing down an equation which gives us a kind of logical sum of the two
communities. The result will certainly be a community but the order of this community
has to be determined. Depending on the circumstances the logical sum may be a 'tight'
community of order three or a looser community of higher order. If it turns out that such
logical sums are subject to fixed laws then it will be possible to construct a calculus of
communities which will deal with small changes in a community over a short period of
time. Thus we should be able to predict the precise effect of adding a new plant or animal
to an existing real-life community. Such a development is likely in the distant future after
much work to enable us to make precise predictions about real-life communities. The
analogous situation in physics is that the mathematically-based theory enables us to do the
arithmetic required to predict the future state of the system. At present it is the case that
the precise prediction of the future state of an ecological system has been possible only in
certain special cases. However given a sound mathematical basis for ecological theory
prediction in ecology should be as feasible as in physics.
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The formal definition of the environment of an animal

B.S. NIVEN
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Abstract

The article describes the first step in the formaliza-
tion of the theory of animal ecology developed by
H.G. Andrewartha, L.C. Birch, T.O. Browning,
D.A. Macizer and their students. The classifica-
tion of the environment given by H.G.
Andrewartha in Introduction to the Study of
Animal Populations (1971) is formalized, with
the exclusion ofthe component ‘weather'. In addi-
tion, the notion due to D. A. Maelzer that certain
objects ‘only modified the value of some resource
or other component of environment’ is also for:
malized and extended. The class of malentities is
enlarged to include the case of an animal eating a
poisonous animal. This enlarged class includes
some animals formally classified as 'aggressors’.
Symbiosis is also discussed.

Introduction

The classification of the components of the envi-
ronment given by Andrewartha & Birch (1954)
has been modified successively by Browning
(1963), Maelzer (1965) and Andrewartha
(1970). The original set of four components
namely (l) weather, (ii) food, (iii) other animals
and organisms causing disease and (iv) a place in
which to live was eventually replaced, in the
1970 publication, by five components:
resources; mates; predators, pathogens and
aggressors; weather; malentities. The object of
the present study is to formalize this latest clas-
sification. This is the first step in the formaliza-

tion of the theory of animal ecology associated
with the names of the above authors. The for-
malization is being undertaken for three main
reasons:

(i) To facilitate the development of the theory. A
formalization will aid in ensuring that all the
assumptions are explicitly laid down; in particu-
lar it will give an accurate way of saying explicitly
what assumptions are incorporated in a chain of
deductions. The rules of deduction (which are
formally laid down as part of a formalization)
will enable us to arrive at the consequences of
our assumptions in a systematic way: by for-
malizing, we are less likely to omit important
consequences. The use of clearcut definitions
(the subject of this article) is almost essential for
the exact communication of the theory to others.
The use of a natural language in this communica-
tion necessarily involves us in the paradoxes
which arise in a natural language.

theoretical aspect of quantum theory. In the pre-
sent case, lengthy discussion took place among
animal ecologists and myself during the course
of the work: the symbolism given below is satis-
factory in the sense that it has clarified and simp-
lified the previous notion of the environment. So
far we have not found a counter-example, thatis,
an example of a real-life situation in which a
certain object should, according to the intuitive
notions of the ecologists, be included in
(excluded from) the environment of the animal
but does not (does) accord with the formal defin-
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38 B. 8. Niven

itions given. This is not to say that the present
formalized description of the environment is
immutable.

As the work proceeded it became clear that
the component called ‘weather’, which had been
included in all previous classifications, could not
be adequately defined in terms similar to those
used for the other four components. The device
finally adopted is to work with the direct envi-
ronment, as suggested by Maelzer (1965); this
notion requires only four components, essen-
tially similar to those of Andrewartha (1970),
but without ‘weather’. These are supplemented
by the so-called ‘Maelzer Modifiers’ (another
device suggested by Maelzer in the 1965 paper)
which are defined in terms of the four main
components.

A list of symbols used is given in the Appen-
dix.

The general approach

The general approach is that adopted by
Andrewartha & Birch (1954) in that, to begin
with, we concentrate our attention on one, and
only one, animal.

The animal in which we are interested is con-
ceived to be surrounded by objects, some of
which are animate. All of these objects are
assumed to be measurable. We distinguish vari-
ous classes of objects which are called Ri,
R:,...Ry M, P and C.

In order to formulate precise definitions a
number of concepts, hitherto somewhat vaguely
expressed, are replaced by more exact state-
ments. In particular, statements about variations
in temperature and intensity of light are replaced
in the theoretical structure by statements about
precisely measured objects consisting of known
numbers of units of energy — heat-energy or
light-energy. Throughout the study the animal is
visualized as being surrounded by objects which
admit of exact measurement, for example, ‘hole’
(in a tree-trunk) as a place to live for the great tit
Parus major is replaced by the object ‘tree with a
suitable hole in the trunk’. Andrewartha &
Browning (1961) classify a ‘hole’ as a resource,
thatis, they regard a hole as a concrete object. In
an interesting discussion of this point Lewis &
Lewis (1970) equate ‘hole’ to ‘hole-lining’ thus
obtaining a nominalistic approach. However, for
our purposes, ‘object with suitable hole’
although admittedly vague (since the suitability

depends on a number of factors but especially on
the particular animal) would seem to suffice and
has been used in the example given in Table 1
below. Furthermore, exact measurements of
time are incorporated throughout: when we con-
sider, say, a particular apple as a resource for a
caterpillar the object ‘apple at time t, is
assumed to differ from the object ‘apple at time
t2" (ti # t2). Units of energy are handled in much
the same way as pieces of food. We recognize
that some of the food is excreted and some of the
energy is returned to the atmosphere; in this way
we may think of an animal as absorbing and
excreting units of heat- or light-energy. Another
object at first sight strange is a unit of kinetic
energy; we treat a unit of kinetic energy as a
measurable object which, at a particular time, t,
is brought into ‘close physical proximity’ with
the animal.

The term ‘close physical proximity’ is a term
incorporated in the definitions; it is not defined;
it may well continue to be an undefined notion in
future studies. .

By ‘€ xa,’ we mean that object x is brought into
close physical proximity with animal a at time t,
evoking  (immediately) some  physical,
physiological or behavioural response-in the
animal.

H,(a) is a real positive number equal to some
combination of:

(i) the expectation of life (at birth) of the
animal a, or the probability that a (on
entering its present stage of the life cycle)
will proceed to the next stage,

(ii) the probability that a will reproduce.

It is understood that (i) and (ii) are to be calcu-
lated under the conditions prevailing at time t.
The second term in (i) applies only to multi-
stage animals. H is not defined precisely. We
require however that an increase in either (i) or
(ii) will result in an increase in H.

We say that H increases when the value of H,
as measured when the object is present, is larger
than the value of H measured wien the whole
class of like objects is absent. Thus we say that H
is larger when the animal eats a particular food-
object than H would be if no food-objects what-
soever were available to be eaten. Similarly H is
smaller when the animal is attacked by a pre-
dator than it would be if the entire class of pre-
dators were absent. The same considerations
apply to malentities and mates, for example,



TABLE 1 Examples from the animal ecological literature reclassified in light of the formalizations presented in this article

Source of Example

Browning (1963) p.45

Browning (1963) p.45

Browning (1963) p.51

Browning (1963) p.61

Andrewartha (1970) p.78

Object

Amount of heat-energy
corresponding to temperature
of 24°C.

Amount of heat-en=rgy
corresponding 1o temperature
of 25°C.

Measured volume of water at a
temperature of 27°C.

Tree with suitable hole in it.

Vole, Microtus agrestis,
originally in cage.

Original classification

Weather in the environment of
the salmon Oncorhyncus
tschawytscha.

Weather in the environment of
the salmon O. tschawytscha.

Weather in environment of egg
of Acheta commodus

Resource (nesting-site) for the
great tit, Parus major.

Aggressor in the environment of
the introduced (stranger) vole,
M. agrestis.

Classification according to formal definition

(A) Change in physiology of salmon.
(B) (a) Expectation of life, thus H(salmon),
increased.
(b) Total no. units heat-energy unchanged.

(c) Heat-energy inanimate, thus no H involved.

From (a), (b) and (c) this particular chunk of
energy is a resource of the salmon.
(A) Change in physiology of salmon.
(B) (a) Expectation of life reduced, thus
H(salmon) reduced.
(b) Total no. units heat-energy unchanged.

(c) Heat-energy inanimate, thus no H invalved.

From (a), (b) and (c) this particular chunk of

heat-energy is a malentity for the salmon.

(A) Change in physiology of egg.

(B) (a) Probability of hatching, thus H(egg),
increased.

(b) Total no. units water decreased.

(c) Water inanimate thus no H involved.
From (a), (b) and (c) this particular ‘chunk’ of
water is a resource for the egg.

(A) Change in behaviour of tit.
(B) (a) Probability of reproducing increased. thus
H(tit) increased.

(b) Total number of trees with suitable holes

unchanged.

(c) Tree unaffected.

From (a), (b) and (c) the tree is a resource for

the tit.

(A) Change in physiology of introduced vole.

(B) (a) Expectation of life, thus H(stranger),
reduced.

(b) Total number of voles decreased or

unaffected.

(c) H{original vole) unaffected
From (a). (b) and (c) the original vole is a
malentity in the environment of the stranger.
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Table 1—cont

Source of Example

Andrewartha (1970) p 83

Andrewartha (1970) p 124

Browning (1963) p.77

Andrewartha (197Q) p.23

Object

Adult beetle, Tribolium
casraneum

Measured amount of light-energy
in unit volume surrounding the
animal, corresponding to average
daylight.

Man who builds fence which
limits movement of sheep and
prevents sheep-tick from climb-
ing on sheep to feed.

Burrow.

Original classification

Aggressor in the environment of
the egg of T. castaneum.

Weather in environment of the
cockroach, Periplaneta americana

Member of other species in the

environment of sheep-tick.

Resource in the environment of
the rabbit Orycrolagus cuniculus

Classification according to formal definition

(A) Change in physiology of egg.

(B) (a) Expectation of life. thus H(egg). reduced.
(b) Total number of adults unaffected.

(c) Expectation of life, thus H(adult) increased.

From (a), (b) and (c) the adult is a predator of

the egg.

(A) Change in behaviour of cockroach.

(B) No change in expectation of life or probability
of reproduction, thus H(cockroach) unchanged

However a food-type object in the vicinity of

the cockroach ceases to be a resource in the

presence of light: the object is a Maelzer

Modifier of the first order.

(A) Change in behaviour of sheep-tick.

(B) H(sheep-tick) not directly affected by man so
object not in direct environment of sheep-tick.
If, however, we could find a particular sheep
which is in a position such that, were the
fence removed, the tick would climb on it and
feed, then the sheep's blood would be a
resource of the tick and the fence a Maelzer
Modifier of the first order
The man, who may or may not put the fence in
that particular place, is a Maelzer Modifier
of second order.

(A) Change in behaviour of rabbit.

(B) H(rabbit) not directly affected, however
extremes of temperature and flooding in the
vicinity of the rabbit which would otherwise
be malentities in the rabbit’'s environmenti are
no longer so. The burrow is a Maelzer Modifier
of the first order in the environment of
the rabbit.



Source of Example

Object

Original classification

Classification according to formal definition

Andrewartha (1970) p.22

Browning (1963) p.56

Male sheep-tick Ixodes ricinus.

Tall rice plant.

Measured amount of kinetic
energy corresponding to high
stream flow.

Mate of female sheep-tick, /. ricinus.

In discussion of water in rice-
field as resource of mosquito
Anopheles culifacies.

Weather in environment of larva
of mosquito Anopheles minimus.

(A) Change in behaviour of female tick.
(B) (a) Probability of reproduction of female tick
increased thus H(female tick) increased.
(b) Total no. of male ticks will probably
increase (in the future).
(c) Probability of reproduction of male tick
increased thus H(male tick) increased.
From (a), (b) and (c) the male sheep-tick is a mate
for the female sheep-tick. In this example we may
interchange animal and object and achieve the
same result.
(A) Change in behaviour of mosquito.
(B) H(mosquito) not directly affected but water
no longer a resource for mosquito.
The tall rice-plant is 2 Maelzer Modifier of
the first order. (The short rice-plants are
not in the environment of the mosquito.)
(A) Change in behaviour of larva.
(B) (a) Expectation of life reduced, thus
H(larva) reduced.
(b) Total number of units of kinetic energy
available to larva unchanged.

(c) Kinetic energy inanimate thus no H involved.

From (a), (b) and (c) the object is a malentity
for the larva.
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42 B. §. Niven

when an animal copulates in the normal way the
probability of having off-spring is immediately
increased, thus H is increased if we compare this
situation with one in which no animals of the
same specics and opposite sex were present. A
situation which at first sight seems strange is one
in which an amount of heat energy correspond-
ing to a certain temperature is the object: if the
temperature is favourable to the animal's
chances of surviving or reproducing we say that
H increases. In fact we are comparing this situa-
tion with one in which the whole class of heat-
energy objects is absent.

The number H should not be confused with
‘Darwinian Fitness'. H is a number which is a
function of two other numbers, one a probabil-
ity, the other a life expectation. The estimation
of these two latter numbers does not enter into
the matter: we know that in the case of one
animal at least (man) reasonably reliable
methods of estimation are known and in com-
mon use. The concept of ‘fitness’, on the other
hand, is a difficult one. Mather & Jinks (1971)
write: ‘Thus fitness may be definable in principle
as the capital element in our consideration of
evolutionary and selective changes, but it is
extremely difficult to measure and often far from
easy to define in usable terms’.

In the sections below the various components
of the environment are dealt with separately, a
list of examples drawn from previous literature
on the subject is given and, finally, the general
procedure is discussed and those objects which
form the complement of the set {objects in direct
environment U Maelzer Modifiers} are
specified.

Resources

By ‘resources’ we mean ‘... material neces-
sities of life which are ‘used’ by the animal ...’
(Andrewartha 1970). A resource is an object
which will increase the expectation of life of the
animal (or its chance of proceeding to the next
stage of the life cycle) or the probability of
reproducing. In other words, we classify as a
resource of the animal, a, an object which will
increase H(a). We have to distinguish carefully,
by making precise measurements, the exact
range of quantities characteristic of any particu-
lar class of objects which will result in an increase
in H(a): too much water will kill a man; if he has

too little he will also die. The class of objects of
the type x gms water (per day, say) where x is too
high or too low for the requirements of the ani-
mal is not a class of resources. We insist that x
gms water is a different object from y gms water
for x # y. When x lies within a certain range we
have a class of resources. The same considera-
tions apply to units of heat-energy. A particular
animal will ‘use’ objects which are (measurable)
amounts of heat-energy corresponding to a par-
ticular range of ambient temperature. At too
high or too low a'temperature the animal will
die; the quantity H(a) decreases; the classes of
objects corresponding to very high or very low
temperatures are not resources. The situation
may seem confused because an animal may
excrete water, or give off heat which may then be

“tused’ again (recycled). However, the main

points are clear. The quantity H(a) should
increase and the total amount of that kind of
resource available (i.e. the number of objects in
the class) is either decreased or unaffected; it
cannot increase. If the resource is another ani-
mal b, say, which is eaten, then H(b) is reduced
since b's expectation of life is decreased. These
considerations lead to the following formal
definition of a resource.

Let R, be the class of resources of a particular
kind for animal a and 1, € R,. By R, we mean the
total number of elements in R,. Then we write
‘Resra) for'r is aresource of animal aat time t’,
and
Res na, = ¢ & nia, D [{H\(a) > H,_, (a)}

& {R. =R .} & {An(r) D,

H(r) = H, (n)}]

The number represented by ‘o’ is a positive
quantity chosen to suit the particular situation.
By ‘An(r;)’ we mean that the resource 1, is an

animal, so the last term reads ‘if r; is an animal
then Hy(r,) < H,_, (r,).

Mates
y

This class seems so familiar that we hardly need
to define it. We remark two important points.
First, the relation is symmetrical; if animal a is a
mate of animal b then so also is b of a. Second,
we expect offspring to result; when an adult male
Tribolium beetle commits a sexual assault on a
pupa we do not talk about ‘mates’. Since offspr-
ing probably result, then at some later date,
depending on the species of animal and the gen-
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eral conditions, the total number of mates avail-
able will probably increase. Thus we are led to
the following definition.

By M is meant the class of objects which could
be mates of animal a; m € M; we write ‘Mat ma,’
for‘m is a mate of animal aat time t’. The class M
contains M objects.

Mat ma, =4 & ma D [{H(a) > Hi_,(a)} &
{Prob (M, 3 >M,) > PrOb(Mt—u+B>]\71,—a )

& {H,(m) > H_,(m)}]

The positive constant B included in the probabil-

ity statement depends on the generation time of
the animal.

Predators and Parasites

A predator (or parasite) is an animal which
increases its life expectancy, or increases its
chance of reproducing at the expense of the ani-
mal a. In other words, H(predator) is increased
but H(a) is reduced. The total number of pre-
dators, (parasites) may increase.

We write ‘Pred pa,’ to mean ‘animal p is a
predator or parasite of animal aat time t’. P is the
class of all possible predators and parasites of
animal a and P the total number in that class. p e
P. Then,

Pred pPa = dI'E pat:) [{Hl(a) < Hl—u (a)} &

{Piyy= P} & {Hi(p) > Hi-5(p)}]
The positive constant, vy, depends on the
physiology or generation time of the particular
predator (parasite): a and d are chosen to suit
the situation with regard to animal and predator.
Also included in this class in Andrewartha
(1970) were animals classified as ‘aggressors’.
However an object causing ‘shock disease’ or
‘social stress’ in the animal in which we are
interested should rather be classified as a malen-
tity (see below). An object affecting some major
component of our animal’s environment (such as
another animal snatching or providing its food)
is a Maelzer Modifier of the first order (see
below).

Malentities

This term was introduced by Andrewartha
(1970) to describe those objects, both animate
and inanimate, which are inimical to the animal,
a, without themselves being affected by the

encounter. Thus H(a) is reduced, but il the
malentity is an animal, b say, H(b) will not be
affected. The idea of a malentity incorporates
the notion of an accidental occurrence. It is a
development of the conception of a ‘hazard’
given by Browning (1963). The human being
who steps on an ant is a malentity in the envi-
ronment of the ant. The same sort of considera-
tion applies, however, to the event that an ani-
mal eats (by accident) a poisonous animal. In
this case both H(a) and H(b) are reduced, thusin
strict accordance with Andrewartha we would
not classify the poisonous animal as a malentity.
If however we allow H(b) to be either reduced or
unaffected we cover a wider class of objects,
formerly difficult to classify. Objects are
included which were formerly classified as
‘aggressors’ causing ‘social stress’, that is, distur-
bance of biochemical balance resulting in
reduced expectation of life in situations of over-
crowding. The definition of ‘Mal ca,, thatis ‘cis
a malentity for animal a at time t’ follows.

Let Cbe the class of all possible malentities for
animal, a. C is the number of objectsin C.ce C.
Then

Mal ca, =4 & ca,D [{Hy(a) < He-(a)} &
{Ca=< G} & {An(c) D, Hi(c) < Hip(0)}]

The positive constant 8 is chosen to suit the
particulatr malentity.

The Maelzer Modifiers

Certain objects in the vicinity of animal a ‘only
modified the value of some resource or other
component of environment’ (Maelzer 1965). In
the terminology of the present study a main
component of the direct environment which has
been changed in some way, so that its final effect
on the animal is changed, is classified as a differ-
ent object. So a Maelzer Modifier is an object
which replaces a component of the environment
of the animal by a differént component, or by an
object which was not a component. We also
allow a particular Maelzer Modifier to replace
an object which was not a component by one
which is; for example, a certain measured quan-
tity of calcium may have no effect on an animal;
in the presence of (a measured quantity of) vit-
amin D it does have an effect; the vitamin D is a
Maelzer Modifier; the object which at time t was



44 B. S. Niven

not a component of the environment becomes a
different object (which is now a resource) at time
t + e. We do not have to combine the vitamin D
with the calcium in order to create a new (com-
pound) object‘vitamin D + calcium’ (we may do
this, of course, if it seems convenient), our insis-
tence that the ‘calcium objects’ are different at
time t and time t + ¢ is sufficient; we cannot
allow vitamin D to be both applied to the animal
and not applied to the animal simultaneously.

As another example, consider a pair of ani-
mals of opposite sex copulating normally. Now
introduce a sterility drug (or contraceptive). The
drug is a Maelzer Modifier since animal b is no
longer a mate of animal, a, in the formal sense of
the definition given above.

By ‘MMda,’ we mean ‘object d is a Maelzer
Modifier in the environment of animal a at time
. By ‘Comp xa,” we mean that object x is a main
component of the environment of animal a at
time t, that is, x is a resource, mate, predator or
malentity. ‘nxy,” means ‘object x is brought into
close physical proximity with object y at time t,
evoking some physical (including spatial),
physiological or behaviouralchangeiny’. Thena
Maelzer Modifier of the first order is defined by

MMd? a, = 4 (3x) [{(nd'"? x, D Comp xa,) &
(=nd” % D ~ Comp xa)}v{(nd”
x D~ Comp xa,) & (~ nd'" x, D Comp xa,)}]

We define a Maelzer Modifier of the (n+1)th
order, d™*1) in terms of a Maelzer Modifier of
the nth order (n = 1,2,3,...) thus:

MMd*? a, =, (3d @) [{(nd @*d ™, 5 MMd
™ a) &

("‘"'qd (n+1) ¢ (M . D~ MMd ™

a) }v{(nd®*Hd™ D>~MMdMa) &
(~nd (+D d (M, DMMd ™ a)}]

So in order to classify an object as a Maelzer
Modifier of the first order dV, we must be able to
find an object x (i.e. 3 x) which, at the appropri-
ate times, is either:

(i) not a component of the environment: by
introducing d'" it will become one,
or (ii) a component: by removing d'" this will no
longer be true,
or (iii) a component: by introducing d'" this will
no longer be true,
or (iv) not a component: by removing d'” it will
become one.

To classify an object as a Maelzer Modifier of the

second order, d'?, we must be able to find a
Maelzer Modifier of the first order (i.e. d'")
which, at the appropriate times, is either

(i) not a Maelzer Madifier of first order: by
introducing d'® it will become one,
or (ii) a Maelzer Modifier of first order: by
removing d'® this will no longer be true,
or (iii) a Maelzer Modifier of first order: by
introducing d'® this will no longer be true,
or (iv) not a Maelzer Modifier of first order: by
removing d'? it will become one.

For convenience we usually drop the supers-
cript and write MMda,.

The device allows us to have a connected
chain of Maelzer Modifiers, as in the example in
Table 1.

We also incorporate in the class of Maelzer
Modifiers of the first order those animals which,
by interfering with the resources or mates of the
animal of interest, cause a reduction in H. Shel-
ter (from predators or malentities) formerly
classified as a resource is usually a first-order
Maelzer Modifier.

Examples

The objects listed in Table 1 are individuals, that
is, when we write ‘[xodes ricinus, the sheep-tick’
we mean one particular sheep-tick, and so on. In
order to classify an object in the vicinity of the
animal we proceed systematically by asking the
following questions:

(A) is a change evoked in the physical state,
physiology or behaviour of the animal.

(B) (@) Is H(animal) increased (decreased,
unchanged)?

(b) Is the total number of like objects
available to the animal increased
(decreased, unchanged)?

(c) If the object is an animal is H(object)
increased (decreased, unchanged)?

Discussion

It is instructive to consider those objects in the
vicinity of the animal which do not fall within the
direct environment of the animal. First, we have
those objects which are such that H(animal) is
not directly affected. Some of these may be
Maelzer Modifiers. Secondly, there are those
objects which are such that H(animal) is
increased and thirdly those objects such that H is
decreased. Consider these separately.
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(i) H(animal) increased, the class of elements
increased, but H(object) reduced or inapplic-
able. I cannot think of an example of this. If the
class of objects is unchanged but H(object) is
increased that is a symbiotic relationship bet-
ween the two animals. This is something like the
relation of being a mate, but no offspring result.
However, when we examine the relation of sym-
biosis more closely we usually find that there
exists an intermediate object which is a resource
for one of the animals. Thus if a beetle is ‘shel-
tered’ by ants, this is because the beetle provides
food for the ants: in turn the beetle is protected
from predators by the ants. So the beetle pro-
vides a resource in the environment of the ant
and the ant is a Maelzer Modifier of the first
order in the environment of the beetle. In the
case of a lichen the fungus obtains organic food
from the alga and the alga obtains water and
dissolved salts from the fungus, thus each organ-
ism provides a resource in the environment of
the other. (Strictly speaking we would not clas-
sify either as an animal). The provider of a
resource, if it excretes that resource, has trans-
formed some object so that it becomes a
resource and so is also a first-order Maelzer
Modifier.

(ii) H(animal) decreased. We have the case
that the total number of relevant objects is
increased but H(object) decreased or unaf-
fected: I cannot think of an example here. Also
there is the case that the total number of objects
is decreased but H(object) increased, for which
also I cannot give an example.

In general, the formal classification accords
well with the previous (Andrewartha 1970) clas-
sification. The major change is that the compo-
nent ‘weather’ has disappeared.

There seems to be no doubt that this formal
classification, if satisfactory to ecologists, will
form a basis for further mathematical develop-
ment of the theory. Certain mathematical state-
ments follow immediately from the definitions,
for example that the relation of being a mate is
symmetrical and that a Maelzer Modifier of a
Maelzer Modifier is a Maelzer Modifier.

An object may lie in more than one chain of
Maelzer Modifiers. In fact these chains form the
kind of network among animals which we
observe when we look at an ecosystem. Also the
same object may be both a main component of
the environment and a Maelzer Modifier, for
example, if a caterpillar feeds within an apple,

the apple is both a resource (food) and, by pro-
viding shelter from some malentity, a first-order
Maelzer Modifier.

It may sometimes be useful to consider time
itself to be a resource (Kitching 1977). This
accords with the formal definition only if we
accept that some unit of time constitutes an
object: we would have to consider that some
length of time, say { hours, is brought into close
physical proximity with animal a at time t and
some response is immediately evoked. As a
result of this the probability of reproduction is
increased sufficiently so as to counteract the
concomitant reduction in the expectation of life
of a, with the final effect of increasing H(a).
Similarly a certain length of time might some-
times be considered a malentity. These examples
seem somewhat artificial, as much as anything
because we cannot conceive the situation that
the object is removed from the vicinity of the
animal. We may starve an animal or remove all
its possible mates, predators or malentities, but
we cannot remove a ‘time-object’ by reversing
the direction of the time-flow. Another possible
class of objects is that of the time X heat-energy
compounds, measured in units of day-degrees.
We have the same difficulty here with the direc-
tion of the time-flow. We cannot remove from
the vicinity of the animal an object consisting of
a measured amount of day-degrees.

The four main components fall naturally into
two classes; (a) resources and mates; H(a)
increasing, and (b) predators and malentities;
H(a) decreasing. Further development of the
mathematical theory will certainly take advan-
tage of these similarities. For the moment, it
should be noticed that it may sometimes, in a
specific example, be quite difficult to classify
precisely, for example, just as the sheep, acting
as a first-order Maelzer Modifier, provides
blood as a resource for the sheep-tick, so we may
consider a mate to act similarly in providing
sperm as a resource. The confusion as to‘aggres-
sors’ arose because predators and malentities
are really rather similar.

In this study the real positive number H
includes neither the ability of an animal to dis-
perse in order to find mates or food, or escape
predators, nor any mention of the expectation of
life of future generations. It may be advisable to
include one or both of these. For the moment I
do not know of an example of an object which
clearly should be classified as a main component
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of the environment but which i that neither

of the two present constituents re affected.
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Appendix

Symbols used

—ar Is defined aas (is, by defini-
tion).
Negation.

m

wi

TV Vv

a, B, v, 9 €
MM

3

H. H(a), H:(a).

Implication.Read‘A:JB'as‘if
A then B’

Implication with reference to
all a.

Union. AUB is the class (set)
of elements belonging to
either A or B (or both).
Element of

Conjunction. Read ‘A&B’ as
‘A and B".

Disjunction. Read ‘AvB’ as
‘A or B (or both).

The existential operator.
Read ‘3’ as ‘there is at least
one x'.

Greater than.

Greater than or equal to
The classes of resources,
mates, predators, malentities.
Individuals; a resource, a
mate, a predator or a malen-
tity.

Positive constants.

Maelzer Modifier.

Read ‘Exa’ as ‘object x is
brought into close physical
proximity with animal a at
time t, evoking a physical,
physiological or behavioural
change in 2’

Read ‘mxy, as ‘object x is
brought into close physical
proximity with object y at
time t, evoking a physical,
physiological or behavioural
change in y’.

A positive number.



B. S. NIVEN

FORMALIZATION OF THE BASIC CONCEPTS OF
ANIMAL ECOLOGY

SUMMARY. Formal definitions of the following concepts of animal ecology are given:
environment, niche, locality, local population, natural population, community, ecosystem.
Five primitive (undefined) notions are used including ‘‘animal”, “offspring” and “habitat”,
the latter in the sense of Charles Elton. The defining equations for the environment of one
animal are first given, then niche (in the Elton sense) is formally defined in terms of the
environment. The fifth primitve notion ‘“habitat” is then introduced in order to define the
remaining concepts.

INTRODUCTION

This article contains formal definitions of certain concepts basic to the
theory of animal ecology. Initially, as a basis for the formalization, I have
used the ideas of the population ecologists H. G. Andrewartha, L. C.
Birch, T. O. Browning and D. A. Maelzer. Central to their theory is the
classification of the environment of one typical animal. The original classi-
fication, given by Andrewartha and Birch [2] was developed by Browning
[4], Maelzer [10] and Andrewartha [1]. The classification in the latter
publication had five components. They were (i) resources; (ii) mates; (iii)
predators, pathogens, aggressors; (iv) weather; (v) malentities. An example
of (i) is an item of food. Examples of (v) are an animal which accidentally
treads on the animal of interest and crushes it, or vagaries of the physical
surroundings which accidently kill or damage the animal (e.g. a falling
rock).

The theory, as given by Andrewartha [1] is then extended to encompass
the interaction of the animal with the five components and further ex-
tended to populations of animals. Included are such concepts as the
“niche” of an animal, i.e., its relations to food and enemies, and the inter-
locking of niches in an ecological complex. A formalization of the environ-
ment of the animal was given by Niven [12]. A short account of an im-
proved version of the formalized environment is given in the Appendix to
Andrewartha and Birch [3]; a more detailed account is included in this

[EINY3  Gc

paper. Also in this paper are definitions of “niche”, ‘“‘community”, “eco-
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system”, “local population”, “locality” and “natural population”, together
with explanations of their use by ecologists.

An animal is assumed to be surrounded by objects, both animate and
inanimate, not all of which are in its environment although they may well
be in the locality or in the habitat. Measurable quantities of energy are
assumed to be objects. Animals are conceived as absorbing and exuding
energy-objects in much the same manner as they eat and excrete food. In
general, a formalization is undertaken for three main reasons:

(1) To facilitate the development of the theory. A formalization will aid
in ensuring that all the assumptions are explicitly laid down; in particular it
will give an accurate way of saying explicitly what assumptions are in-
corporated in a chain of deductions. The rules of deduction (which are
formally laid down as part of a formalization) will enable us to arrive at the
consequences of our assumptions in a systematic way; by formalizing we
are less likely to omit important consequences. The use of clearcut de-
finitions (the subject of this article) is almost essential for the exact com-
munication of the theory to others. The use of a natural language in this
communication necessarily involves us in the paradoxes which arise in a
natural language.

(i) To provide a basis for comparison of this theory with other theories
of ecology.

(i11) To clarify the theory itself. A formalized language for a scientific
theory provides an aid to intuition, a corrective to faulty thinking and a
systematic method of criticizing obscure ideas.

In particular, in ecological discussion the terms “‘environment” and “‘ha-
bitat’ are often confused, even by ecologists. As I show below the concept
of an animal’s habitat is not contained in the formal definition of the
animal’s environment - the two terms are quite separate. Furthermore,
controversy has arisen between advocates of ‘“‘population ecology” and
“ecosystem ecology”’. In this paper I show that the terms “population”
and “‘ecosystem” are closely related; the same four primitive terms are used
in the two definitions; an extra primitive term is required to define ‘“‘ecosys-
tem”. There has also been controversy as to which is the more fruitful
approach for a field ecologist, a systematic study of the environment of
certain chosen animals (as advocated by Andrewartha and Birch), or alter-
natively, a study of the entire ecosystem ab initio. However, it may be
inferred from the results given in this paper that the study of the environ-
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ment of certain chosen animals is a natural initial move by an ecologist
who wishes to study an ecosystem; the infrastructure of the ecosystem is a
complex network which may be built up from a knowledge of the precise
environments of the relevant set of animals within the chosen habitat; we
may start with any suitable animal and proceed step by step to the total
community and hence to the ecosystem.

Philosophers of science have by and large ignored conceptual problems
in ecological theory. This article is written with the intent of introducing
some of the problems of ecology to philosophers of science.

THE PRIMITIVE (UNDEFINED) SYMBOLS

There are five of these:
An
Off
H

¢
Hab

‘An(x)’ is used to mean that x is an animal. We may regard living organisms
as being plants, animals or protists. Apart from a few rare occasions it is
quite clear in the field or laboratory to which of these three categories the
organism of interest belongs. In the theory described here the organism of
main interest is in all cases assumed to be an animal. It may have living
organisms which are not animals in its environment.

By ‘x Off, y’ I mean “x is an offspring of y at time ¢ (for the first time).

‘H(x)" is a positive real number which is a non-decreasing function of:

(i) the expectation of life of x at birth or on entering its present stage of
the life cycle, and

(ii) the probability that x will have an offspring.

It is assumed that it is possible to estimate (i) and (ii). This has been done
for humans. Life expectation and fecundity have also been estimated for
some other animals: see for example Caughley [5] for mammals and Mertz
et al. [11] and Park et al. [14] for the Tribolium beetle.

By ‘¢,xy’ I mean that object x is brought into close physical proximity
with object y at time ¢, evoking immediately in y some physical, physiological
or behavioural response or a change of position in space, and that no other
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object reduces or enhances this effect of x on y, i.e. that x affects y directly.
The sub-index ‘s is replaced by “z”” when the action takes place during an
interval of time 7. Judgement as to whether or not a (significant) response
occurs is made by the ecologist, thus certain actions of the animal of interest
would normally be ignored. For example, if the animal gazes at some object,
this is a response of the animal to the presence of the object and doubtless
some sort of physiological or biochemical process is evoked; however,
normally an action of this type would be regarded by the ecologist as trivial
and ignored. Also the “closeness™ of x and y will depend on the situation.
Among mammals contact is normally necessary for procreation. This is not
necessary among fishes. Nor indeed is it necessary when a farmer uses
artificial insemination to improve his livestock.

‘x Hab y” means that x is a habitat of animal y. Elton [6] uses the word
“habitat” to mean a place chosen by the ecologist. Roughly speaking, it is a
place in which the ecologist confidently expects to find the animals of
interest. Other ecologists, notably Odum [13] use the word “habitat” in a
different sense, however, it is essentially in Elton’s sense that I use it here. In
this theory, however, I introduce also the dimension of time. So by
“habitat” I mean a four-dimensional entity, of which any three-dimen-
sional time-slice is a habitat in Elton’s sense. A system of Cartesian co-
ordinates is set up by first imagining a plane orthogonal to the line joining
some point in the Elton habitat to the centre of the planet, then erecting a
vertical axis, orthogonal to the plane. We then start the ecologist’s clock to
measure time. The ecologist’s clock will show a series of real numbers which
are a record of times suited to the situation. For example, suppose we are
studying a wallaby living in a eucalypt forest. It may well be satisfactory to
record the activities of the animal at 6-hourly, daily or even monthly
intervals of real time. The ecologist’s clock, instead of recording 7 a.m. on
Tuesday 14th July for example, simply records some number, say 6.52. It is
now possible to think of the location of the animal in a four-dimensional
interval in terms of quadruplets of numbers, rather than think of an animal
moving through a habitat over a period of time. For instance, instead of
thinking of the wallaby in motion through the forest over a period of several
years we represent the position of various parts of the animal (say the centre
of its left eye, the Lip ol its Lail, and so on) by sets of ordered quadruplets
{a,b,c,d> in which the first two numbers give the position in the horizontal
plane, the third the height and the fourth the (ecologist’s) time. Thus a plot
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of the third and fourth elements on a two-dimensional graph for fixed a,b
might look like the diagram of Figure 1.

(height) ¢

d — — -

(time)

Fig. 1

The points occur at discrete intervals as the world-lines of the animal cut
across the point (a,b) in the horizontal plane. A line sloping upwards occurs
when the animal leaps. On average, the points will have an upward drift
because the animal grows.

The symbols ‘An’, ‘Off", ‘H’ and ‘¢’ are used below to define the
environment of an animal. ‘Hab’ is used in the definition of “locality” and
hence “local population” and “natural population” and also in the
definitions of “community” and “‘ecosystem’’.

THE ENVIRONMENT OF AN ANIMAL

The environment of animal g at time ¢ is defined as the union of the centrum
of a at ¢t and the web of ¢ at ¢:

Ea = (C,a u W,

where C,a, the centrum of a at time ¢ is a set containing (k + 3) clements, as
follows:

Cta = Df {th, UL R Mla Pt, Cl}

L2
R, is the class of all potential resources of a of a particular kind,
(the i-th kind), M, the class of all potential mates, P, of
predators and C, of malentities, all at time ¢.

Write
‘rRes,’, for ““r; is a resource of a at time ¢’
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‘m Mata’ for “m is a mate of a at time ¢”,
‘p Pred,@’ for “p is a predator of a at time ¢,
‘c Mala’ for “c is a malentity of g at time .

Then

riResa =y Eria o[{H(a)> H,, (a)} & {An(r) =, H(r)< H,(r)}],
m Mata =p &ma=Prob{(3x)(x Off,, pd & x O gm)} > 0,
pPreda =y Epas[{H(a)< H, (a)} & {H(p) > H ()},

¢ Mala =y Seas[{H, (@)} & {An(c)> H (¢) < H,_(0)}].

(o, and y are positive constants chosen to suit the particular situation; g is
related to the gestation time of the animal).

By these definitions the animal a may not be a resource or predator or
malentity of itself. It may, however, be a mate of itself: ; this is the case in
parthenogenesis. The classes are now defined in terms of these elements.
Thus R; is the class of all R, at time ¢ and so on.

Examples of objects which are resources are:

() an item of food. H,(a) is increased because expectation of life is
increased. If the resource itself is an animal then H (resource) is decreased
because this animal will be damaged or will die as a result of the action
(being eaten).

(i) a quantity of energy. For example units of thermal energy are
considered to be measurable objects. A quantity of thermal energy
corresponding to a favourable temperature of the surrounding air results in
an increase in H, when compared with a situation in which this object is
absent. Since in this case the resource is not an animal the second term in the
conjunct does not apply.

The definition of mate is similar to ordinary usage. Note that an animal
which has been sterilized cannot be a mate.

“Predator” applies also to those organisms usually described as parasites
or pathogens. H,(animal) is decreased, since the animal becomes ill or is
damaged or killed. H, (predator) is increased since either its expectation of
life or its probability of reproduction is increased as a result of the act of
predation,

A malentity is an object adversely affectin g the animal by accident such as
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a poisonous animal which is eaten. In this case H (malentity) is decreased,
since the poisonous animal dies. More usually, in the case that the malentity
is an animal, H (malentity) is unaffected, as in the case of some larger beast
stepping on the animal.

Wa, the web of a at time ¢, is the set of modifiers (also, called Maelzer
modifiers after D. A. Maelzer), and is defined in terms of the centrum.

The modifiers are objects in E,a which are linked to a only via some other
object or objects. A first-order modifier w is “nearer” a than modifiers of
higher order in the sense that only one object intervenes between w and a.

For convenience, rename objects in the centrum of the animal a
“modifiers of order zero”. Then write ‘w Mod @’ for “w is a modifier of
order 7 in the environment of a at time . So w Mod ¢ aiffwe C, a. And

wMod" a = 5 Ax)[{[(Ewx v Ewy) D x Modja] & [(~Ewx v ~Ewy)
> ~xModjal}

v {l(~Ewx v ~Ewy) o x Modja} & [(Ewx v {wy) o ~x Modial}],
n = 0,1,2, ---; y is either a or a modifier of order < (n — 1).

So, in order to classify an object w as a first-order modifier we must be able
to find an object x which is, or is not, an element of the centrum, depending
on the presence or absence of w (or vice-versa). Similarly, a second-order
modifier modifies a first-order modifier and so on. By the definitions every
animal is a modifier in its own environment. This is a limiting case; in
general we expect two similar animals to be modifiers in each other’s
environments.

Some examples of modifiers are:

(i) A measured amount of light-energy in unit volume surrounding a
particular cockroach, of species Periplaneta americana. The cockroach will
not eat an item of food in the presence of the light. If the light is removed the
item of food will become a resource and the animal will proceed to eat it.

(ii) The burrow of a particular rabbit of species Oryctolagus cuniculus.
The burrow protects the animal from foxes and other animals which would
otherwise be predators in the environment of the rabbit, and from extremes
of temperature or from flooding, i.e. from possible malentitics in the
environment of the rabbit.

(iii) A farmer who builds a fence between a particular sheep-tick and a
sheep which might otherwise provide its food is a second-order modifier in
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the environment of the tick. The fence is a first-order modifier in the
environment of the tick, since its presence prevents the sheep from entering
the environment as a resource. The fence is regarded as an object which is
moveable by the farmer, thus the farmer is an object modifying a first-order
modifier.

An object may be in both the centrum and the web of an animal. An
example is an apple in the environment of a particular caterpillar which uses
the apple both as food and as protection against its enemies and vagaries of
the weather,

NICHE

According to Elton [6] the niche of an animal means “its place in the biotic
environment, its relations to food and enemies.”

Write N Nch a to mean N is a niche of animal a. N is defined to be a class
of ordered triplets as follows:

) The first member of each triplet is an animal;

(1) One of the triplets has a as first member;

(i11) The second member of each triplet is either empty or an ordered
set of objects each of which is in the centrum of the first
member;

(iv) The objects in the i-th place of the second members either all

belong to the same phylum or, if inanimate, to the same well-
defined class of material objects, and are all resources, or all
mates, or all predators, or all malentities.

(v) The third member of each triplet is either empty or an ordered
set of objects in the web of the first member,
(vi) The objects in the i-th place of the third members usually all

belong to the same phylum or, if inanimate, to the same well-
defined class of material objects, and they are all modifiers of
the same order.

(vii) At least one of the second or third members is not empty.

Elton gives an example of a niche of the African tick-bird. These animals
pick the ticks off other animals for food. He lists three animals in this niche.
The corresponding ordered triplets are:
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{African tick-bird, tick, ungulate)
{Starling, tick, ungulate)
{Scarlet land-crab, tick, aquatic lizard)

In the example, there is only one object as second member and one as third
member. The second member is a resource of the first member. The third
member is a first-order modifier in the environment of the first member.

COMMUNITY AND ECOSYSTEM

A community consists of “co-existing interdependent populations” of
animals (Price [15]). Animals are interlinked via their environments, ¢.g., a
predator of one animal may be a resource of another animal, or an object in
the centrum of one animal may be in the web of another. A community is a
set of animals which is found within a particular habitat. Remembering that
every animal is in its own environment, since it must necessarily be a
modifier of itself, we may build up a community by first choosing a suitable
animal, @, within habitat Y, i.e., Y Hab a. We choose also a time interval t,
equal to the duration of Y and select those objects u, which are in the
environment of a during t. We then add to a every animal b, located in Y
which has at least one object in its environment which is a u,. We continue
by adding every animal b, located in ¥ which has at least one object in its
environment which is also in the environment of at least one b,. We
continue this scheme until no new animals are added. The process must
terminate since the total number of animalsin Yis bounded. The final set of
animals, K, located in Y, is the community of a within habitat Y. Every
animalin K has at least one object in its environment during T which belongs
also to the environment of some other animal in K.

This may be written more formally as follows. First, write ‘xloc Y” for “x
islocated in Y, i.e., at least one of the co-ordinates of the points giving the
position in four-dimensional space-time of the object x falls in the
appropriate interval of Y. Notice that ‘x loc Y is not equivalent to ‘Y Hab
x’. Write ‘x € E_ &’ for “x is in the environment of & for at least some part of
the interval 7°. Define the set K, as follows:

Ky = {by: An(by) & (b, loc ¥) & (Qup) [(uo € E, a) & (uy €
Ebo)l}.
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Now define the sets K, K,, K5 ... recursively.

K, = {b;: An(b)) & (b;loc ¥) & Qu,) [(w;€ £, b ;) & (b, €K ) &
(ui € Erbi)]}7
i=1,2,3 ...

The process is continued until that stage j such that

7 =
U K= U K, =K

(=)
o

Then K is the community of animal a within habitat Y.

The definition given above requires the inclusion within a community of
animals connected only by very high order modifiers. In practice it may be
useful to restrict the definition of environment to the union of the centrum
and modifiers of low order only. In the following example from Kitching [9]
only the centrum and first-order modifiers are used.

The habitat Yin this example was a water-filled tree-hole in a beech tree in
Wytham Woods, Berkshire, England, over a period of some months. Six
different species of animals were present: two mosquitoes, two midges, a
hoverfly and a small beetle, all in their larval form. The larvae were all
saprophages, i.e., they ate rotten compost-like materials present in the
water. In addition to the detritus, some of them were observed to eat algae,
fungi and bacteria. They may also occasionally feed on the decomposing
flesh of dead earthworms and other animals accidently drowned in the
habitat.

To construct the community we may start with any one larva, say one
particular bectle larva. Call this a. We now focus attention on a particular
particle of detritus in Y. Call this u,. Then u, is a resource in the centrum of
a. Since the two midges, both mosquitoes and the hover-fly are also detritus-
eaters, as well as all other beetles, all these animals have u in their centra as
a resource until a time ¢ when u, 1s eaten. The eater, if it is not «, is then
acting as an aggressor, i.e., a first-order modifier in the environment of a. So
these animals appear in each others environments as first-order modifiers
and all belong to the set K|,. The set K, contains the same animals as K,,. So
in this case we have K = K, u K|, = K.

Price [15] uses the word “‘ecosystem” to mean “‘the community and its
physical environment”. If we are willing to include certain living organisms,
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e.g., pathogens in the environment, we may define an ecosystem as the
union of the community of the animal a and all objects located in the habitat
of a which belong to the environment of at least one member of the
community. Formally, suppose K is the community of animal a within
habitat Y which is of duration 7. Then the ecosystem is defined by:

E@K, Y) = {vi(veE b &((beK) & (vloc Y)}.

In this formulation an ecosystem consists of a set of objects, both animate
and inanimate. It is not obligatory that all objects in every time-slice of the
habitat Y are included. Notice that in order to define an ecosystem we
require to choose an animal @, an interval of time = and a habitat Y of
duration 7. The primitive terms ‘¢, ‘An’, ‘H’ and “Off” are also contained in
the definition of ecosystem.

LOCALITY, LOCAL POPULATION, NATURAL POPULATION

Consider the set of objects X such that each element xeX is in close physical
proximity with animal a at some time during an interval of time z, invoking
a response, i.¢.,

X = {x:& xa].

Suppose Y Hab a. Assume Y has duration greater than 7. Let Z’ be the
minimum (four-dimensional) interval of Y which includes the positions of
all xeX. Now construct the rectangular parallelepiped Z(a,z) which is
bounded by the minima and maxima of the first three co-ordinates of all
points in Z’. Then Z(a,t) is the locality of animal a for the time-interval .

Z(a,t) is not a set of objects. It is an interval in ordinary three-
dimensional space. The concept is used in ecology when discussing
ecological action, e.g., when animals disperse they move from one locality
to another. As an example consider the construction of the locality of a
mosquito. Focus attention on some one particular female of species
Anopheles culifacies and choose a particular time-interval, t, of duration
exactly ten minutes. During this period the animal will be flying about.
Suppose that at the beginning of the interval it is feeding on a human being.
It then flies to a neighbouring small bush, alights on a twig and remains
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there for the rest of the interval. Take as a minimum vertical co-ordinate of
Z (mosquito, t) the position of the lowest root fibre of the bush and as the
maximum vertical co-ordinate the position of the top of the person’s head.
The minimum and maximum co-ordinates horizontally will be determined
by the movements of the person during t and by the position of the bush.

The local population of animals of the same species as a is a set L, .
Included in this set are the mates and the mates of mates of a within the
locality Z(a,7).

More formally, let S, be the set of all objects in the locality Z(a,). seS; iff
at least part of s occupies at least one position during 7 such that one of its
three spatial co-ordinates falls within the rectangular parallelepiped which
is Z(a,t). Let M, be the set of mates of @ and M, the mates of mates of g all of
which are also elements of S,. So, for a time ¢ in the interval 7

(meM,) iff (m; Mat, a) & (m; € S,);
(my € M) iff 3Im,) [((m, Mat, a) & (m, Matm,)] & (m, € S)

Then
L,z =prM; U M.

Thus in order to construct a local population first choose a suitable animal,
e.g., the female mosquito of the example above. Include all her potential
mates in the locality and all their potential matcs also in the locality. If it is
desired to refer to a larger population the locality may be extended by
increasing the time-interval 7.

A natural population, for the same interval 7, is the union of all local
populations over some specified set of localities e.g.

U L,

Z <Pvoland

CONCLUDING REMARKS

The formalization of the concepts dealt with above have been developed in
close co-operation with a number of field ecologists. At the present time of
writing (1980) we have not found an example of a real-life situation in which
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a certain object should, according to the intuitive notions of the ecologists,
be included in {excluded from) the environment of the animal but does not
(does) accord with the formal definitions. This is not to say that the present
formalized description of the environment is immutable.

The idea of “connectance” [8], which expresses the probability that any
pair of species will interact, is presently being used in ecology. It is estimated
by the ratio of the number of known links between species to the number of
topologically possible links. Connectance does not include the detail of the
different pathways which may link two animals in a community, even when
they are of different species, e.g., if the habitat in the example of Section 5
(the water-filled tree-hole) is enlarged to include many such tree-holes in a
forest then beetle larvae and mosquito larvae may well be linked via their
predators, as well as by a resource. It may well prove useful to take account
of all such pathways when measuring linkage between species in a
community.

If we consider an ecosystem to be a set of animals and the pathways
connecting them, then an ecosystem immediately begins to look something
like a mathematical category. However, we have to take into account that
pathways between distinct pairs of animals are not always non-intersecting,
since two animals may be linked by one or more chains of modifiers in
addition to sharing an element of both centra.
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LETTER TO THE EDITOR

Two Different Animals May Not Have the Same
Environment

The symbolic definition of the environment of an animal given by Niven
(1982) has been used by Andrewartha & Birch (1983) as a basis for their
analysis of environment. In this note it is shown to be precisely true that
if, at time ¢, @, and b, are different animals then their environments
necessarily differ and the converse is also true. Formally, E,a # E,b ift a, # b,
where E,s is the environment of the animal s at time ¢, according to the
definition of Niven (1982). Also E,a = Eb iff a,= b,.

In the symbolic definition the environment of the animal s is a set of
objects. There are two subsets, called the “centrum” and the “web”. The
centrum is the set of objects which affect the animal directly; it is further
divided into four subsets, called ‘“‘resources”, ‘“mates”, “‘predators’ and
“malentities’’. The web is the set of modifiers; it is convenient to refer to
elements of the centrum as “modifiers of order zero”’—these are modified
by objects named “modifiers of first order”, which in turn are modified by
“second-order modifiers” and so on.

Now consider the case that a, and b, are different animals. From the
definition of the web it follows immediately that a, is a modifier of all orders
greater than zero in its own environment. Furthermore, it is factually true
that b, is not a modifier of all orders greater than zero in the environment
of a,; to see that this statement is true consider two snails of the species
Lymnaea peregra grazing next to each other (see Niven & Stewart, 1982).
The first snail, s; say, is a first-order modifier of food resources in the
environment of the second, s,. But s, does not occupy this place in its own
environment. Thus if a, # b, we have that Ea # E,b. It follows logically that
if E.a = E,b then a,=b,.

Now consider the case that a, and b, are the same animal. Then it is
factually true that E,a = E,b. It follows logically therefore that if the environ-
ment of a, is not the same as the environment of b, then g, is not the same
animal as b, i.e. if a, = b, then E,a =E,b and if E,a # E,b then a, # b,.

From the four statements above we have, formally,

Ea#Eb iff a,# b, (1)
and
Ea=E/biff a,= b, (2)
369
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Statements (1) and (2) should be thought of as limits to an ordered set
of sentences which amount to the (necessarily vague) notion that in a
sequence of pairs of animals such that the members of the pairs become
more and more like one another, then their environments become more
alike.

Andrewartha & Birch (1983), in discussing this phenomenon (after giving
many examples) conclude ... when two distinct species depend on the
same niche but nevertheless continue to live together in the same habi-
tat. .. either (1) their ecologies and adaptations can properly be said to be
the same with respect to this particular niche. That is, the closer the contest
the better the chance that the two species can live together . .. or (2) the
animals have succeeded in partitioning the niche in a way that scientific
inquiry has not yet revealed”.

It should be noted that “habitat”, the place where an animal lives, is
used as a primitive term by Niven (1982); it is contained in the definition
of the ecosystem, but not in the definition of the environment. The concept
of ‘niche’ does not contain ‘habitat’ as a primitive; the niche is a class of
ordered triplets and depends only on the definition of centrum and web.
An explanatory note on the niche is given by Niven (to be published).
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Appendix: The Formal Definition

of the Environment of an Animal
B. S. Niven

The object of this appendix is to give precise, formal definitions of the notions of
“centrum” and “web,” which are then used to define the “environment” of an
animal. Precision is achieved by using the ordinary symbols of modern logic,
supplemented by certain other symbols introduced for the express purpose of
formalizing the concept of the environment of an animal.

The variable a designates an arbitrary animal, and E,a the environment of a at
time t.

The animal is conceived to be surrounded by objects (things), some of which are
animate. Objects are assumed to change in time—thus, for example, a particular
apple at time t may differ from the same apple at time (t + &t) where the change
in time, 8t, is of magnitude relevant to the ecological situation under study.

By &xy I mean that object x is brought into close physical proximity with object
y at time t, evoking immediately in y some physical, physiological, or behavioral
response or a change of position in space, and that no other object reduces or
enhances this effect of x on y—that is, that x affects y directly.

For an arbitrary a, H(a) is a positive real number that is some function of:

(i) the expectation of life of a at birth or on entering its present stage of the life
cycle and
(ii) the probability that a will have an offspring.
An(Xx) is used to mean “x is an animal.”
By x Off,y-I mean “x is an offspring of y at time t.”
By Prob {X} I mean “the probability that the event X occurs.”

I distinguish certain classes of objects surrounding a at time t, which I call
Ry, Ra . . . Rxi, My, B, and C.. Ry is the class of all potential resources of a of a
particular kind (the ith kind), M, the class of all potential mates, B, of predators, and
C, of malentities, all at time t. The elements belonging to these classes are defined
below.

The environment of @ at time t is to be defined as the union of the centrum of
a at t and the web of g at t:

Eua =p¢ (ca U wa),

where c,a, the centrum of a at time t, is a set containing (K + 3) elements, as
follows:

C!a =pf {Rll, ey RKU Ml, Pts Cl}
459
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Write
r, Res,a, for “r, is a resource of a at time t,”
m Mat,a for “m is a mate of a at time t,”
p Pred.a for “p is a predator of a at time t,”
¢ Mal,a for “cis a malentity of a at time t.” Then
r, Resa =prémia 2 [{H(a) > Hi-e (a)} & {An(r) 2y H(r) = H,-, @)},
m Mata =pema 2 Prob{(@Ax)(x Offi+pa & x Off,gm)} > 0,
p Predia =pe&pa D [{Hila) < H_.(@)} & {H(p) > H @l
c Mal.a =pcéca 2 [{Hi(a) < H-.(a)} & {An(c) D¢ Hi(c) = He-,(©)}]

en to suit the particular situation; B is
.) By these definitions the animal a may
of itself. It may, however, be a mate of

called Maelzer modifiers
itrum.

The modifiers are objec ; only through some other
object or objects. A 4 than modifiers of higher
order in the sense th veen w and a.

Write x Cent,a for al a at time t” and W Modia

for “w is a first-order (Maelzer) modifier in the environment of a at time t.” Then

w Modia =p¢ ('Elx)[{[(g,wx v &wa) D xCent,a] &

[(~&wx vV ~§wa) D ~xCental}
v {(~&wx Vv ~&wa) D xCent.a] & °

[(wx v &wa) D ~xCenQaD].

The ¢ are successively “further” from a (not necessarily
spati sense). Write w Modia for “w is a modifier of order
nin time t.” Then

w Mod?*'a =pt (E{x)[{[(§(wx v &wy) D X Mod?a] &

[(~&wx v ~&wy) D ~X Mod?al}
vV {{(~&wx VvV ~§tWY) X MOd?a] &

[(&wx v &wy) D ~% Mod:'a]}],

n=123,...;y1s either a or a modifier of order =(n — 1) forn > 1.

So to classify an object w as a first-order modifier we must be able to find an object
x that is, or is not, an element of the centrum, depending on the presence Of absence
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
1. Primitive Terms and Definitions

B. S. Niven
School of Science, Griffith University, Nathan, Qld 4111

Abstract

This paper is the first in a series on the environment of the freshwater sponge, Spongilla lacustris, the
rat tapeworm, Hymenolepis diminuta, the common octopus, Octopus vulgaris, the cane toad, Bufo
marinus, and the chimpanzee, Pan troglodytes. A new version is given of the formal symbolic definition
of total environment, which was published by Niven (Erkenntnis, 1982, 17, 307-20). Informal defining
equations are then presented, with examples from the environments of the five species of the study.

Introduction

The search for a precise notion of ‘environment’ is recorded in the ecology literature
for at least 50 years. Haskell (1940) discusses some earlier attempts and then presents a
sophisticated semiformal definition of ‘environment’ as a mathematical manifold. In 1954,
Andrewartha and Birch suggest a simple informal definition. The same two authors, in 1984,
give an analysis of ‘environment’ based on the formal symbolic definition of Niven (1982).

In this series of six papers, a new version of the 1982 definition is given, followed by
applications to the total environment of five species: the freshwater sponge, Spongilla
lacustris, the rat tapeworm, Hymenolepis diminuta, the common octopus, Octopus vulgaris,
the cane toad, Bufo marinus, and the chimpanzee, Pan troglodytes.

In this paper, the first in the series, the formal symbolic version of the new definition
is given. Informal, partly symbolic versions of the defining equations are then presented.
A number of examples from the environments of the five animals of the study show precisely
how the informal defining equations should be used to classify objects in the environment.

An improved version of the 1982 definition is desirable, firstly, because of certain
philosophical difficulties associated with the use of the subjunctive conditional in the 1982
definition and, secondly, because of practical difficulties in applying the original formal
symbolic defining equations. The new version yields the same subsets of objects within the
environment; thus, the analysis of Andrewartha and Birch (1984) is still valid.

The construction of the definition follows the guidelines laid down by Church (1956)
and other modern logicians. First, the universe of discourse is specified. This is followed by
a list of the primitive terms and their interpretations. Finally, the formal symbolic defining
equations are presented. A glossary of symbols is available in the Appendix of this paper.

The application to a particular species of animal is greatly aided by the use of an
‘envirogram’. This is a diagram, introduced by Andrewartha and Birch (1984), that displays
the objects in the environment in their correct compartments. A disadvantage of this diagram
is that it does not reflect the non-linearity of the mathematics. Envirograms are presented
for each of the five animals in this study.

0004-959X/87/060597$02.00
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Universe of Discourse

A universe of discourse consists of those things with which the discussion is concerned.
They are the ‘individuals’ of the system. In the present context, these are the substantive
objects familiar to physical scientists: chunks of matter, or chunks of energy.

The restriction to such substantive objects has the advantage of avoiding the confusion
inherent in discussions about continuous rates. For instance, the effect of ‘temperature’
on an animal is dependent on which part of the temperature scale we specify; very low
temperatures may be inimical to the animal, whereas some higher range is not. It is
impossible to give a precise classification of ‘temperature’ within the environment of an
animal. If, instead, we fix attention on some discrete chunk of thermal energy, a ‘lump
of heat energy’ of a specified size, it becomes possible to classify that particular object
precisely.

Primitive Terms

In a formal theory, certain notions are taken as primitive and all further notions that
are introduced in the development of the theory are defined in terms of the primitive ones.
The primitive terms themselves are not defined. They are made intelligible by pointing to
them or explaining them informally. Such explanation, by signs or other language, is called
interpretation.

In the definition of environment, four primitive terms are used that are special to the
system. They are ‘An’, ‘Off’, ‘H’ and ‘€. Their interpretations follow.

‘An(x)’ is used to mean that x is an animal. We may regard living organisms as being
plants, animals or protists. Apart from a few rare occasions, it is quite clear in the field or
laboratory to which of these three categories the organism of interest belongs. In the theory
described here, the organism of main interest is, in all cases, assumed to be an animal.
It may have living organisms that are not animals in its environment.

By ‘x Off,y’, I mean x is an offspring of y at time ¢ (for the first time).

By ‘¢,xy’, 1 mean that object x is brought into close physical proximity with object y
at time ¢, evoking immediately in y some physical, physiological or behavioural response
or a change of position in space, and that no other object reduces or enhances this effect
of x on y, i.e. that x affects y directly. The subindex ¢ is replaced by 7 when the action
takes place during an interval of time 7. Judgement as to whether or not a (significant)
response occurs is made by the ecologist; thus, certain actions of the animal of interest would
normally be ignored. For example, if the animal gazes at some object, this is a response of
the animal to the presence of the object and, doubtless, some sort of physiological or bio-
chemical process is evoked; however, normally, an action of this type would be regarded
by the ecologist as trivial and ignored. Also, the ‘closeness’ of x and y will depend on the
situation. Among mammals, contact is normally necessary for procreation. This is not
necessary among fishes, nor indeed it is necessary when a farmer uses artificial insemination
to improve his livestock.

‘H,(x)’ is a positive real number that is a non-decreasing function of:

(i) the expectation of life of x at birth or on entering its present stage of the life cycle,

and

(i) the probability that x will have an offspring.

It is assumed that it is possible to estimate (i) and (ii). This has been done for humans.
Life expectation and fecundity have also been estimated for some other animals: see, for
example, Caughley (1966) for mammals, and Mertz ef al. (1965) and Park et al. (1961) for
the Tribolium beetle. ‘H’ should not be confused with ‘Darwinian fitness’—a different
concept, which applies to several generations. ‘H’ applies to the present generation only in
the particular circumstances that are of interest.
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The Conditional in the Definition

All defining equations incorporate statements of the form ‘4 | B, to be read ‘A given
that B’ where A and B are sentences. Variations in the standard form include sentences
like ‘~ A’ (the negation of A4) and ‘A V C’ (either 4 or C, where C also is a sentence).
B is a sentence of the kind ‘t,(object)(animal)’, where £ is the interaction primitive referred
to above. Since the classification of the object is of interest only if we can say for certain
that ‘¢(object)(animal)’ is possible at time #, or that such an event certainly does not occur,
a large class of sentences of this kind are irrelevant. For example, if we are dealing with
an octopus, the event ‘4(Taj Mahal)(octopus)’ would be irrelevant to a discussion of the
environment of the animal.

Formal Symbolic Definition of Total Environment

The environment of a subject animal a at time ¢ is a structured set of objects. There are
two subsets, called the ‘centrum of animal a at time ¢, C,a, and the ‘web of animal a at
time ¢, W;a. Obijects in the centrum affect the subject animal directly; objects in the
web affect the subject animal indirectly, via the centrum.

The centrum is further divided into four subsets, called the resources, mates, predators
and malentities of the subject animal q, all at time . The formal definitions are:

rRes;a =g [{H/(@) > H,_(a)} | {ral & [An(r) D {H,(") < H,_("} | &ral
m Mat,a = 4r Prob[(3x)(x Off, ;. ga & x Off,, gm) | Emal > 0
pPredia =4t [{H,(@) < H,_(9)} & {H,(p) > H,_(D)} | &,pa]

cMalja =4 [{H;(@) < H,_()} | £,cal & [An(c) D {H,(c) < H,_(0)} | & cal .

The interval of time 8 in the definition of a mate is the gestation time. A predator must
be an animal.
The centrum is the set of objects that are resources, mates, predators or malentities.
Formally:
Cia =4r {x: xRes;a V xMat,a V x Pred;a V xMal,a} .

The web consists of a structured set of objects called modifiers. Zero-order modifiers are
elements of the centrum. First-order modifiers are objects that modify zero-order modifiers;
second-order modifiers modify first-order modifiers, and so on. The modifiers of order
greater than zero are also divided into two sets called positive and negative modifiers,
depending on whether their presence or absence causes the lower-order modifier to appear
in the system. Formally:

wMod} "+ Vg =4 A[{xMod7a | (twx V Ewp)} & {~xModJa | ~(Ewx V £wy)}]

wMod; @+ Vg =4 3x)[{x Modfa | ~(Ewx V Ewy)} & {~xModfa | (Ewx V £wp)}]
n=0,1,2...;yis either a or a modifier of order < n; Mod’a = 4 Mod;"a V Mod; "a.
The total environment of the subject animal is the union of the centrum and the web in

which the structure of the four subsets of the centrum and their attached modifier chains
is preserved.

Informal Defining Equations and Examples

Resources

Resources are objects, such as items of food, that are such that when the subject animal
interacts with the object in the sense of the interaction primitive £, the ‘H’ of the animal
is increased. In the case that the object is itself an animal, H(object) is decreased or
unchanged. For example, the chimpanzee is known to eat bark (Nishida 1976) and ants
(McGrew 1974). The formal defining equation for a resource is:

rRes;a =gar [{He(@) > H,_(@)} | £ra] & [An(r) D {H, (1) < H,_ (N} | &ral .
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Informally, for a single, specific chimpanzee and a particular piece of bark,
(bark)Res(chimpanzee) = 4 H(chimpanzee) is increased | £(bark)(chimpanzee) .

The second part of the definition is not used because the piece of bark is not an animal.

We assume that the bark is nutritious so that the chimpanzee’s life expectancy is increased

and thus H(chimpanzee) is increased. The subindex ¢ is not used in the informal equation.
The following informal defining equation is for a particular ant as a resource:

(ant)Res(chimpanzee) = 4 H(chimpanzee) is increased and
H(ant) is decreased | £&(ant)(chimpanzee) .

In this case, H(ant) is decreased because the ant is eaten, so its life expectancy drops
abruptly. Once again, we assume that the ant is nutritious, so the chimpanzee’s life
expectancy is increased.

Since chimpanzees prefer a particular temperature range, any specific chunk of heat
energy corresponding to a particular temperature within that range constitutes a resource.
The informal defining equation is:

(heat)Res(chimpanzee) =4 H(chimpanzee) is increased | £&(heat)(chimpanzee) .

In this case, H(chimpanzee) increases because both expectation of life and probability of
reproduction are increased.

A resource need not necessarily be an object that is assimilated by the subject animal.
The freshwater sponge, Spongilla lacustris, must find a suitable piece of substrate, otherwise
its expectation of life is drastically reduced. Thus, a particular piece of substrate is classified
as a resource. The informal defining equation is:

(substrate)Res(sponge) =4 H(sponge) is increased | &(substrate)(sponge) .

An animal may not be a resource of itself. If the defining equation is written down for
this case, a contradiction appears; H(animal) is required simultaneously to both increase
and decrease or remain unchanged.

Mates

Mates are usually adult members of the same species as the subject animal but of opposite
sex. The definition requires that offspring are possible, so a sterile animal would not be
classified as a mate (but would, of course, appear in the environment of the subject animal
in some other way, probably as a modifier). The formal defining equation is:

m Mat;a =45 Prob[(3x)(x Off,, ga & x Off,; . gm) | Ema] > 0.

If the subject animal is a female chimpanzee in oestrous at the time of classification,
then any one particular adult male chimpanzee (provided it is not sterile) is a mate. The
informal defining equation is:

(male chimp)Mat(subject chimp) =4 an offspring of both individuals will be
produced with probability greater than zero | {(male chimp)(subject chimp).

The same female chimpanzee will not have mates (in this formal sense) in her environment
at a time when she is not in oestrous.

The defining equation allows for self-reproduction. For example, the rat tapeworm,
Hymenolepis diminuta, customarily self-reproduces (Burt 1980). For a subject animal that
is one particular tapeworm, the informal definition is:

(tapeworm)Mat(tapeworm) = 4 an offspring of the individual will be reproduced
with probability greater than zero | {(tapeworm)(tapeworm) .
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The interaction primitive £ is used here in the sense that the subject animal is interacting
with itself.

If m is a mate of animal a, then it follows from the symmetry of the definition that
a is a mate of m.

Predators
A predator is an animal that benefits from eating the subject animal. The formal
definition is:
pPredia =4 [{Ho(@) < Hi_(@)} & {H,(p) > H,_(D)} | £;pal .
Resh (1976) gives details of predacious caddisflies of freshwater sponges, which ingest
whole particles of sponge. The informal defining equation is:

(caddisfly)Pred(sponge) = 4; H(sponge) is decreased and
H(caddisfly) increased | £(caddisfly)(sponge) .

An animal may not be a predator of itself; the definition incorporates the contradiction
that H(animal) both increases and decreases simultaneously in this case.

Malentities

A malentity is an object that is inimical to the subject animal, often by accident; in
the case that the malentity is itself an animal, it does not benefit from the encounter.
The formal defining equation is:

cMalia =g [{H/(@) < H_(a)} | &cal & [An(c) D {H(c) < H,_()} | §cal .

In the Foster Gardens in Hawaii, cane toads, attracted by the movement, eat the
blossoms that fall from the strychnine trees and die of strychnine poisoning (Alexander
1964). The informal defining equation is:

(blossom)Mal(toad) = 4 H(toad) is decreased | £&(blossom)(toad) .

Snails and other crawling or browsing animals sometimes damage sponges accidentally.
In this case, the object is another animal, which acts as a malentity in the environment of
the sponge. The malentity is unaffected by the encounter. The informal definition is:

(snail)Mal(sponge) = 4 H(sponge) is decreased and H(snail) is
unchanged | £(snail)(sponge) .

An animal may formally be a malentity of itself; in this case, H(animal) must decrease
due to some biochemical, say, interaction within the animal; in practice, this is an unlikely
event,

First-order Modifiers

A first-order modifier modifies an object in the centrum of the subject animal, i.e. it
modifies a resource, a mate, a predator or a malentity. A positive first-order modifier acts
so as to include the object within the centrum; a negative first-order modifier causes the
object to disappear from the centrum.

The formal defining equation for a positive first-order modifier is:

wMod] 'a =4t @0){xe Cra| Ewx V Ewy)} & {~xeCra| ~Ewx V Ewy)}].

Cane toads, as noted above, are attracted by the movement of the blossoms from the
strychnine trees. Thus, kinetic energy is a modifier of this malentity in the sense that a toad
is unlikely to strike at a blossom lying unmoving on the ground. Thus, a particular chunk



602 B. S. Niven

of kinetic energy is a first-order modifier of the malentity. The informal definition is:

(kinetic energy)Mod * !(toad) =4t (3 blossom) such that [(blossom)Mal(toad) |
&(kinetic energy)(blossom) and ~ (blossom)Mal(toad) |
~ E(kinetic energy)(blossom)] .

The formal definition for a negative first-order modifier is:
wMody la =4 @[{xeCa| ~Ewx V Ewn)} & {~xeCua| Ewx V Ewp)}].

The common octopus, Octopus vulgaris, when presented with a crab of species Dardanus
arrosor, will eat the crab unless it is ‘protected’ by the anemone Calliactis parasitica; in
the latter case, the crab is never taken (Ross 1971). The anemone is a negative first-order
modifier of the crab, which is a resource in the environment of the octopus. The informal
defining equation is:

(anemone)Mod ~ !(octopus) =g4¢ (3 crab) such that [(crab)Res(octopus) |
~ &(anemone)(crab) and ~ (crab)Res(octopus) | £anemone)(crab)] .

Second-order Modifiers

Second-order modifiers modify first-order modifiers. A positive second-order modifier
acts so as to incorporate a first-order modifier into the system; a negative second-order
modifier acts so as to exclude the first-order modifier from the system. The formal definition
for a positive second-order modifier is:

wMod;2a =4 (30)[{xModla | (5wx V Ewy)} & {~xMod}a | ~(Ewx V £wp)}] .

Szuch et al. (1978) reports that oxygen consumption by Spongilla lacustris kept in the
light is lower than that by sponges kept in the dark. This difference is probably the result
of algal photosynthesis; oxygen produced by endocellular algae reduces the demand on that
carried through the aquiferous system. Thus, for a subject sponge, a specific chunk of
oxygen is a resource that is modified (negatively) by an individual zoochlorella, which, in
turn, is positively modified by a specific chunk of light energy. In the presence of the light
energy, the zoochlorella ‘interferes’ with the oxygen resource; in the absence of the light
energy, it does not. The two informal defining equations for the modifiers are:

(zoochlorella)Mod ~ }(sponge) =g4¢ (3 oxygen) such that [(oxygen)Res(sponge) |
~ &(zoochlorella)(sponge) and ~ (oxygen)Res(sponge) | &(zoochlorella)(sponge)]

(light energy)Mod * %(sponge) =4r (3 zoochlorella) such that
[(zoochlorella)Mod' (sponge) | £&(light energy)(zoochlorella) and
-~ (zoochlorella)Mod‘(sponge) | ~ &(light energy)(zoochlorella)] .

The formal definition of a negative second-order modifier is:
wMod; 2a =y @n)[{x Mod}a | ~(Ewx V £wy)} & {~xModla | (5wx V Ewp)}].

The cane toad, Bufo marinus, has been introduced to Guam and Ponape Island, with
complex ecological consequences (Mead 1961). Among these is the following: a food resource
of the toad is young of the Giant African snail; the coconut crab also eats the snail and is
thus a negative first-order modifier of the snail in the environment of a subject toad; the
monitor lizard eats the crab and is thus a negative second-order modifier. The two informal
defining equations for the modifiers are:

(crab)Mod ~!(toad) =4r (3 snail) such that [(snail)Res(toad) | ~ £&(crab)(snail)
and ~ (snail)Res(toad) | £(crab)(snail)]

(lizard)Mod ~%(toad) =g4r (2 crab) such that [(crab)Mod!(toad) | ~ &(lizard)(crab)
and ~ (crab)Mod!(toad) | £(lizard)(crab)] .
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Discussion

“The less a science has advanced, the more its terminology tends to rest on an uncritical
assumption of mutual understanding ... To be satisfactory ... a definition ... not only
must fulfill the formal requirement of unambiguous eliminability, but must also conform
to the traditional usage in question.” (Quine 1967). The formal symbolic definition of
environment presented and applied in this series of papers is based on the concept of
“. .. ‘environment’ of the individual, regarding the population as part of the environment
rather than as itself having an environment.” (Andrewartha and Birch 1954). This concept,
with variations and improvements by Browning (1963), Maelzer (1965) and Andrewartha
(1971), has been widely accepted. Browning’s notion of ‘hazard’ was renamed ‘malentity’
by Andrewartha, who included living organisms in this subset of the environment; the
subset was then enlarged by Niven (1980) to include animals that were themselves damaged
by the encounter with the subject (primary) animal. Maelzer’s ideas about objects in the
vicinity of an animal that “only modified the value of some resource or other component
of environment” were formalised and extended by Niven to give us the definition of the
‘web’ in the environment of an animal. [The names ‘centrum’ and ‘web’ are due to
Andrewartha and Birch (1984).]

The range of animals for which the present definition is valid includes (i) the sponge,
tapeworm, octopus, toad and chimpanzee of the present series of papers; (ii) the earthworm,
coral, sea gooseberry, copepod, waterflea, butterfly, blowfly, mosquito, bee, freshwater
snail, terrestrial snail, squid, brachiopod, fish, frog, fulmar, penguin, wallaby, dolphin and
gorilla of Niven and Stewart (1981-1983); (iii) the spruce budworm, fruit fly, two limpets,
magpie, teal, buffalo, moose and rabbit of Andrewartha and Birch (1984). The two latter
authors also use the definition for Homo sapiens as subject animal. However, the formal
symbolic definition of environment was originally constructed for non-human animals and
‘culture’ was not taken into account. Although it can be argued that even a sponge may be
said to possess ‘culture’ in some sense, or at least an awareness of the universe around it,
particularly other sponges of the same species, the animal is not able to communicate clearly
its awareness to the human investigator. On the other hand, human culture and its interaction
with the human environment can be directly communicated to the investigator and is clearly
of great importance in human ecology. The present author, therefore, prefers to leave the
question of the human environment open until a satisfactory mathematical definition of
‘culture’ is constructed (work on this point is proceeding).

In the present study, a human has sometimes been classed as an animal in the sense
of the primitive term ‘An’ and included in the environment of some subject animal.
The definition of predator formally includes the parasites. Purely for convenience, non-
animal pathogens are currently also being included in this class of objects. No investigations
as to the ‘environment of a plant’ have been undertaken.

Ecology may be defined as “the study of living organisms at the level of the population
and community . ..” (Southwood 1980). A connecting link between the concepts of popu-
lation and community is provided by the modifier chains in the environment of an individual
animal. The objects in the modifier chains are precisely those objects that connect animals
within a community. For example, as shown above, a monitor lizard appears in the environ-
ment of an individual cane toad as a negative second-order modifier. The lizard is connected
to the toad (in an ecological sense) by a crab and a snail. If now we focus attention on an
individual monitor lizard as the subject animal, we find that the toad is a malentity in the
lizard’s environment, since lizards will eat the toad and die from the poison. Now, if we look
at this community of animals as a whole, the very existence of the community is dependent
precisely on these interactions; sets of animals that are not linked by such modifier chains
cannot be said to form a community. In this sense, therefore, the structure of the environ-
ment provides us with the structure of the community. A population is the set of mates
and mates of mates of our original subject animal; a formal definition of community is
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given in Niven (1988). In the case of both population and community, we usually confine
our attention to animals within some particular habitat.

The centrum is complete in the sense that all possible changes of ‘H’ are taken into
account for both subject animal and object under consideration. Thus, if H(subject animal)
increases when the interaction occurs, the object is classified either as a resource or a mate;
if H(subject animal) decreases, then the object is either a predator or a malentity. In the
case that H(subject animal) is unaffected by the interaction, the object does not belong to
the centrum (it may, of course, belong to the web). The cases in which H(object) increases
are those in which the object is a mate or a predator; the object is a resource or a malentity
when H(object) is decreased or unchanged.

The use of the conditional ¢|’ in all definitions implies that the environment of an animal,
as defined in this series of papers, is independent of the animal’s habitat. In ordinary English
we would refer to ‘potential resources’, ‘potential mates’, ‘potential predators’, ‘potential
malentities’ and ‘potential modifers’. This device allows classification of an object that at
that time need not necessarily be in the vicinity of the subject animal.

The envirogram is useful because it shows exactly what is known about the environment
of an animal and precisely where new knowledge fits in. It is simple to construct. There is
no need to acquire knowledge about the subject animal in any particular order: items are
entered in their correct place on the envirogram as they are brought to the attention of the
investigator.

In addition to being of use in the practical classification of an animal’s environment, the
definition given in this paper is being used to provide the axiom asserting the existence of
an identity morphism in new ecological mathematics. A mathematical object that sends an
individual animal back to itself, just as multiplying by the unit in ordinary arithmetic sends
a number back to itself, is an essential ingredient of useful mathematics. Details are given
in Niven (1983, 1988). Also, the functional relations of ‘resource’, :-*, ‘modifier’ used to
define niche and community have yielded practical methods of classifying animal niches
and animal communities (Niven 1988, unpublished data).

The definition is also being used by workers in computing science, in particular, the ECO
group in the Department of Artificial Intelligence at Edinburgh University are using it as
a basis for writing software (Robertson 1986; Muetzelfeldt ef al. 1987). Also, it has been
shown by Abel and Niven (unpublished data) that the Z specification language can be used
for the environment definition and that the community classification can then be derived
automatically by computer.

Finally, the five species of animal that I have included in this series are a subset of the
25 species studied in the 27 booklets of Niven and Stewart (1981-1983). The original 25 were
chosen because they were well known, the information was easily accessible and the range
of animal phyla was well represented. Details of that choice are given in the Revised General
Introduction, No. XXVII, of the booklets. When choosing a subset for the present papers,
I first included the sponge and chimpanzee as being on the extremes of the phyla range.
The tapeworm was included because it was the only parasite. Among the ‘higher’ invertebrates,
the octopus is much better known than the brachiopod or squid and has been of interest
for a longer period than either of the two snails, certainly back to the time of Aristotle.
I had difficulty in deciding which of the non-primate vertebrates to include: the confusion
with the taxonomy of Rana pipiens militated against the inclusion of that species; neither
penguin nor wallaby was of great ecological interest; ultimately I included the cane toad
because a special study of the animal has been made at Griffith University by a number
of workers and the information is thus very readily accessible. The five species of this series
present various problems: the question as to what exactly constitutes a sponge individual
subject animal, the peculiar life style of the tapeworm, the ‘cultural’ aspects of chimpanzee
life, and so on.
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Appendix

> greater than

< less than

< less than or equal to

X, X at time ¢

Xy x just before time ¢

A|B A given that B

~ negation

€ element of

D subjunctive conditional; read x>y’ as ‘if x then y’

=g definition; read ‘x =4 ¥’ as ‘x is interchangeable with y’ or ‘x is equal by definition
to y’

& conjunction; read ‘4 & B’ as ‘A and B’

\Y disjunction; read ‘A V B’ as ‘A or B’ (or both)

3 existential quantifier; read ‘3x’ as ‘there is at least one x (such that) ...’
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
IL.* The freshwater sponge, Spongilla lacustris

B. 8. Niven and M. G. Stewart
School of Science, Griffith University, Nathan, QId 4111.

Abstract

The environment of the freshwater sponge S. lacustris is classified according to the defining equations
given in the first paper of this series. An envirogram displaying objects in the environment in their
correct place is presented. Notes on the envirogram include informal versions of the appropriate defining
equations that are used for the classification.

Introduction

Sponges are sessile multicellulates of only slightly differentiated form. True muscle and
nerve cells are absent. Variations in cell form (and function) are present, but no true organs
are formed (Grzimek 1974).

Spongilla lacustris is a freshwater sponge with a world-wide distribution (Grzimek 1974);
however, most of the information presented here was taken from work done in North
America. A characteristic North American annual cycle for S. lacustris is given briefly in
note 20—sexual reproduction in the spring following the germination of overwintering
gemmules, vegetative growth until late autumn, then colonial decay and gemmulation.
However, there are localities where tissue production and gemmulation occur at all times
of the year.

Bergquist (1978) provides a list of cell types in sponges and deals in detail with the
physiological changes that occur during development. Gilbert and Simpson (1976) report on
S. lacustris development in a bog pond in the U.S.A., and Saller and Weissenfels (1985)
on early development of S. lacustris.

Throughout the United States, S. lacustris occurs commonly in both lotic and lentic
habitats. Characteristically, the animal takes one of two forms: (i) the green form, the
colour being caused by symbiotic intracellular zoochlorellae, and (ii) the aposymbiont white
form. In addition, cases have been reported in which S. lacustris has formed symbiotic
‘colonies’ with bryozoans (see notes 7, 11, 15).

The taxonomy of S. lacustris seems to be fairly well established. Poirrier (1976) discusses
the matter in some detail.

*Part I, Aust. J. Zool., 1987, 35, 597-606 0004-959X/87/060607$02.00
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‘What counts as a sponge individual?’ can be tantalisingly difficult question (Grzimek
1974; Bergquist 1978). There are many reasons for the difficulty, for example:

(i) body morphology and size vary drastically;

(ii) newly settled larvae—and the largest adults—can fuse together in the course of
vegetative growth (see note 12); is the resultant mass a new individual?

(iii) gemmulation can be viewed alternatively as an adaptive overwintering mechanism
or as a means of asexual reproduction;

(iv) age and natural death are extremely hard to determine; what might be termed a
sponge death due to old age usually has the following sequence of events: the central
part thins and holes appear, but the edges continue to live until they break away;
such edge pieces may re-establish elsewhere on the substrate;

(v) sponge cells, in many respects, maintain an almost protozoan independence; never-
theless, the entire cell mass combines to pump sufficient water to effect all essential
exchanges;

(vi) sponge cells show remarkable mobility and a general ability to differentiate and
redifferentiate to fill various functional roles;

(vi)) against the last two points, which might be used to argue that a sponge individual
is a single cell, a functional sponge mechanically dislocated by being rubbed through
a sieve shows a remarkable ability to reassemble itself. If such an operation is
performed on several species mixed together, the reassemblages remain species-
specific.

There have been four major theories concerning the recognition of sponge individuals.
The first two have been abandoned as serious alternatives, and the fourth is coming
increasingly into favour (Bergquist 1978).

(i) An individual is a single cell;

(ii) an individual is a choanocyte (collar cell);

(ili) an individual is an osculum, the exhalant cells draining to it, and the sector of the
inhalant surface and canal system that feeds the related choanocyte chambers;

(iv) an individual is all the substance bounded by a continuous pinacoderm.
Although in this paper we have adopted the fourth viewpoint, the formalised system we use
to generate an envirogram is sufficiently flexible to produce an envirogram consistent with
each of the theories. For theories (ii) and (iii), this would, fairly trivially, only involve
qualifying each entry with ‘per choanocyte chamber’ or ‘per osculum’.

An envirogram for theory (i) would be radically different. We attempted to assemble
such an envirogram, but the available information (of a type that would usually be classed
as ‘biochemistry’ or ‘physiology’) was too sparse. However, to illustrate briefly, consider
the following:

Let us take as our individual an archaeocyte cell in the mesohyl:

(i) it would be responsible for obtaining its own oxygen;

(ii) for food resources, choanocytes would be first-order modifiers, which would in turn
be modified by all the cells from the porocytes lining the inhalant canal openings
down to the choanocyte chamber;

(iii) similarly, excretory functions would be modified by spherulous cells and all the cells
leading from the choanocyte chamber to the osculum;

(iv) a modifier chain, in which the co-operation of other cells was required, would also
have the ‘skeleton’ (spicules) and scleroblasts as modifiers.

The reason for the formalised system’s flexibility in this respect is the primitive term ‘An’
(animal). In the present series of papers, ‘An’ is interpreted as any animal in the range
of the phyla from sponge to non-human primate. Nevertheless, a formalised language is
inherently flexible; the language can still be useful under various interpretations of ‘An’ and
the other primitive terms. It is possible to change the interpretation of one or more primitive
terms, while definitions, axioms, rules of inference, and theorems remain unchanged.
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The Envirogram

The envirogram for S. lacustris (Fig. 1) displays objects in their correct logical place in
the environment. This type of diagram was originally developed by Andrewartha and Birch
(1984) using an early formulation of the environment definition by Niven (1982). It enables
workers on the animal to relate their own results to those of others and may be used as a
guide to further experimentation or observation.
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Fig. 1. Envirogram for Spongilla lacustris.

The subject animal for the envirogram is an individual in the sense given above. Reports
from the literature about objects in the environment of sponges of this species have been
combined; thus, the envirogram presented here is a concatenation of many individual
envirograms for large numbers of individual sponges observed in many different places at
various times. The numbers on the envirogram refer to the notes that follow. These numbers
appear in no particular order. The various parts of the envirogram were constructed in an
entirely haphazard order as the literature became available. The square brackets indicate
a set of objects. Thus, ‘[food]’ refers to a set of food objects, and ‘[insects]’ to a set of
insects. The parentheses are used not only for explanatory purposes, €.g. ‘kinetic energy
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(water currents)’, but also when there is some doubt about the classification, e.g. ‘(olfactory
emanations from subject animal)’.

A semiformal version of the appropriate defining equations (see part I of this series) is

given at the end of each note. The following symbols are used:

(i) =g4s: ‘is equal by definition to’, or, more strictly, the form ‘x=g4;»’ means ‘x is to
be interchangeable with y’.

(ii) 3: the existential operator of formal logic. Read ‘3 fish’ as ‘there exist a fish’ or
‘there is at least one fish’, or, more informally, ‘we can find a fish’. In this paper,
expressions such as ‘3 fish’ are always followed by the words ‘such that’.

(iii) |: x|y’ means ‘x occurs (will occur), assuming y’. This is the symbol used for
conditional events (and conditional probabilities). The expression ‘A | B’ may be
read ‘event A occurs, given that event B occurs’; it refers to ‘event A under the
condition that B’ or ‘event A under the hypothesis that B’ The use of the
conditional in the definitions implies that the environment of the subject animal is
independent of its habitat. Thus, an object that is reported in Sweden, say, as being
a food object and hence classified as a resource of that particular subject sponge
is also classified as a resource of a subject sponge in Denmark; in ordinary English
it is a potential resource. Similarly, mates, predators, malentities and modifiers are
all potential mates, etc.

Notes on the Envirogram

1. There are almost no hard data on sponge nutrition. Bacteria, unicellulates, zooplankton,
phytoplankton, yeasts, and colloidal organic matter are mentioned by various authors (see
note 2) (Grzimek 1974; Harrison and Cowden 1976; Bergquist 1978; Frost 1978a).

S. lacustris is not a mobile animal, so it depends largely on external factors to bring food
resources within its limited range. The principal external factor is kinetic energy (water
currents), which, in effect, provides volumes of nutrient-containing water for the sponge to
filter, and removes already filtered water. Other external factors are the movements of any
mobile animals or protists that the sponge consumes. (The above considerations can be
generalised for all classes of the centrum.)

All of the sponge’s food must be suspended or dissolved in water. A current of water
is set up by the flagella of the choanocytes within the sponges, and, “in effect, the arrange-
ment of inhalant ostia, canals, prosopyles, choanocyte collar tentacles, and intertentaculae
mucous reticulum place a series of sieves of decreasing mesh size in the path of the water
current” (Bergquist 1978). The only selective restriction on particle intake is the passive one
afforded by ostia size (see also note 3), although individual cells are capable of distinguishing
between digestible and indigestible substances. Presumably, indigestible particles are ejected
via the outflow ostia. It is generally agreed that S. lacustris can filter particles within the
size range 0-1-50 yum. The sponge uses two methods to capture particles once they have
entered the canal system: first, mobile archaeocytes phagocytose particles in the 2-5-um
range directly — this helps to prevent canal occlusion (see note 3); secondly, secondary capture
occurs at the choanocyte collar, where particles within the range 0-1-1-5 um are trapped
in the collar tentacles. Very little digestion takes places in the choanocytes, as particles are
not retained for more than 3 h before being passed on to other cells. In the diet of three
marine sponges, about 80% of the particulate material used was of a size likely to be taken
up mainly by choanocytes.

A third method of capturing particles operates at the external surface of the sponge,
where exopinacocytes phagocytose larger particles. However, reports deal only with the
uptake of non-nutritive particles under laboratory conditions, and the importance of this
method for nutrition is not known.

Strictly speaking, the formal versions of the defining equations should be written down
for every individual element of the set of food objects. We give here, for a single individual
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bacterium, an informal version, which is satisfactory for construction of an envirogram.
Notice that the second term in the conditonal is not needed for this particular case because
the interpretation of ‘An’ excludes bacteria. Were they counted as animals, then the clause
‘and H(bacterium) is decreased’ should be added.

(bacterium)Res(sponge) =4 H(sponge) is increased | £&(bacterium)(sponge)

The following informal defining equation is for a specific bounded quantity of kinetic
energy contained in a current of water, abbreviated k.e., which acts as a modifier of a
bacterium food resource.

(k.e.)Mod* '(sponge) =4; (3 bacterium) such that [(bacterium)Res(sponge) |
£(k.e.)(bacterium) and ~ (bacterium)Res(sponge) | ~ #&(k.e.)(bacterium)]

(Frost 1978a, 1978b, 1980a, 19805, 1981)

2. The best data with respect to sponge nutrition concerns bacteria. It is known that
the Demospongidae extract bacteria from their aquiferous system and retain them with
high efficiency —about 96%. For example, in the laboratory, Frost (19784) showed that
S. lacustris efficiently filtered Rhodotorula glutinis (average diameter 3-9 pm), Chlamy-
domonas reinhardti (6-6 pm) and Escherichia coli (2 by 1 pm) from tanks.

The uptake of bacteria by the marginal cells of the basal pinacoderm, using a method
of filopodial extension and subsequent phagocytosis, has been reported for the freshwater
sponge Corvomeyenia carolinensis and also a marine species. If S. lacustris used this method,
it could be added to the three methods of nutritional uptake mentioned in note 1.

For some sponges living in organically rich estuaries, it has been shown that the uptake
of bacteria could satisfy their entire nutritional requirements.

It is possible that S. lacustris supports a population of bacteria within the matrix of the
sponge. The effect of the bacteria, if any, is not known.

An informal version of the defining equation for a bacterium as a resource is given at
the end of note 1. The provision of bacteria by the substrate implies that the substrate
may act as a positive first-order modifier:

(substrate)Mod“(sponge) = 4¢ (3 bacterium) such that {(bacterium)Res(sponge) |
£(substrate)(bacterium) and ~ (bacterium)Res(sponge) | ~ &(substrate)(bacterium)].

(Frost 1976a, 1976b)

3. Large particles (i.e. greater than 50 um, see note 1) in suspension are a danger to all
sponges because they can block the delicate filter system for long periods—as also can very
high concentrations of smaller particles. Such blockages affect the sponge in at least the
following three ways:

() direct damage: for this reason, we classify particles as malentities;

(i) by causing a reduction of water flow, particles will cause a proportional reduction
in nutrient uptake; thus, particles are second-order modifiers of food (they modify
water flow);

(i) similarly, water flow is prerequisite for the provision of oxygen and the removal of
carbon dioxide; thus, particles are also second-order modifiers of oxygen (see also
note 16).

For economy of space, we have placed only (i) on the envirogram; all subsequent
modifiers also apply to (ii) and (iii), thus extending the envirogram to modifiers of the
fourth order.

Any source of particles is potentially dangerous— pieces of the substrate, detritus, living
organisms, etc. We group these together as ‘sediment’, a first-order modifier. Almost
invariably, ‘sediment’ will be disturbed and carried by ‘kinetic energy (water currents)’, a
second-order modifier.
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Clearly, it is to the subject animal’s advantage to maintain its external surface as free of
particles as possible. Note 1 gives details of the phagocytosis of particles; in this way, the
subject animal acts as a first-order modifier. A second mechanism may contribute to the
maintenance of a clear aquiferous system. Frost (1976b) reports a significantly smaller
build-up of aufwuchs (see also note 4) on the surface of S. lacustris as opposed to the
surface of nearby macrophytes. It is known that some marine sponges have an antibiotic
effect on organisms; this explanation is suggested, though not proved, for S. lacustris.
Thus, we have tentatively classified ‘subject animal (antibiotic)’ as a first-order modifier of
particles as malentities.

Since a particle is not an animal, the second term in the conditional is excluded from the
defining equation for a malentity. The informal defining equation for an individual particle
with diameter greater than 50 pm is:

(particle)Mal(sponge) = 4 H(sponge) is decreased | &(particle)(sponge) .

The sponge is a negative first-order modifier of itself by phagocytosis. The informal
defining equation is:

(sponge)Mod ~ !(sponge) =g4r (3 particle) such that [(particle)Mal(sponge) |
~ &(sponge)(particle) and ~ (particle)Mal(sponge) | £(sponge)(particle)] .

(Frost 1976b; Storr 1976)

4. Most freshwater sponges, including S. lacustris, have a relatively aufwuchs-free epi-
thelium. The phagocytic ability of pinacocytes is almost certainly responsible, possibly aided
by an antibiotic effect of the sponge on organisms (see note 3).

The phagocytosis of aufwuchs will contribute to sponge nutrition. In general, aufwuchs
will include diatoms, fungi and filamentous algae. Frost (1976b) reports the following
filamentous algal forms collected from S. lacustris: Mougeotia sp. and Spirogyra sp. were
most common; Bulbochaeta sp., Oedogonium sp. and Zygnema sp. were also observed.

The informal defining equation for an individual diatom as a resource is:

(diatom)Res(sponge) =4¢ H(sponge) is increased | £(diatom)(sponge) .

Since a diatom is not interpreted here as being an animal, the second term in the conditional
does not apply.

5. Given that all sponge food resources must be in suspension, in a given locality the
quantity of food that becomes available to a sponge will depend on the quantity of water
passing through the animal. Many authors have attempted to calculate water transport rates
for S. lacustris; methods and conclusions vary greatly. Frost (1976a) regards 0-0118 ml s~!
ml~! as a good estimate.

Several factors can affect water transport rates. It is generally agreed that water flow
through a sponge is augmented by external current flow across the osculum; however, authors
disagree on the magnitude of the effect. This is apparently why most sponges in a moving
environment are tubular and upright, or, if not upright, are oriented perpendicular to the
prevailing water current.

The subject animal is capable of regulating water flow, as evidenced by its response to
certain stimuli. On mechanical or electrical stimulation, or with thermal (note 18) or light
stimuli, the whole body, or at least a portion of it, is contracted, the osculum and pores
first and the canal system last. The mechanism of the response is not known.

The informal defining equation for a particular bounded quantity of water acting as a
positive first-order modifier on a specified individual diatom that is a food resource is:

(water)Mod * 1(sponge) =4 (2 diatom) such that [(diatom)Res(sponge) |
&(water)(diatom) and ~ (diatom)Res(sponge) | ~ &(water)(diatom)] .
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The informal defining equation for the sponge acting as a positive second-order modifier
in its own environment by regulating whether or not that particular bounded quantity of
water passes through the sponge is:

(sponge)Mod”(sponge) = 4¢ (3 water) such that [(water)Modl(sponge) |
£(sponge)(water) and ~(water)Mod1(sp0nge) | ~ &(sponge)(water)] .

The sponge may also be thought of as a negative second-order modifier in its own
environment as follows:

(sponge)Mod_Z(sponge) = 4¢ (3 water) such that [(water)Modl(sponge) |
~ g(sponge)(water) and ~(water)M0d1(sponge) | &(sponge)(water)] .

(Frost 1976a; Reiswig 1976; Storr 1976)

6. It is not uncommon for S. lacustris to live in close association with macrophytes. The
water plants provide a good surface for aufwuchs and are thus likely to contribute to the
maintenance of nutritionally rich water.

In addition, S. lacustris, not infrequently, uses macrophytes as a substrate (see note 21).
Frost (1976b) reports the sponge living close to or on the following macrophytes: Nymphaea
odorata, Nuphar advena and four species of Utricularia.

The informal defining equation for Nymphaea as a positive first-order modifier of a food
object, abbreviated f.o., is:

(Nymphaea)Mod“(sponge) =4 (3 f.0.) such that [(f.0.)Res(sponge) |
£§(Nymphaea)(f.0.) and ~ (f.0.)Res(sponge) | ~&Nymphaea)(f.0.)] .

7. 8. lacustris (and many other freshwater sponges) may contain intracellular algae
(zoochlorellae) as symbionts. Those sponges containing algae will usually be green, whereas
those without are usually white. The presence of algae depends largely on the light conditions
in which the sponge lives—i.e. if in dark conditions, under rocks, etc., the sponge is less
likely to contain algal symbionts. Algae may be present in a sponge from the beginning if
it derives from the gemmulation of an algae-containing parent. Otherwise, suitable algae
can be filtered and phagocytosed, but not digested.

The exact relationship between the symbionts is not known. However, studies on
S. lacustris have indicated that algal photosynthate is transferred from the alga to the
host sponge, thus potentially benefitting the sponge by augmenting its nutrition. This result
is in keeping with results from other freshwater invertebrates containing unicellular algal
symbionts; in general, both growth rates and survival under starvation conditions are
significantly improved.

S. lacustris with algal symbionts is an active, efficient photosynthetic system, with a
calculated efficiency of 5-4%. Suitable light conditions are required. Gross primary
productivity is linearly related to water temperature. It is suggested that the presence of
algae, with the effects mentioned above, will reduce the need for active feeding and food
uptake by the sponge (see also notes 15, 16 and 24).

The informal defining equations for photosynthate, abbreviated p.s.ate, as a resource,
a zoochlorella as a positive first-order modifier of the photosynthate, and light energy as
a positive modifier of the zoochlorella (and thus a positive second-order modifier of the
sponge), follow:

(p.s.ate)Res(sponge) =4 H(sponge) is increased | £(p.s.ate)(sponge) .

The second term in the conditional is not used because the photosynthate is not an animal.

(zoochlorella)Mod+l(sponge) =4 (3 p.s.ate) such that [(p.s.ate)Res(sponge) |
£(zoochlorella)(sponge) and ~ (p.s.ate)Res(sponge) | ~ &(zoochlorella)(sponge)]



614 B. S. Niven and M. G. Stewart

(light energy)Mod *?(sponge) =4 (3 zoochlorella) such that
[(zoochlorella)Mod! (sponge) | £&(light energy)(zoochlorella) and
~ (zoochlorella)Mod!(sponge) | ~#(light energy)(zoochlorella)]

(Szuch et al. 1978; Willlamson and Williamson 1979; Frost and Williamson 1980)

8. 8. lacustris is exclusively a freshwater species. Attempts to introduce the sponge to
brackish water in both field and laboratory have failed. There is some evidence to suggest
that the species can withstand brief exposure to salinities well above those in which it is
capable of long-term survival.

We have therefore classified salt (i.e. dissolved in water) as a malentity. The informal
defining equation is:

(salt)Mal(sponge) = 4 H(sponge) is decreased | £(salt)(sponge) .
The second term in the conditional is not used, because salt is not an animal.

(Poirrier 1976)

9. 8. lacustris, characteristically, has an abundance of commensals, both on its surface
and in its tissue and canal systems. There has been speculation that sponges have evolved
defensive mechanisms (difficulties of spicule digestion, antibiotic effects, metabolic poisons,
etc.), enabling them to be free of predators; this hypothesis is false.

The ability to feed on freshwater sponge is exhibited by certain species in single families
of three insect orders: the Trichoptera (see note 10), the Neuroptera and the Diptera (both
in note 11). Benthic invertebrates relate to freshwater sponges in two ways other than the
predator-prey relation. First, the sponge can serve as a substrate for many aquatic insects;
secondly many organisms, including protozoans, nematodes, oligochaetes and water mites,
use the vascular system and irregular surfaces of the sponge as suitable permanent habitats.
The organisms forming these last two associations will occur as modifiers of food resources
in the sponge’s environment.

From available information, it appears that there is little host specificity among insect
sponge predators. Thus, the presence of other sponges (first-order modifiers) will modify
insect predators in two ways: first, the proximity of other sponges will increase the probability
of predators finding the subject sponge; however, secondly, this effect may be offset by the
predatory load being spread over more sponges.

In addition, it seems likely that olfactory emanations (first-order modifiers) from sponges
may provide the mechanism by which insect predators locate sponge hosts; this is not
definitely established.

(insect)Pred(sponge) =4 [H(sponge) is decreased and H(insect) is increased] |
&(insect)(sponge)

(other sponge)Mod ~!(sponge) =g4r (3 insect) such that [(insect)Pred(sponge) |
~ &(other sponge)(insect) and ~ (insect)Pred(sponge) | £(other sponge)(insect))]

(Resh 1976a, 1976b; Williamson and Williamson 1979)

10. Listed in Table 1 are the predacious caddisflies of freshwater sponges, given by Resh
(1976a). All are from the genus Ceraclea (Order: Trichoptera, Family: Heptoceridae).
Resh also comments that atypical occurrences of caddisflies of the families Polycentropodidae
and Limnephilidae have been reported in freshwater sponges.

All members of the fulva group (see Table 1) are obligatory sponge feeders and have
corresponding morphological adaptations. The senilis group appears to have both facultative
and obligate species of sponge feeders and have less pronounced morphological adaptations.
The single member of the nigronervosa group appears to be an obligate sponge feeder, but
has little in the way of morphological adaptation.
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There are two basic life-history patterns exhibited by caddisflies that ingest sponges.
C. resurgens is typical of the first: it has a univoltine pattern (i.e. one generation per annual
cycle). Adults emerge, mate and oviposit during a brief period in the spring. Eggs released
on the water surface sink and adhere to submerged stones. After hatching, the larva locates
a sponge host; water currents increase the search area and possibly also bear olfactory
stimuli from the sponge. Following development, the larva overwinters as a prepupa and
emerges the following spring. C. transversa, which is typical of the second life-history
pattern, has two periods of emergence, mating and so on. The first cohort is similar to
C. resurgens. The second cohort emerges in mid-summer through autumn. Larvae must
overwinter as active detritus feeders after colonial sponges have deteriorated in late autumn
to overwinter as gemmules (see note 24).

Table 1. Predacious caddisflies of freshwater sponges

Species Distribution
Fulva group:
Ceraclea biwaensis (Tsuda & Kuwayama) Japan
Ceraclea alces (Ross) North America
Ceraclea resurgens (Walker) North America
Ceraclea transversa (Hagen) North America
Ceraclea fulva (Rambur) Western Palearctic Region
Ceraclea albimacula (Rambur) Western Palearctic Region
Ceraclea cama (Flint) North America
Ceraclea vertreesi (Denning) North America
Ceraclea latahensis (Smith) North America
Ceraclea alboguttata (Hagan) Western Palearctic Region
Senilis group:
Ceraclea senilis (Burmeister) Western Palearctic Region
Ceraclea spongillovorax (Resh) North America

Nigronervosa group:
Ceraclea nigronervosa (Retzuis) Transcontinental Palearctic Region, North America

The swarming behaviour of C. nigronervosa is described by Solem (1978), and a detailed
study of this species was undertaken by Solem and Resh (1981). They report as follows:
“The life cycle of C. nigronervosa is closely linked to the phenology of the freshwater
sponge. All larval instars collected (second through fifth instars) feed on the sponge during
its summer proliferation stage. Larvae form non-feeding pre-pupae when the sponge under-
goes gemmulation in autumn.” They also report that it seems likely that C. nigronervosa
is an obligate sponge feeder, because the presence or absence of the green alga Chlorella

sp. in the sponge does not appear to affect the abundance or distribution of Ceraclea
nigronervosa.

The informal defining equations for an individual C. resurgens larva as a predator, a
stone as a positive first-order modifer, and a negative second-order modifier, which is kinetic
energy in a water current conceived as removing the larva so that it cannot adhere to the
stone, are given below. By kinetic energy, abbreviated k.e., is meant a specific bounded
quantity of kinetic energy.

(larva)Pred(sponge) = 4¢ H(sponge) is decreased and H(larva) increased |
&(larva)(sponge)

(stone)Mod“(sponge) =4 (3 larva) such that [(larva)Pred(sponge) |
£(stone)(larva) and ~ (larva)Pred(sponge) | ~ &(stone)(larva)]
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(k.e.)Mod ~*(sponge) =4 (3 stone) such that [(stone)Mod(sponge) |
~ &(k.e.)(larva) and ~ (stone)Mod'(sponge) | £(k.e.)(larva)]

(Resh 1976a, 1976b; Resh et al. 1976; Solem and Resh 1981)

11. Spongillaflies of the family Sisyridae (Order: Neuroptera) are commonly found in
association with freshwater sponges. The genera Sisyra and Climacia are known predators.

Unlike the sponge-feeding caddisflies (note 10), sysirid larvae do not ingest whole particles
of sponge; rather, they suck fluids from the sponge through their tubular mouthparts (Resh
1976b). Besides feeding on sponge, spongillaflies also suck fluids from bryozoans and algae,
which are thus first-order modifiers.

Two genera, Xenochironomus and Demeijerea, of the sponge-feeding midges (Diptera :
Chironomidae), are also known to feed on freshwater sponges. In the study by Solem and
Resh (1981), over three times as many chironomid larvae were found in a sponge with algae
visibly present as in a Chlorella-free sponge.

The situation does not seem to be altogether clear; however, informal defining equations
are given below for a larva as predator and an individual alga as a negative first-order
modifier, in the sense that if the alga is attacked, this ‘protects’ the sponge.

(larva)Pred(sponge) =4 H(sponge) is decreased and H(larva) is increased |
£(larva)(sponge)

(alga)Mod ~!(sponge) =g4r (3 larva) such that [(larva)Pred(sponge) |
~ K(alga)(larva) and ~ (larva)Pred(sponge) | £(alga)(larva)]

12.  Body size within the sponges, including S. lacustris, is much less restricted than in any
other animal group. Individual sponges growing next to each other can grow together to
form a new organism. Sponges are known to produce diffusible surface-active molecules
that operate to promote or prevent cell-to-cell adhesion. Such factors, which are strain- or
species-specific, provide a simple system of self-recognition, which can lead to fusion or
non-fusion.

S. lacustris requires a stable substrate. Other sponges will compete for such space, but
fusion with other appropriately ‘recognised’ S. lacustris is one way of protecting the colonised
area (see note 21).

The informal defining equations for a particular bounded piece of substrate as a resource,
and another sponge (of the same species) as a negative first-order modifier, are given below.
On the envirogram, the parentheses surrounding ‘other sponges of the same species’ indicate
that this classification is tentative.

(substrate)Res(sponge) = 4; H(sponge) is increased | £(substrate)(sponge)

The second term in the conditional is not used, because the piece of substrate is not an
animal.

(other sponge)Mod"(sponge) =4r (3 substrate) such that
[(substrate)Res(sponge) | ~ &(other sponge)(substrate) and
~ (substrate)Res(sponge) | £(other sponge)(substrate)]

(Bergquist 1978)

13. In North America, Williamson (1979) reports the predation of freshwater sponges,
including S. lacustris, by a freshwater crayfish Orconectes sp. Both sexes of the crayfish
readily consumed both adult and gemmulated S. /acustris.

The crayfish also ingests the sponge Eunapius fragilis, which is thus classified as a negative
first-order modifier.
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The informal defining equations for a crayfish as predator, and a sponge E. fragilis,
which, by being eaten instead of the subject animal, acts as a ‘protector’ of the subject
animal, are:

(crayfish)Pred(sponge) = 4 H(sponge) is decreased and H{crayfish) is
increased | &(crayfish)(sponge)

(E. fragilissMod ~ I(sponge) =gq¢ (3 crayfish)‘ such that [(crayfish)Pred(sponge) |
~ §(E. fragilis)(crayfish) and ~ (crayfish)Pred(sponge) | £(E. fragilis)(crayfish)].

14. Several authors report that strong water currents can damage and break pieces off
sponges, particularly branched forms. The substrate and the strength and morphology of the
sponge provide the only resistance. The latter, in turn, is influenced by the typical current
flow of a locality, e.g. branched forms of S. lacustris usually occur only in areas with very
slow currents.

In addition, water current and turbidity can affect the choice of substrate during the initial
settling stage. S. lacustris is not found in areas with very rapid currents. Williamson and
Williamson (1979) report congregations of S. /acustris on a rock-water interface where the
current was well below 0-01 m s~ !. However, Harrison (1977) found S. lacustris common
in a current of 0-342 ft s~! (approximately 0-1 m s~ !).

The informal defining equations for a particular bounded amount of kinetic energy,
abbreviated k.e., as a malentity, and a particular bounded piece of substrate as a negative
first-order modifier, are given below. The substrate is a modifier in the sense that, were it
not present, the energy object (water current) would damage the subject sponge.

(k.e.)Mal(sponge) =4 H(sponge) is decreased | &(k.e.)(sponge)
Since kinetic energy is not an animal, the second term in the conditional is not used.

(substrate)Mod ~ !(sponge) =4¢ (3 k.e.) such that [(k.e.)Mal(sponge) |
~ E(substrate)(sponge) and ~ (k.e.)Mal(sponge) | £&(substrate)(sponge)]

(Bergquist 1978; Williamson and Williamson 1979)

15. Note 7 gives some details of the provision of photosynthate by symbiont zoochlorellae
to host sponges. The algae will live and reproduce within the host cells, provided light
conditions are sufficient. If, for some reason, a sponge with algal symbionts is kept in
darkness for a few weeks, it is likely that the algae will be digested' these zoochlorellae
appear on the envirogram as food resources.

Possible advantages to the algal symbiont from the association mclude protection, carbon
dioxide, and other inorganic nutrients. In addition to nutrients, the sponge may derive oxygen
(note 16) and an automatic removal of waste products.

The informal defining equations below are for a specific individual zoochlorella as a food
resource modified by a specific bounded amount of light energy, abbreviated l.e., in such
a way that, in the presence of the light energy, the zoochlorella is not a resource, but, in
the absence of the light energy, it is a resource.

(zoochlorella)Res(sponge) =4 H(sponge) is increased | £(zoochlorella)(sponge)

(l.e)Mod ~!(sponge) =4; (3 zoochlorella) such that [(zoochlorella)Res(sponge) |
~¢(l.e.)(sponge) and ~ (zoochlorella)Res(sponge) | £(1.e.)(sponge)]

(Williamson 1977; Williamson and Williamson 1979; Frost 1983)
16. S. lacustris has no special respiratory organs. A continual stream of water is required

to transport oxygen into the organism and to remove carbon dioxide. Respiration is by
diffusion to individual cells —along the intake canals, at the body surface, and at the collar
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tentacles of choanocytes. Lvery individual needs to be self-sufficient in this respect. Because
it is a sedentary animal, oxygen consumption is low, and no more than 20% of the available
oxygen is withdrawn from the water flowing through the aquiferous system. Kharchenko and
Lyashenko (1986) report that oxygen consumption depends on dry weight.

Szuch et al. (1978) report that oxygen consumption by S. lacustris kept in the light is
lower than that for individuals kept in the dark. This difference is probably the result
of algal photosynthesis—oxygen produced by endocellular algae reducing the demand on
that carried through the aquiferous system. In normal summer conditions, there exists the
potential for the symbiotic system to produce its entire oxygen requirements.

The informal defining equations that follow are for a specific bounded amount of oxygen
as a resource modified by an individual zoochlorella, in turn modified by a specific bounded
quantity of light energy, abbreviated l.e. In the presence of the zoochlorella, the oxygen
is no longer required. In the presence of the light energy, the zoochlorella ‘interferes’ with
the oxygen resource; in the absence of the light energy, it does not.

(oxygen)Res(sponge) = 4 H(sponge) is increased | £(oxygen)(sponge)
The second term in the conditional is not used, because oxygen is not an animal.

(zoochlorella)Mod ~ (sponge) =g4r (3 oxygen) such that [(oxygen)Res(sponge) |
~ £(zoochlorella)(sponge) and ~ (oxygen)Res(sponge) | £(zoochlorella)(sponge)]

(l.e.)Mod **(sponge) =4; (3 zoochlorella) such that [(zoochlorella)Mod!(sponge) |
£(l.e.)(zoochlorella) and ~ (zoochlorella)Mod!(sponge) | ~ &(l.e.)(zoochlorella))

Table 2. Filtering rates of Spongilla lacustris

Date and temperature (°C) 1 October, 13-2 17 October, 9-2
Sponge volume (ml) 1-6 2-8 3-0 8:6 9-8 7-9
Filtering rate (m! s~! ml—1) 0-027 0-023 0-011 0-010 0-010 0-009

17. Any organism that feeds by filtering water will compete for food resources with the
subject animal. We have placed ‘other sponges’ on the envirogram as a first-order modifier
of food resources to cover this class. The class includes sponges such as: Corvomyenia
carolinensis, Heteromeyenia baileyi, Anheteromeyenia ryderi, Trochospongilla pennsylvanica
and Eunapius fragilis (all present in North America), and many other organisms (see
note 19).

The informal defining equation for another (particular) sponge as a first-order modifier
of a particular item of food is:

(other sponge)Mod'l(sponge) = 4¢ (3 food) such that[(food)Res(sponge) |
~ £(other sponge)(food) and ~ (food)Res(sponge) | £(other sponge)(food)] .

(Harrison 1977)

18. Water temperature is known to affect water transport rates in S. lacustris. Table 2
is taken from Frost (1976a).

Thermal energy is entered on the envirogram as a modifier of the subject animal, which,
in turn, is a second-order modifier in its own environment. The informal defining equation
for thermal energy as a positive third-order modifier is given below; for the lower-order
modifiers, see note 5.

(thermal energy)Mod”(sponge) =4r (3 sponge) such that
[(sponge)Modz(sponge) | £(thermal energy)(sponge) and
~ (sponge)Mod?(sponge) | ~ &(thermal energy)(sponge)]
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19. Many filter feeders, other than sponges, will compete with S. lacustris for food
resources. The following are just a few examples: the mollusc (Dreissenia polymorpha), the
waterfleas (Bosmina longirostrus and Daphnia spp.), the copepod (Diaptomus oregonensis).

The informal defining equation for a mollusc that modifies a food resource of the
sponge is:

(mollusc)Mod_l(sponge) =4 (3 food) such that [(food)Res(sponge) |
~ #(mollusc)(food) and ~ (food)Res(sponge) | £(mollusc)(food)] .

20. Throughout most of North America, S. lacustris exhibits the following annual cycle:
the change from the overwintering gemmule stage to the definite colonial form of the sponge
begins in the spring, with peak abundance and size of the colonies occurring in late summer
and early autumn; lower water temperatures in autumn cause deterioration of the colonial
sponge until only gemmules remain. Clearly, there is a range of thermal energies that are
harmful to the sponge; we classify these as malentities.

Thermal energy also affects reproduction by gemmulation; it is known that gemmules will
remain dormant when water temperature is below 4°C (see note 24).

The informal defining equations below are, firstly, for a specific bounded amount of
thermal energy (t.e.) as a malentity, and, secondly, for a (different) specific bounded amount
of thermal energy as a modifier of the sponge, classified as a mate of itself.

(t.e.)Mal(sponge) =4 H(sponge) is decreased | £(t.e.)(sponge)
The second term in the conditional is not used, because thermal energy is not an animal.

(t.e.)Mod"(sponge) =g4¢ (3 sponge) such that [(sponge)Mat(sponge) |
~ g(t.e.)(sponge) and ~ (sponge)Mat(sponge) | £(t.e.(sponge)]

(Ostrom and Simpson 1978)

21. As individuals, all sponges, including S. Jacustris, must find attachment space. On the
species level, there must be sufficient space to allow development of a sufficient number of
individuals, of large enough body size, to sustain reproduction in the population at a viable
level. In aquatic habitats, this substrate resource is more frequently limiting than food.
Once the resource has been gained, it has to be protected from encroachment by other
species (see note 12 re. fusion). S. lacustris does not require a hard substratum: it may
grow as upright branches from the pond bottom or attached to aquatic macrophytes. Settling
larvae of S. lacustris prefer a surface that has been precoated with bacterial or algal film.
Rock or macrophyte substrates (see note 6) are preferred; nevertheless, the orientation of
the particular surface to the prevailing currents is at least as important.

The informal defining equation for a bounded specific piece of substrate as a resource
is:

(substrate)Res(sponge) =4 H(sponge) is increased | £(substrate)(sponge) .

The second term in the conditional is not used, because substrate is not an animal.
(Bergquist 1978; Frost et al. 1982)
22. Cases have been reported in which ice scour has removed a sponge species from a

location. We classify ice as both a malentity and a modifier of the resource ‘substrate’.
The two informal defining equations follow:

(ice)Mal(sponge) = 4¢ H(sponge) is increased | &(ice)(sponge) .
The second term in the conditional is not used, because ice is not an animal.

(ice)Mod‘l(sponge) =4¢ (3 substrate) such that [(substrate)Res(sponge) |
~ £(ice)(substrate) and ~ (substrate)Res(sponge) | £(ice)(substrate)]

(Bergquist 1978)
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23. S, lacustris, like all other sponges, can reproduce sexually. Again, like other sponges,
S. lacustris is hermaphroditic, though in a unique way that ensures that, in any one breeding
season, each individual will be either female or male, but not both (see note 25).

During the annual cycle, outlined in note 20, oocyte and sperm production commences
shortly after the gemmules are released from dormancy in the early spring. Williamson and
Williamson (1979) report a case in which sperm production lasted about 6 weeks. It seems
likely that both sperm and oocytes are produced by the redifferentiation of choanocyte cells.

Sperm are released into the exhalant stream, and water currents are necessary to carry
the sperm to a position where they will be sucked into the inhalant stream of a female.
The sperm are trapped by choanocytes and transferred to eggs in the mesohyl.

Embryos develop into larvae and, when ready for release, move to an exhalant canal.
At this stage, we regard the parents as having reproduced successfully.

The informal defining equations below are for a sponge of opposite sex, abbreviated
sponge opp. sex, as a mate, and a specific bounded quantity of kinetic energy (within a
water current), abbreviated k.e.

(sponge opp. sex)Mat(sponge) =4; an offspring of both individuals will be
produced with probability greater than zero | £(sponge opp. sex)(sponge)

(k.¢.)Mod * !(sponge) = 4r (3 sponge opp. sex) such that [(sponge opp.
sex)Mat(sponge) | £(k.e.)(sponge) and ~ (sponge opp. sex)Mat(sponge) |
~ &(k.e.)(sponge)]

(Williamson and Williamson 1979)

24, Some authors refer to gemmulation directly as a method of asexual reproduction,
whereas others write in a way that seems to imply that this is merely an adaptive stage in
the life of an individual. Once again, we encounter difficulty with what is to count as an
individual sponge (see Introduction).

Gemmules are complex, armoured structures, coated in a thick layer of spongin, embedded
with microscleres. These small spherical structures are produced at the onset of winter (when
the colonial sponge dies back) and are capable of withstanding freezing and desiccation.
When environmental conditions are again favourable, the gemmule hatches and grows
quickly. Thus, thermal energy acts as a positive first-order modifier.

With respect to algal symbionts, S. lacustris has two forms: the characteristically green
symbiotic form, containing intracellular zoochlorellae, and the white aposymbiotic form.
The two forms show slight but significant differences in the gemmulation process. The white
form gemmulates a few weeks before the green (in late autumn) and produces significantly
smaller gemmules; for the white form, the former point confers the disadvantage of a shorter
growing season, which “could potentially decrease their ability to reproduce vegetatively and
procure food for winter dormancy” (Willilamson and Williamson 1979). Both forms hatch
at the same time in the spring. It is cautiously suggested that the larger green gemmules are
“more viable in nature” (Williamson and Williamson 1979) —i.e. the hatching rate is higher.

Light (photoperiod), both in combination with intracellular zoochlorellae and without,
is also suggested as an important triggering mechanism for gemmulation in S. lacustris.

S. lacustris gemmules will remain dormant indefinitely if kept at temperatures below
4°C.

The informal defining equation for the sponge as a mate of itself follows. In this
definition, the primitive term £, followed twice by the subject animal, should be interpreted
as the sponge affecting itsclf in such a way that a physiological change is induced and the
gemmule is produced asexually. There is no logical contradiction in using the definition in
this way.

(sponge)Mat(sponge) =, an offspring from the single parent sponge will result
with probability greater than zero | £&(sponge)(sponge)
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Thermal energy (t.e.) is a positive first-order modifier:

(t.e.)Mod * !(sponge) =4 (3 sponge) such that [(sponge)Mat(sponge) |
£(t.e.)(sponge) and ~ (sponge)Mat(sponge) | ~ &(t.e.(sponge)] .

The following informal defining equations are for a zoochlorella as a first-order modifier
of the subject animal as a mate of itself, and light energy, abbreviated l.e., as a modifier
of a specific individual zoochlorella.

(zoochlorella)Mod+’(sponge) =4 (3 sponge) such that [(sponge)Mat(sponge) [
£(zoochlorella)(sponge) and ~ (sponge)Mat(sponge) | ~ &zoochlorella)(sponge)]

It should be remembered that, in the formal version of this defining equation, the instant
of time ¢ is all important. The definition is correct in the sense that, at time ¢, ‘3 sponge’,
or, less formally, ‘it is possible to find a sponge’, such that, if the zoochlorella is present,
the sponge will produce a gemmule asexually, and without the zoochlorella, it will not.
The same sponge may well reproduce asexually without the presence of the zoochlorella at
some other time.

(l.e.)Mod *2(sponge) =4 (2 zoochlorella) such that [(zoochlorella)Mod!(sponge) |
£(1.e.)(zoochlorella) and ~ (zoochlorella)Modl(sponge) | ~ &(1.e.)(zoochlorella)]

(Ostrom and Simpson 1978; Williamson and Williamson 1979; Harrison ez al. 1981; Frost
et al. 1982)

25. 8. lacustris is hermaphroditic, but in a rather unusual way. It has been shown that, in
any given reproductive season, an individual sponge will be strictly either male or female.
However, of five indviduals, tagged so that they could be reliably identified after their
period of winter dormancy, three had changed sex by the following reproductive season,
one male becoming a female and two females becoming male; the sex of the other two was
unchanged.

“While it is only theorizing to guess at the significance of this behaviour it is possible to
see advantages for a sessile organism which disperses by free larvae. An isolated larva can
produce an individual which will produce gemmules. Next spring when those gemmules
germinate some may change sex. This enables successful fertilization and ensures the spread
of the species.” (Bergquist 1978).

In their work on white and green forms of S. lacustris, Williamson and Williamson (1979)
observed male sexual elements in twice as many white sponges as in green; one explanation
involves the possibility of antibiosis in zoochlorellae.

The relevant informal defining equation is given at the end of note 23.

26. All freshwater sponges, including S. lacustris, are characterised by silica (silicon dioxide)
skeleton needles or spicules. Spicules are formed by a cell type called the scleroblast, which
deposits silica on an organic ‘axial thread’. Such spicules consist of about 92% silicon dioxide,
7% water, and traces of magnesium, potassium and sodium. Because of the contribution
of the skeleton to sponge growth, all of these materials will be resources. To obtain silica,
S. lacustris can only use dissolved silicic acid and not solid quartz.

Several authors suggest that the sharpness of the spicules and their difficulty of digestion
afford the sponge protection from some potential predators.

The informal defining equation for silica as a resource is:

(silica)Res(sponge) =4 H(sponge) is increased | &(silica)(sponge) .

The second term in the conditional is not used, because silica is not an animal. ‘Silica’ should
be interpreted as a specific bounded quantity of silicic acid.

(Simpson et al. 1979)
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27. Calcium and divalent cations can play a significant role in the gemmulation process
for 8. lacustris and other freshwater sponges. If kept in pure water, gemmules will hatch,
demonstrating that all essential factors, including any essential ions, are contained within
the gemmule. Results establish that calcium at concentrations of 5 mM and higher foster
germination; however, the presence of sufficient amounts of strontium, barium, zinc or
manganese results in an inhibition of germination. Nevertheless, in the latter case, if a
sufficient concentration of calcium is also present, any inhibition will be overcome (Ostrom
and Simpson 1978).

Informal defining equations for a specific bounded quantity of zinc as a first-order
modifier of the subject animal as a mate of itself, and calcium (similarly specific and
bounded) as a modifier of zinc, are given below:

(zinc)Mod‘l(sponge) = 4¢ (3 sponge) such that [(sponge)Mat(sponge) |
~ &(zinc)(sponge) and ~ (sponge)Mat(sponge) | £(zinc)(sponge)]

(calcium)Mod ~%(sponge) =g4¢ (3 zinc) such that [(zinc)Modl(sponge)|
~ &(calcium)(zinc) and ~ (zinc)Mod'(sponge) | &(calcium)(zinc)] .

28. Pieces of freshwater sponge have occasionally been found in the stomachs of fish;
whether the fish were directly predatory is not known, but doubtful. The sharp, indigestible
silica skeleton and noxious chemicals have been given as reasons for the sponge’s relative
freedom from larger predators. Thus, we tentatively classify fish as predators modified by
subject animal (skeleton and poisons).

Informal defining equations for one particular fish as a predator, and the subject sponge
as a modifier, follow:

(fish)Pred(sponge) =4; H(sponge) is decreased and H(fish) is increased |
&(fish)(sponge)

(sponge)Mod ~!(sponge) =4 (3 fish) such that [(fish)Pred(sponge) |
~ &(sponge)(fish) and ~ (fish)Pred(sponge) | &(sponge)(fish)] .

29. Snails and other crawling or browsing animals have been reported as occasionally
damaging sponges as an accidental adjunct of their normal activities. Presumably, the same
sort of damage can be done by wading animals. We group these animals together and classify
them as malentities.

In the informal defining equation below, ‘larger benthic or wading animal’ is abbreviated
‘animal’. This is a case in which the malentity is unaffected by the encounter; thus, H(animal)
remains unchanged.

(animal)Mal(sponge) = 4 H(sponge) is decreased and H(animal) is unchanged |
£(animal)(sponge)

30. In note 9, a few of the many animals frequently associated with freshwater sponges,
including S. lacustris, were mentioned. In the absence of better information, it was suggested
that many of this group would function in the sponge’s environment as at least some
modifier of food. Still, without hard data, some authors suggest a parasite-host relationship.
Thus, we tentatively group the animals mentioned below as parasites on the envirogram:

(i) larvae from eggs of water mites, including Unionicula crassipes, which frequently

oviposit on freshwater sponges;

(ii) annelids (roundworms) of the genera Aelosoma, Nais and Chaetogaster;

(iii) certain predatory ciliates;

(iv) freshwater gammarids (sand fleas) of the family Leucothoidae.
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The informal defining equation for a larva acting as a predator in the formal sense is

(larva)Pred(sponge) = 4¢ H(sponge) is decreased and H(larva) is increased |
£(larva)(sponge) .

(Kahl and Konopacka 1981)
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
III.* The Rat Tapeworm, Hymenolepis diminuta

B. S. Niven
School of Science,. Griffith University, Nathan, Qld 4111.

Abstract

The environment of the rat tapeworm, H. diminuta, is classified according to the defining equations
given in the first paper of this series. Two envirograms are presented: they display the objects within
the environments of larva and adult in their correct places. Notes on the envirograms include informal
versions of the appropriate defining equations that are used for the classification.

Introduction

Hymenolepis diminuta, the rat tapeworm, is widely dispersed over the whole world.
Its way of life differs markedly from the other animals’ of this series in that much of its
life is spent within the body of another animal. Unlike the sponge of the previous paper,
the life cycle of H. diminuta divides clearly into two stages, larva and adult; it is convenient,
therefore, to construct two separate envirograms for the animal.

The early larval stage, known as the oncosphere, is taken in this paper to mean a whole
unit consisting of a hexacanth larva surrounded by two embryonic envelopes and possessing
six hooks and penetration glands (see note 7). Pappas and Leiby (1986) found the length of
the oncosphere to vary from 36:5 um to 41 um. The early embryology of H. diminuta,
from the primary oocyte to the formation of the first mesomere, has been followed by
means of scanning electron microscopy, histochemistry and light microscopy by Coil (1986).
Survival of eggs (as measured by their infectivity to the intermediate host) was found to be
age-dependent with an expected value of 11 days when the eggs were retained within the
host’s faecal pellet (Keymer 1982).

The oncosphere is ingested by an intermediate host. There is steady growth and gradual
differentiation from hexacanth larva to mature cysticercoid; the animal remains in the latter
stage until it is ingested by the definitive host. The cysticercoid possesses a ‘tail’ or cercomer,
and a protoscolex. Details of the development of the cysticercoid are given by Richards
and Arme (1983, 1984). Intermediate hosts of H. diminuta are Coleoptera, Lepidoptera,
Orthoptera, Siphonaptera, and other arthropods. Burt (1980) lists 66 species, of which
29 are beetles. Keymer (1982) found that older beetles are less susceptible to infection by
the tapeworm.

The definitive hosts are many and varied. Burt (1980) lists 99 species that act as definitive
hosts, ranging through Canidae, Insectivora, Primates and, in particular, the Rodentia.
In the last, he includes five species of Microtus, six species of Apodemus, 10 species of
Mus, and nine species of Rattus. R. norvegicus and R. rattus seem to be the most common
definitive hosts. Infections of Homo sapiens are considered to be accidental and no serious
health hazard.

*Part II, Aust. J. Zool., 1987, 35, 607-24. 0004-959X/88/010001$03.00
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The top end, or ‘head’, of the adult tapeworm is called the scolex. It is followed by a
long chain of proglottides (segments), which differentiate in the ‘neck’ region (germitive area)
of the animal. Thus, as each proglottis ages, it is found further down the length of the
tapeworm; it becomes engorged with fertilised eggs, which develop into oncospheres; these
rupture, finally break off, and are eliminated by the host. The adult worm thus maintains
a more or less constant length of about 70 cm. However, the size varies with the species
of definitive host and the number of worms present. Pappas and Leiby (1986) observed
151-435 proglottides per tapeworm. Details of the development of the adult tapeworm are
given by Pappas et al. (1983).

“Following ingestion by the rat, the scolex of the cysticercoid evaginates through the
surrounding layers, via the evagination canal, and adheres to the lining of the intestine.
These surrounding layers and the cercomer are lost at this stage and the neck region starts
to produce young proglottides. The cercomer . .. is now understood to be the larval organ
primarily responsible for development and metabolism within the cysticercoid, and which
has a tegument which differs, ultrastructurally, from the tegument of the scolex and neck
region” (M. D. B. Burt, personal communication).

Roberts (1980) writes that the growth rate after infection of the rat (i.e. at the mature
cysticercoid stage) is “explosive” —it must “rival or surpass that of any other metazoan
tissue, including embryonic and neoplastic. Within 15 days after infection of the rat, a
normal H. diminuta will have produced up to 2200 proglottides, and will have increased its
length by up to 3400 times and its weight by up to 1-8 million times”.

The adult tapeworm usually occupies a site in the small intestine of the rat host.
There is evidence that it occupies different regions of the intestine at different times.
These migrations appear to be a response to the host’s feeding habits (Kennedy 1976).
There is also evidence that the migration may be correlated with the host’s circadian variation
of 5-hydroxytryptamine (5-HT) (Cho and Mettrick 1982). The presence of the tapeworm has
a marked effect on the gastro-intestinal physiology of the laboratory rat (Arme 1976).

Under natural conditions, the life-span of adult H. diminuta is probably as long as the
host that harbours it. By artificial passage to successive hosts, an adult tapeworm has been
kept alive for 14 years—and may well live longer (Burt 1980). The oncospheres can remain
viable for about 6 months after having been passed in the faeces of the definitive host.

The way of life of this remarkable animal is described in the article by Lumsden and
Specian (1980), quoting Professor Horace W. Stunkard, as follows: “... As archaic as
the Palaeozoic, they (tapeworms) are as modern as tomorrow. They have attained the ideal
welfare state with all its beneficence; absolute security with an abundance of predigested
food, and with a minimum of effort or exertion ... digestive, respiratory and circulatory
organs have been discarded as superfluous, (since) every essential is provided in abundance
with no concern for cost or other responsibility. With no need to expend energy for food
or shelter, the cestode can get down seriously to the business of reproduction .. .”

The Envirograms

The subject animals for the two envirograms are an adult (Fig. 1) and a larva (Fig. 2).
Envirograms for oncosphere and cysticercoid have been combined in the latter case; thus,
note 6 in Fig. 2 refers to the oncosphere, and note 7 to the cysticercoid. Reports from
the literature about objects in the environment of many individuals have been combined,
so the envirograms of Figs 1 and 2 are concatenations of many individual envirograms for
large numbers of individual tapeworms observed in different places and at different times.
The numbers on the envirograms refer to the notes that follow. These numbers appear in
no particular order. The various parts of the envirograms were constructed in an entirely
haphazard order as the literature became available. The square brackets indicate a set of
objects; thus, ‘[host’s food]’ in Fig. 1 refers to a set of food objects of the host. The
parentheses are used not only for explanatory purposes, e.g. ‘negative ions (pH)’, but also
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in the case that there is some doubt about the classification, e.g. ‘(oxygen). The symbol ¢
on the larva envirogram represents the empty set; larvae do not reproduce. It was distressing
to put ‘none known’ on both envirograms under the heading ‘PREDATORS’. Although the
material presented in this paper by no means constitutes a complete review, a special effort
was made to find reports of predators (including parasites and pathogens) of H. diminuta.
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Fig. 1. Envirogram for adult tapeworm.

However, apart from some tentative suggestion that the nematode Nippostrongylus brasiliensis
may be a predator (see note 18), no such reports were found.
A semiformal version of the appropriate defining equations (see part I of this series) is
given at the end of each note. The following symbols are used:
(i) =4 ‘is equal by definition to’, or more strictly, the form ‘x =4y’ means ‘x is
to be interchangeable with y’.



4 B. S. Niven

(ii) 3: the existential quantifier of formal logic. Read ‘3 fish’ as ‘there exist a fish’ or
‘there is at least one fish’, or, more informally, ‘we can find a fish’. In this paper,
expressions such as ‘3 fish’ are always followed by the words ‘such that’.

(i) |- x|y’ means “x occurs (will occur), assuming y’. This is the symbol used for
conditional events (and conditional probabilities). The expression ‘A | B’ may be
read ‘event A occurs, given that event B occurs’; it refers to ‘event A under the
condition that B’ or ‘event A under the hypothesis that B’. The use of the con-
ditional in the definitions implies that the environment of the subject animal is
independent of its habitat. Thus, an object that is reported as a resource for the
ANU population (in Australia), for example would also be classified as a resource
for the OSU population (in the United States).* In ordinary English it is a potential
resource. Similarly, mates, predators, malentities and modifers are all potential

mates, etc.
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Fig. 2. Envirogram for tapeworm larva.

Notes on the Envirograms

1. Following ingestion by the definitive host, the animal is protected from stomach acids
by the outer layers of the cysticercoid during its passage through the host’s stomach.
If already encysted worms are introduced into the stomach of the definitive host, they will
be destroyed, but they can establish themselves if introduced directly into the small intestine
(Burt 1980).

According to Mettrick (1980), pH is known to affect the migrations of H. diminuta,
and the region of the intestine with the lowest pH usually has the highest biomass of
the tapeworm. The cestode is, however, capable of inhabiting any part of the intestine.
Uglem and Just (1983) found that the animal releases proteins that inhibit trypsin activity;

*ANU and OSU populations refer to the work of Pappas and Leiby (1986).
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furthermore H. diminuta is able to change the pH in order to protect itself. The principal
determinants of the pH of the contents of the host’s gut are the type of food and the time
of ingestion.

Informal versions of the defining equations given below are for an adult tapeworm as
the subject animal. The object is a particular drop of liquid in the intestine of the host,
which has a relatively high pH. The animal itself acts as a modifier of the malentity by
migrating or altering the pH. Since a drop of liquid is not an animal, the second term in
the definition is excluded from the defining equation for a malentity.

(high pH drop)Mal(tapeworm) = 4 H(tapeworm) is
decreased | £(high pH drop)(tapeworm)

(tapeworm)Mod_l(tapeworm) = 4¢ (3 high pH drop) such that
[high pH drop)Mal(tapeworm) | ~ £(tapeworm)(tapeworm) and
~ (high pH drop)Mal(tapeworm) | ¢(tapeworm)(tapeworm)]

See also Cho (1984, 1985).

2. Activation and excystment of the larva in the definitive host requires the presence of bile
salts. Experiments in which a host rat was made bileless showed that H. diminuta either
failed to establish itself in the gut or was severely stunted.

Egg production and carbohydrate absorption by the adult tapeworm from bileless hosts
are also greatly reduced. Thus, bile salts will be a resource for the larva, and both a
modifier of mates and a modifier of carbohydrate (glucose etc.) food resources for the adult.
Nevertheless, it is possible that the effect of the absence of bile salts may be indirect —i.e.
via an effect on the digestion of the host.

The informal defining equation for a specific bounded quantity of bile salts as a resource
of the subject larva in the late cysticercoid stage is:

(bile salts)Res(larva) = 4 H(larva) is increased | £(bile salts)(larva)

The informal defining equation for bile salts as a positive first-order modifier of a specific
bounded quantity of glucose in the environment of a subject adult tapeworm follows:

(bile salts)Mod“(tapeworm) = 4¢ (3 glucose) such that
[(glucose)Res(tapeworm) | £(bile salts)(glucose) and
~ (glucose)Res(tapeworm) | ~ &(bile salts)(glucose)]

3. H. diminuta is hermaphroditic; each proglottis contains both female and male repro-
ductive organs. Like other tapeworms, self-reproduction seems to be the norm. However,
cross-fertilisation is not ruled out. Lumsden and Specian (1980) report that, during copulation,
a male protusile organ is inserted into a genital chamber of an “appropriate” proglottis
of the same or another tapeworm. Self-insemination within the same proglottis is “not
uncommon”. The proportion of cross-fertilisations is unknown. In any case, reproduction
can take place only within the definitive host, which is therefore a modifier of mates.

The informal defining equations below are for an adult tapeworm as a mate of itself, and
a particular definitive host as a positive first-order modifier.

(tapeworm)Mat(tapeworm) = 4 an offspring of the tapeworm will be produced
with probability greater than zero | £(tapeworm)(tapeworm)

(def. host)Mod * /(tapeworm) =4 (3 tapeworm) such that
[(tapeworm)Mat(tapeworm) | £(def. host)(tapeworm) and
~ (tapeworm)Mat(tapeworm) | ~ &(def. host)(tapeworm)]

4. Tapeworms have no mouths or digestive tracts. Under normal circumstances, in both
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definitive and intermediate hosts, they do not feed on the host itself, but soak up nutriments,
competing with the host for food that has already been processed. This is generally true of
both protein and carbohydrate in H. dininuta’s diet. However, Mettrick (1980) reports
that depriving the host of protein has little effect because the small amount of protein
secreted in the digestive juices of the host will still be sufficient for the cestode’s growth,
Hall (1983) studied weaning rats fed on low-protein diets and infested with tapeworms, and
concluded that the effect of low protein on the tapeworms was not significant. The amount
of protein contained in the worm burdens was less than 1-5% of the average total intake
of the protein-malnourished rats.

Lumsden and Specian (1980) write that, roughly speaking, the body plan of H. diminuta
may be conceived as “a gut turned inside out . .. While the skin of most organisms serves
as insulation from the environment, that of H. diminuta . .. promotes nearly all forms
of chemical interchange between the environment and the internal tissues, especially the
absorption of nutriments”. The success of H, diminuta in competing with the host mucosa
for available nutriments is explained by the fact that, per unit weight, the effective surface
area of the tapeworm is greater than that of the intestine by a factor of three or four.

The food eaten by the host is processed and made acidic in the host’s stomach; the acid
chyme entering the duodenum is a mixture of semi-emulsified fat, protein, polypeptides,
carbohydrates including non-hydrolised starch, and water. Enzymes, water, and various
secretions from the host’s pancreas, liver and intestinal walls are mixed with the chyme, the
composition of which varies greatly from time to time, the host contributing the appropriate
secretion to facilitate the digestive process. These enzymes (and other secretions) thus act
as modifiers of the tapeworm’s food; without the presence of the enzymes etc, the class
of objects ‘[host’s food]’ would not enter the environment of the tapeworm as resources.
Note that ‘host’ occurs as a first-order modifier of the tapeworm’s resource ‘host’s food’,
because it both provides the food and is a competitor for it.

The following informal defining equations are for a particular object belonging to the
class ‘host’s food’ as a resource, and the two ways in which a host modifies that object.

(host’s food)Res(tapeworm) = 4; H(tapeworm) is increased |
£(host’s food)(tapeworm)

The second term in the definition is not used because ‘host’s food’ is not an animal. The
informal defining equation for a host as a modifier in the sense that it provides ‘host’s
food’ for the tapeworm is:

(host)Mod * !(tapeworm) =g4r (3 host’s food) such that
[(host’s food)Res(tapeworm) | £(host)(host’s food) and
~ (host’s feod)Res(tapeworm) | ~ £(host)(host’s food)]

The informal defining equation for a host as a modifier in the sense that it ‘competes’ with
the tapeworm for ‘host’s food’ (not the same object as above) is:

(host)Mod ~!(tapeworm) =4 (3 host’s food) such that
[(host’s food)Res(tapeworm) | ~ £(host)(host’s food) and
~ (host’s food)Res(tapeworm) | £(host)(host’s food)]

5. H. diminuta does not use all carbohydrates. Di- and polysaccharides are not absorbed.
The most useful of the carbohydrates is glucose. Galactose is used to a limited extent, but
“H. diminuta could not be supported on a galactose diet and sucrose; dextrin and maltose
were all inferior to glucosc in promoting worm growth"” (Mettrick 1980). Arme (1976) reports
that the tapeworm is impervious to fructose. Younger worms can take up glucose against
steeper concentration gradients than older worms.

The rate of development and maturation within the definitive host depends particularly
on the carbohydrate (and especially glucose) contents of the host’s diet. The presence of
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other individuals of H. diminuta is also known to affect these rates. It is certain that these
co-parasites will compete with the subject animal for available carbohydrate (i.e. they
will be first-order modifiers). In addition, there may be an ‘overcrowding’ effect, which,
irrespective of mechanism, allows them to be classified as malentities (see note 19).

Roberts (1980) reports that the presence of the acanthocephalan Moniliformis dubius has
an ‘overcrowding’ effect similar to the effect observed when additional tapeworms are present
(see also note 19). Roberts reports also that, while the ‘overcrowding’ effect is not well
understood, competition for host dietary carbohydrates probably plays some role, and that
foods other than carbohydrates are probably also involved.

The following informal definitions are for glucose as a resource and a first-order modifier
of mates, the latter in the sense that a tapeworm deprived of glucose is inhibited in its
growth and therefore in its reproduction. The object here is a specific measured quantity
of glucose.

(glucose)Res(tapeworm) = 4; H(tapeworm) is increased | £(glucose)(tapeworm)

(glucose)Mod *!(tapeworm) = 4 (3 tapeworm) such that
[(tapeworm)Mat(tapeworm) | £(glucose)(tapeworm) and
~ (tapeworm)Mat(tapeworm) | ~ &(glucose)(tapeworm)]

See also Lee and Ip (1986).

6. The oncosphere (early larval stage) has a stiff outer shell, which protects it from damage
when it is passed in the faeces of the definitive host. Anything crushing the oncosphere by,
say, accidentally chewing it, will be a malentity; I have tentatively classified large animals
as malentities, since I think this kind of accident must be not uncommon, even though not
reported. ‘Large’ should be interpreted as relative to the oncosphere.

Unless damaged, an oncosphere can remain viable for about 6 months after having been
eliminated from the host.

The informal defining equation for a large animal as a malentity is:

(large animal)Mal(tapeworm) = 4 H(tapeworm) is decreased and
H(large animal) is unchanged | £(large animal)(tapeworm)

7. The intermediate host, an arthropod, mechanically ruptures (with its mouthparts) the
outer capsule of the oncosphere, thus acting as a resource for the early larval stage of the
tapeworm. The oncosphere hooks, in conjunction with the penetration glands, enable the
larva to pass through the gut wall of the arthropod and to establish itself.

For some intermediate hosts, the cysticercoids develop more rapidly in females. The
reason for this is not clear but Hurd and Arme (1984) suggest that H. diminuta may interact
with the endocrine system of its beetle host. The age of the intermediate host is also
important; Ubelaker (1980) reports that older female intermediate hosts are less frequently
infected than young or middle-aged females, while, among males, those of middle age were
infected most often.

The informal defining equation for an arthropod as a resource is:

(arthropod)Res(larva) =4 H(larva) is increased and H(arthropod) is
unchanged | £&(arthropod)(larva)

The precise response of the arthropod to the presence of H. diminuta has not been
studied for many of the intermediate hosts. Ubelaker (1980) mentions other workers’ results
for some beetles: a higher respiratory rate in one case, a higher mortality in others. There is
at least the possibility that, in some cases, the host is unaffected. Mettrick and Rahman
(1984) found that the strain of parasite, species of intermediate host and the presence of
5-HT were significant. Maema (1986) reported that fecundity of some hosts is affected and
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Keymer (1980) found that increasing parasite hurden resulted in decreasing fecundity of
Tribolium confusum hosts. [See also Keymer (1981) and Keymer and Anderson (1979).)

8. The development of the larva is dependent on temperature: within limits, the higher the
temperature, the quicker the development. Ubelaker (1980) reports that 30°C is the most
favourable temperature for the development of the larva, mature cysticercoids being produced
in 8 days. At 20°C, the time increased to 23 days. While temperatures above 30°C result in
more rapid development, Ubelaker reports that they also result in a higher incidence of
abnormalities; thus, the range of heat energies corresponding to temperatures above 30°C
constitutes malentities. Abnormalities due to heat stress can be reduced by changing the diet
of the intermediate host (in this case, a beetle) to pure sugar instead of whole wheat flour.
Thus, ‘food of intermediate host’ is a modifier of the malentity ‘heat energy’.
The population of larval H. diminuta in beetles is increased at higher temperatures, the
suggestion being that:
(i) the activity of certain enzymes in the oncospheres is increased, enabling them to
increase their penetration and success; thus, heat energy acts here as a resource.
(i) the beetles eat more at higher temperatures and therefore ingest more oncospheres.
Here, heat energy is a modifier of the host, which, in turn, is a modifier of the
class of resource ‘[host’s food]’ (partially digested, see note 4).
The informal defining equation for a specific bounded amount of heat energy as a
modifier of the intermediate host is:

(heat)Mod *!(larva) =4 (3 host) such that [(host)Res(larva) | &(heat)(host) and
~ (host)Res(larva) | ~ (heat)(host)]

9. Ubelaker (1980) reports that mebendazole at a concentration of 0-1 g per 10 g flour
(the medium in which the beetles are kept) retards the development of the cysticercoids
within their hosts, while “one grém or higher concentration were lethal to some, but not all,
cysticercoids”. Triethylene-thiophoramide kills some cysticercoids if the beetle host walks on
blotting paper that has been soaked in it for 3 h.

The informal defining equation for a specific bounded quantity of flour containing
0-1 g mebendazole per 10 g flour, abbreviated mebendazole, as a malentity, is:

(mebendazole)Mal(larva) =4 H(larva) is decreased | £(mebendazole)(larva)

Since the object is not an animal, the second term in the definition is not used.

10. Whereas the skin of the most organisms insulates them from the environment, that of
H. diminuta promotes nearly all forms of chemical interchange between the environment and
the internal tissues. In addition to protein and carbohydrate absorption, the tapeworm has
a sodium transport system, and calcium is required for the activation of muscle tissue
(Lumsden and Specian 1980). Presumably, other elements are also required.

The informal defining equation for a specific bounded quantity of calcium as a resource
is:

(calcium)Res(tapeworm) = 4 H(tapeworm) is increased | £(calcium)(tapeworm)

The second term in the definition is not used because calcium is not an animal.

11. The peristaltic contractions of the definitive host’s intestine are a constant threat to
the tapeworm, which resists explusion by maintaining continuous moderate contraction
(tonus) of its muscles. The animal attaches itself to the host by using the two pairs of
suckers on its scolex. Also, the topography of the tapeworm is such that it tends to move
back up the host’s intestine during peristalsis [M. D. B. Burt, personal communication;
for a scanning electron micrograph of the terminal proglottides, which illustrates this point,
see Lumsden and Specian (1980)].
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The informal defining equations that follow are first for a specific bounded quantity of
kinetic energy, abbreviated k.e., as a malentity, and, secondly, for the subject tapeworm
itself acting as a modifier by resisting the peristaltic contractions of its host.

(k.e.)Mal(tapeworm) = 4 H(tapeworm) is decreased | £(k.e.)(tapeworm)
The second term in the definition is not used because kinetic energy is not an animal.

(tapeworm)Mod ~ l(tapeworm) =4 (3 k.e.) such that [(k.e.)Mal(tapeworm) [
~ &(tapeworm)(k.e.) and ~ (k.e.)Mal(tapeworm) | £(tapeworm)(k.e.)]

12. It is necessary for the tapeworm to protect itself against the digestive action of the
enzymes of its host; the mechanism for doing this is frequently discussed in the literature;
I have entered ‘host enzymes’ as malentities modified by ‘subject animal’, on the envirogram,
since the potential danger to the tapeworm is so apparent. Christensen et al. (1986) found
that fresh rat serum severely affected H. diminuta. Alghali and Grencis (1986) and Fagbemi
and Christensen (1984) studied the effect of interactions in mice between H. diminuta and
other infective agents. As mentioned in note 1, Uglem and Just (1983) found that the animal
releases proteins that inhibit the host’s trypsin activity.

The informal defining equations for an enzyme as a malentity, and the subject tapeworm
as a modifier, are:

(enzyme)Mal(tapeworm) = 4¢ H(tapeworm) is decreased | £(enzyme)(tapeworm)
The second term in the definition is not used because an enzyme is not an animal.

(tapeworm)Mod'l(tapeworm) = 4¢ (2 enzyme) such that
[(enzyme)Mal(tapeworm) | ~ £(tapeworm)(tapeworm) and
~ (enzyme)Mal(tapeworm) | £(tapeworm)(tapeworm)]

13. H. diminuta absorbs fatty acids, modifies and stores them. At least some are used
in egg production. Rat intestines infected with H. diminuta have been shown to contain
approximately 30% less lipids than uninfested intestines (however, the lipid gradient down
the intestine is generally the same) (Mettrick 1980).

The following informal defining equation is for a specific bounded quantity of lipid as
a resource:

(lipid)Res(tapeworm) =4 H(tapeworm) is increased | £(lipid)(tapeworm)

The second term in the definition is not used because a lipid is not an animal.

14. Although H. diminuta in a rat host can survive until the host itself dies, the tapeworm
is rejected within 9-14 days by a mouse host. The mechanism for this difference is not
completely understood (Hopkins 1980). Formally, there are two alternatives:

(i) the mouse can be classified as a predator or malentity; or

(i) from a biochemical perspective, the host immunoglobulins can be classified as
malentities.

In both cases, an immune response of the mouse is involved.

(i) 1 tentatively classify the mouse as a malentity, since there is only some evidence
that the ejection of the tapeworm causes an increase in H(mouse) [and, certainly,
there is a decrease in H(tapeworm)]. An increase in H(mouse) might perhaps occur,
for example, because the mouse will no longer lose the protein secreted during
digestion (see note 4); note that the loss of ingested protein is insufficient grounds
for classifying the mouse as a malentity because, in this case, the tapeworm is acting
as a first-order modifier of the mouse’s food, i.e. it is causing only indirect harm,
and, therefore, the elimination of the tapeworm does not directly cause an increase
in H(mouse). Of course, the mouse will be a malentity only if it becomes a host of
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H. diminuta—i.e. after eating an infected intermediate host. The latter is thus a
first-order modifier.

(ii) Mouse immunoglobulins have been observed bound to the outer tegument of the
tapeworm; it is possible that the tegumental surface is damaged when this occurs and
facilitates ejection. From this point of view, mouse immunoglobulins can be classified
as malentities. The mouse will be a first-order modifier (see McCaigue and Halton
1987).

The informal defining equations for a particular mouse as a malentity, and a particular

infected intermediate host, abbreviated int. host, as a first-order modifier, are:

(mouse)Mal(tapeworm) =4 H(tapeworm) is decreased and H(mouse) is
decreased | £(mouse)(tapeworm)

(int. host)Mod * {(tapeworm) = 4 (3 mouse) such that [(mouse)Mal(tapeworm) |
£(int. host)(mouse) and ~ (mouse)Mal(tapeworm) | ~ £(int. host)(mouse)}

The informal defining equations for some one particular mouse immunoglobulin,
abbreviated img., as a malentity, and the mouse as a first-order modifier, are:

(img.)Mal(tapeworm) =4 H(tapeworm) is decreased | £(img.)(tapeworm)
The second term in the definition is not used because img. is not an animal.

(mouse)Mod " !(tapeworm) =4 (3 img.) such that [(img.)Mal(tapeworm) |
&mouse)(img.) and ~ (img.)Mal(tapeworm) | ~ §(mouse)(img.)]

For studies of mouse immunisation against H. diminuta, see Elowni (1983) and
Choromanski (1983). Wakelin (1976) discusses host responses in general.

15. Both the definitive and intermediate hosts provide protection to the tapeworm against
a large class of malentities. However, the sword is double-edged, as the tapeworm will
almost certainly=die if its host is killed (see note 20).

The informal defining equations for some object x as a malentity, and some one specific
host as a first-order modifier, are:

(x)Mal(tapeworm) =4 H(tapeworm) is decreased and, if x is an animal, then
H(x) is either decreased or unchanged | £(x)(tapeworm)

(host)Mod‘l(tapeworm) =4¢ (3 % such that [(X)Mal(tapeworm) | ~ &(host)(x)
and ~ (x)Mal(tapeworm) | £(host)(x)]

16. Because the tapeworm is unable to reproduce unless it is living in a definitive host, the
definitive host is a resource [because that part of H(tapeworm) dealing with the probability
of reproducing is directly increased]. One might also argue that the definitive host aids
reproduction in the tapeworm only because of the food and protection that it provides, and
that a laboratory artefact might be sufficient for the purpose. For the present, however, it
seems sensible to classify the definitive host as a resource rather than only a modifier; it
appears as such on both envirograms (see also note 2). The informal defining equations for
the definitive host as a resource, the intermediate host as a first-order modifier (because it
is eaten), and the definitive host as a second-order modifier (because it eats the intermediate
host), are given below. In order to make them more specific, the intermediate host is taken
to be a specific beetle, and the definitive host, a specific rat. Notice that the times (or hosts)
cannot be identical in all the defining equations. The subject animal ‘tapeworm’ here refers
to an individual in either the adult or the cysticercoid stage.

(rat)Res(tapeworm) =4 H(tapeworm) is increased and H(rat) is either decreased
or unchanged | &(rat)(tapeworm)



Logical Synthesis of Animal’s Environment. III 11

(beetle)Mod * (tapeworm) =4 (3rat) such that [(rat)Res(tapeworm) |
£(beetle)(rat) and ~ (rat)Res(tapeworm) | ~ £&(beetle)(rat)]

(rat)Mod *¥(tapeworm) =4 (3 beetle) such that [(beetle)Mod!(tapeworm) |
£(rat)(beetle) and ~ (beetle)Mod (tapeworm) | ~ £(rat)(beetle)]

Although the rat is included twice in this modifier chain, it serves a different function
in the two places in the environment of the tapeworm: resource and second-order modifier.
The chain ‘rat-beetle-rat-beetle ..." could be repeated, formally speaking, but serves no
useful scientific purpose.

17. Establishment and growth of H. diminuta are severely inhibited when the host rat is
fed a diet deficient in all B vitamins, providing the host is prevented by the experimenter
from eating its own faeces. If the rat is allowed to do this (as it is its normal behaviour),
the lack of B vitamins in the diet has no effect on the cestode (Roberts 1980). “The worms
obtain a sufficient supply of B vitamins (especially vitamin Bg) for normal development, the
B vitamins having been produced by the bacterial flora in the large intestine” (L. S. Roberts,
personal communication). ’

When the host rat is fed a diet lacking riboflavine, the tapeworm grows larger, whether
or not the host is allowed to eat its faeces. Roberts (1980) suggests that this may be because
more glucose is available to the cestode, since the host’s glucose absorption is reduced when
it is fed on a riboflavine-deficient diet. Riboflavine is thus a modifier of the host rat, which
is, in turn, a modifier of glucose as a resource in the tapeworm’s environment.

The informal defining equations for the chain ‘riboflavine-host rat-glucose’ follow:

(glucose)Res(tapeworm) = 4 H(tapeworm) is increased | £(glucose)(tapeworm)

(rat)Mod *{tapeworm) =4 (3 glucose) such that [(glucose)Res(tapeworm) |
#(rat)(glucose) and ~ (glucose)Res(tapeworm) | ~ £(rat)(glucose)]

(riboflavine)Mod *%(tapeworm) =4 (3 rat) such that [(rat)Mod!(tapeworm) |
¢(riboflavine)(glucose) . and ~(rat)Mod1(tapeworm)| ~ E(riboflavine)(glucose)]

18. The presence of the nematode Nippostrongylus brasiliensis adversely affects H.
diminuta. 1 have tentatively classified the nematode as a malentity, since “it would appear
that the effects are” either “inhospitable conditions induced by the pathogenic effects of
the nematode”, or “stimulation by the nematode of the immune response of the host, or
both” (Roberts 1980). If the first of these alternatives is correct, then the nematode can be
tentatively classified as a malentity because, while H(tapeworm) is decreased, there is no
clear evidence that H(nematode) is increased. If there were clear evidence for the latter, the
nematode would be classified as a predator. The situation with the second alternative is more
complicated (similar to the mouse-mouse immunoglobulin case of note 14). Because of the
stimulated immune response, the nematode can be classified as a first-order modifier either
of the host as resource, or of host immunoglobulins as malentities. I have put all of the
above alternatives on the envirogram; all are in parentheses to indicate tentativeness.

The informal defining equations for a specific host immunoglobulin as a malentity, and
a specific nematode as a first-order modifier, follow:

(host img.)Mal(tapeworm) =4 H(tapeworm) is decreased |
&(host img.)(tapeworm)

The second term in the definition is not used because an immunoglobulin is not an animal.

(nematode)Mod * !(tapeworm) = 4 (3 host img.) such that
[(host img.)Mal(tapeworm) | {(nematode)(host img.) and
~ (host img.)Mal(tapeworm) | ~ £(nematode)(host img.)]
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19. Other tapeworms may sometimes act as malentities in the environment of the subject
animal; the mechanism causing the so-called ‘crowding’ effect (Roberts 1980) is unknown;
Roberts writes, “The important developmental implication of the crowding effect is that
worms in the host’s intestine are, by whatever means, influencing growth, cell division,
DNA synthesis, and numerous other physiological parameters of other worms”. Insler and
Roberts (1980) report some evidence to the effect that the animals may secrete substances
that inhibit the growth of neighbouring individuals of H. diminuta, although they remark
that “demonstration of inhibition has not been completely consistent”. However, in a later
series of experiments, Roberts and Insler (1982) produced supporting evidence for such a
mechanism, including the finding that the properties of certain secretions differed according
to the population density.

The informal defining equation for a specific individual tapeworm, other than the subject
animal, as a malentity is:

(other tapeworm)Mal(tapeworm) =4 [H(tapeworm) is decreased and
H(other tapeworm) is either decreased or unaffected] |
£(other tapeworm)(tapeworm)

See also Keymer et al. (1983), Zavras and Roberts (1984, 1985).

20. Under natural conditions, the life-span of adult H. diminuta is probably as long as the
host that harbours it. Thus, any object, animate or inaminate, that leads to the demise of
the host will also kill the subject animal unless, of course, it is possible for the tapeworm
to survive the ingestion of one definitive host by another. Burt (1980) reports that, by
artificial passage to successive hosts, an adult tapeworm has been kept alive for 14 years—
and may well live longer.

It is also possible that an object lethal to an intermediate host may kill the cysticercoid.
Nevertheless, there would seem to be a real possibility of the cysticercoid surviving and the
dead intermediate host being eaten by a definitive host.

The informal defining equation for one particular member of the class of lethal objects
as a modifier of the host is:

(lethal object)Mod ~ !(tapeworm) = 4¢ (3 host) such that [(host)Res(tapeworm) |
~ &(lethal object)(host) and ~ (host)Res(tapeworm) | £(lethal object)(host)]

21. H. diminuta’s energy metabolism is usually anaerobic; this involves the breakdown of
glucose and the fixation of CO,. Nevertheless, aerobic energy metabolism is not precluded
(Fioravanti and Saz 1980). Carbon dioxide is the gas most abundant in the intestinal lumen,
reaching partial pressures as high as 680 mm Hg. Reports on the oxygen content of the
rat gut differ, but, according to Mettrick (1980), it is probably about 40-50 mm Hg in
places. the partial pressures of both gases are higher in parasitised than in unparasitised
guts.
The informal defining equation for carbon dioxide as a resource is:

(COz)Res(tapeworm) =4 H(tapeworm) is increased | £(CO,)(tapeworm)

The second term in the definition is not used because carbon dioxide is not an animal.
[See also Ovington and Bryant (1981).]
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
IV.* The Common Octopus, Octopus vulgaris

B. S. Niven
School of Science, Griffith University, Nathan, QId 4111.

Abstract

The environment of the octopus, O. vulgaris, is classified according to the defining equations given
in the first paper of this series. An envirogram displaying the objects within the environment in their
correct place is presented. Notes on the envirogram include informal versions of the appropriate defining
equations that are used for the classification.

Introduction

Unlike the sponge and tapeworm of parts II and III in this series, Octopus vulgaris
has long been known to interact with humans, particularly in Mediterranean lands. Aristotle
(1965) refers to it in some detail and pottery from Minoan and Mycenean civilisations is
often decorated with naturalistic and stylised representations of the octopus (Cotterell 1979).
The environment definition is unsuitable for the human environment (see part I), neverthe-
less it is convenient to classify people in the environment of an octopus by treating them
like other animals in that the primitive term H applies; this has been done in the present
study, so that ‘“fisherman’ and ‘pearl diver’ appear on the envirogram in their appropriate
places, thus pointing the way to future use of the classification in applied problem-solving.
The ability of the octopus to squeeze through extremely small spaces and its tendency to
lurk in crannies is well known to Mediterranean fishermen (see notes 23 and 24).

All cephalopods are active, fast-moving molluscs. They are marine and die quickly in
fresh water. They have tentacles with suction discs, which are used for seizing prey.
They have two gills, two kidneys and three hearts, two to pump de-oxygenated blood
through the gills and the third to pump oxygenated blood through the body. The blood is
blue; the colour is from the copper-containing compound that holds the oxygen. An adult
octopus will sometimes deliberately leave the water, but not for long, nor does it travel great
distances. However, it has been seen seizing a crab on rocks out of the water, and if kept
cool can live up to 48 h out of water.

O. vulgaris lives mainly in tropical and subtropical waters. Details of the distribution of
the animal are given in a review by Mangold (1983b) who provides a world map showing
distribution. More recently, extra details of distribution off Brazil and Spain are given by
Haimovici and Andriquetto (1986) and Sanchez (1986). The animal is a coastal species, living
between the surface and a depth of 100-150 m (Mangold 1983b). The larvae may travel
considerable distances while in the planktonic stage. Mileikovsky (1971) writes “Pelagic
larvae of Octopus vulgaris drifted over distances ranging from 40-70 to 200-250 miles
across the English Channel from North-Western France to South England”.

*Part 111, Aust. J. Zool., 1988, 36, 1-14, 0004-959X/88/010015$03.00
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Octopus eggs are between 1 and 3 mm long. Immediatcly upon hatching (after 4-5
weeks), the young octopus, now 2-3 mm in length, enters the planktonic stage. This stage
lasts a maximum of 3 months, after which the animal will settle out of the planktonic stage
at a length of about 1 cm. The growth of newly settled animals is rapid; on average, in
40 days at 25°C in the laboratory, they will increase their size by a factor of 10. After
2 years, the animal will weigh about 5 kg and apparently usually dies at this weight (see
note 7). However, occasionally, individuals weighing 25 kg have been found (Wells 1978).
The life span for O. vulgaris is given by Mangold (1983a) as 15-18 months. The largest
specimens span 10 ft, with bodies 9 inches across. They are generally found in deeper water
than are the smaller individuals. The maximum (reliable) depth record for O. vulgaris is
about a quarter of a mile. Mangold (1983a) reports that animals of the same size in the
laboratory and in the sea may be of different ages. Thus, determination of age in natural
populations is difficult. For details of age estimates, see the review by Mangold (19835).
Adult individuals of O. vulgaris swim backwards, but a young animal, up to a week after
hatching, will swim backwards or forwards with equal facility. An octopus can also swim
by contracting the web-like basal membranes. They characteristically ‘glide-craw!’ in their
usual habitat. An individual with a 2-ft span has been reported as moving at 8 mph.
During migration, O. vulgaris travels quite significant distances at 4 mph. Each expelled
jet drives the octopus 6-8 ft.

Among cephalopods, the common octopus has a particularly virulent poison (see note 3).
The animal captures its prey by seizing it with suckered arms or enveloping the prey in
its web.

O. vulgaris is colour-blind (Messenger 1977). There is no evidence that the animal can
respond to sound (Young 1971).

The Envirogram

Three envirograms have been superimposed (Fig. 1); the subject animals are an adult
individual of O. vulgaris, a planktonic larva, indicated by {...} on the diagram, and
an egg, indicated by {{...}}. This superimposition has been done to save space. Since
nearly all available information is from studies of adults, the two envirograms for larva
and egg are extremely sparse. The envirogram for an adult is, in turn, a concatenation of
many individual envirograms for many adult individuals of O. vulgaris observed by various
workers at different times and places.

Numbers on the envirogram refer to the notes that follow. They appear in no particular
order. The various parts of the envirogram were constructed in an entirely haphazard order
as the literature became available. The square brackets indicate a set of objects; thus ‘[food]’
refers to a set of food objects, and ‘[macroscopic predators including larger octopodes]’ to
a set of such predators. The parentheses are used to indicate that there is some doubt about
the classification, e.g. ‘(starfish)’ classified as a predator seems to be a rather unusual case
(see note 15).

Semiformal versions of the appropriate defining equations are given in the notes. The
following symbols are used:

(i) =g4¢ “is equal by definition to’, or, more strictly, the form ‘x =g4¢y’ means ‘x is

to be interchangeable with y’.

(@ii)) 3: the existential quantifier of formal logic. Read ‘3 fish’ as ‘there exists a fish’
or ‘there is at least one fish’, or, more informally, ‘we can find a fish’. In this
paper, expressions such as ‘3 fish’ are always followed by the words ‘such that’.

(iii) |: “¢|y’ means ‘x occurs (will occur), assuming y’. This is the symbol used for
conditional events (and conditional probabilities). The expression ‘4 | B> may read
‘event A occurs, given that event B occurs’; it refers to ‘event A under the conditions
that B’, or ‘event A under the hypothesis that B’ Thus, an object that is reported
as a resource for O. vulgaris in the Mediterranean, for example, would also be
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classified as a resource for O. vulgaris off the coast of Brazil. In ordinary English
it is a potential resource. Similarly mates, predators, malentities and modifiers are
all potential mates, etc.

n 2 1
f RESOURCES
(knete
heat
light
crabs, Iubsler—zg—bcrabs, lobsters
pear| divers 24————————»pearl
heat
oxygen, dioxlde
eggs of sub ect
animal f fema e
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tight energyT———————— > Adult of opposite sex
PREDATORS
subject
oclopus macroscoplc predators
including larger octopodes
(subject animal)22——»{ stone} moray
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(pearl

MALENTITIES

subject animal2l—————»glant
arr,

heat

Fig. 1. Envirogram for the octopus

Notes on the Envirogram

1. Wells (1978) reports the octopus feeding on fish killed by an explosion at sea. In this
case, the explosive material acts as a modifier of a food resource and the human acts as a
modifier of the explosive, and is thus a second-order modifier in the environment of the
subject octopus. The informal versions of the defining equations are:

(dead fish)Res(octopus) =4 H(octopus) is increased | £(dead fish)(octopus)
Since a dead fish is an inanimate object, the second part of the definition is not used.

(explosive)Mod * '(octopus) =4 (3 dead fish) such that [(dead fish)Res(octopus) |
£(explosive)(dead fish) and ~(dead fish)Res(octopus) | &(explosive)(dead fish)]

(human)Mod *%(octopus) = 4 (3 explosive) such that [(explosive)Mod'(octopus) |
£(human)(explosive) and ~ (explosive)Mod!(octopus) | ~ &(human)(explosive)]
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2. According to Wells (1978), the animal nearly always attacks live prey, and motionless
potential food is usually ignored unless touched. Visually detected movement in prey may
be an important factor in triggering a response in the animal. Nevertheless, blind specimens
feeding and behaving normally have been reported in aquaria. Also, many prey that are
eaten, even in the laboratory, do not move (e.g. bivalves) (R. F. Ambrose, personal com-
munication) (see note 3 for more details of food).

Kinetic energy, abbreviated k.e., is tentatively classified as a modifier of the class [food].
The informal defining equation for some particular food object is:

(k.e.)Mod * (octopus) = gr (3 food) such that [(food)Res(octopus) | £(k.e.)(food)
and ~ (food)Res(octopus) | ~ £(k.e.)(food)]

3. In the laboratory, an octopus will eat crabs (see also notes 16, 20), lobsters, bivalves,
gastropods, and fish if it can corner them. It will also eat other members of the same
species if not well matched in size or pre-occupied with mating. Shells and exoskeletons
scattered around known lairs indicate that the octopus’ diet in the wild is similar. However,
O. vulgaris has been observed to ignore live fish in the sea, presumably because they cannot
be cornered. Crabs appear to be the favourite food, especially in the Channel Islands.
R. F. Ambrose (personal communication) remarks, “Crabs seem to be the favourite food
everywhere. Octopuses often hunt ‘speculatively’ by feeling under rocks and in cracks; all
the hunting I have observed in the field has been of this sort”. Mangold (1983a) writes,
“Given the choice of live crustaceans (mainly crabs), shelled molluscs or fish, O. vulgaris
... from the Banyuls area invariably take the crabs and ignore other food items at all
growth stages. If no crabs are offered, ... (the octopus) ... will accept molluscs and/
or fish, but only after several days or weeks of starvation. Bivalves are preferred over
gastropods”. Mangold then quotes similar observations by other authors working in the
Catalonian Sea, the northern coast of the western Mediterranean, and the north-west African
coast. Nixon and Budelman (1984) report that the polychaete scaleworm (Hermione hystrix)
is sometimes eaten by O. vulgaris. In a l-year study in the Catalonian Mediterranean,
Guerra (1978) found that 80% of the food intake was Crustacea, 12% fish, and 8%
cephlopods. Further details are provided by Mangold (19835).

The adult O. vulgaris is probably an opportunistic feeder, but is most likely to forage
away from its lair between dusk and dawn. It seems likely that at least some of the prey
captured in these often quite lengthy excursions may be eaten away from the lair.

In captivity, the normal food-gathering method is a visually directed, jet-propelled pounce.
Observations of the octopus feeding in the wild are rare and almost always involve an
unknown interference effect by the observer. Nevertheless, it is generally assumed that
gathering behaviour is similar in the wild.

The octopus will hold the prey, live, in its web, retreat to its lair, then poison the prey
by secretions from its salivary glands. There is circumstantial evidence that the animal
uses some form of external digestion before internal digestion. Wells (1978) records that
O. vulgaris saliva contains many pharmacologically active substances, including dopamine,
tyramine, octopamine, 5-hydroxytryptamine, histamine, acetylcholine and taurine. ‘Cephalo-
toxin’ appears to be a glycoprotein. Ghiretti (1960) describes a detailed analysis of O.
vulgaris saliva: “The saliva ... (injected into a crab) ... produced first a phase of over-
excitability followed by a quiet phase and then paralysis”.

If there is any disturbance in the vicinity, the octopus will raise its head from the lair;
sometimes, the animal alternately raises and lowers its head, suggesting that it may determine
distance by parallax.

On seeing prey, the octopus characteristically changes colour to reddish brown. Where
several prey are available, the animal will go on collecting, for example crabs —even if this
results in earlier captures escaping from its web. Finally, the octopus will poison all of the
crabs before settling down to eat them singly.
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In preying upon gastropods, the octopus is repo he Caribbean
to bore a hole in the shell, inject toxin, then p ffected snail.
O. vulgaris has a typical molluscan radula and a protein. It is

widely reported as using the radula to bore holes in shellfish, after which substances from
the salivary gland are used to kill the shellfish and loosen muscle attachments. However,
Wodinsky reports that a brooding female will not bore a hole in a gastropod shell, but
instead “expend a great amount of energy pulling the living snail out by force—she then
scarcely eats the snail”. The feeding behaviour of brooding, reproducing females undergoes
other substantial changes; intake decreases by:

(i) 70% of normal intake per meal,
(i) 65% of normal number of meals.

According to Hamada (1974), in Japan, the octopus never bores holes in a molluscan shell.
It shows greater appetite for bivalves than snails. “Some gastropods, that have a calcareous

operculum or that withdraw too deeply into - their topus’
mouth, were not eaten, although they were seized by nest”.
The scars left on the shells clearly indicate that the easily

accessible for biting. Any prey that was too large to be bitten by the octopus’ beak was
never eaten. No nudibranches or echinoderms were eaten. Pilson and Taylor (1961), working
in the laboratory, report observations of Octopus bimaculides and O. bimaculatus drilling
holes in the shells of molluscan prey. Arnold and Arnold (1969), also working in the
laboratory, found that O. vulgaris, when offered the conch Strombus raninus, quickly
grasped it with one or more arms, checked f
aperture, and passed the shell under the web
with the radula, repositioned, and rasped
maximal rate of 1-25 mm h~1. There was
bore in a particular sector of the spire.

The informal defining equation for a particular conch as a food resource of the subject
octopus is:

(conch)Res(octopus) = 4 H(octopus) is increased | ¢(conch)(octopus)

4. Kayes (1974) reports that, around Malta, the perch Serranus scriba often follows the
octopus on its foraging expeditions. The fish is conspicuous where the octopus is not, thus
can then seek shelter) and to
nal communication below), the

following an octopus probably
benefits by feeding on small organisms th as the octopus moves along.
Octopus prey organisms probably do not have sufficiently acute vision to be warned by
Serranus”. If these statements are true, then the octopus is acting as a first-order modifier
of food resources in the environment of the perch. The perch, however, is acting mainly as
a modifier of predators of the octopus.
The informal defining equation for the perch as a positive first-order modifier of some
particular predator of the subject octopus is:

(perch)Mod“(octopus) =4 (3 predator) such that [(predator)Pred(octopus)|
£(perch)(octopus) and ~(predator)Pred(octopus)| ~ E(perch)(octopus)]

5. The predatory gastropod Ocenatra sp. €ats the mussels Mytilus spp., also food for
O. vulgaris. Both the gastropod and the octopus drill through the shells of the mussels
with their raduli (Simpson et al. 1957).

The informal defining equations are:

(mussel)Res(octopus) = 4¢ H(octopus) is increased | ¢(mussel)(octopus)
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(gastropod)Mod ~ !(octopus) =g4r (3 mussel) such that [(mussel)Res(octopus) |
~ &(gastropod)(mussel) and ~ (mussel)Res(octopus) | £(gastropod)(mussel)]

6. 1In Naples harbour, a natural habitat, the water temperature varies from 25°C in summer
(July, August) to 15°C or less in mid-winter. All individuals of O. vulgaris eat less in winter
and some even lose weight. Starvation causes emaciation but not debilitation; the animal will
remain alert after losing 40% of its body weight.

Wells (1978) suggests that time for digestion seems to depend only on temperature.
Data are far from conclusive, but the suggestion is consistent with information from other
poikilotherms. The size of the meal is not important, but Wells (1978) remarks that the
animal is evidently sensitive to the presence of food in the crop. After feeding, there is an
increase in the tendency to attack objects seen, which rises to a maximum after about half
an hour and then declines progressively. The rise and fall correlate with the weight of the
crop over the same period.

The informal defining equation for some particular measured quantity of heat energy
acting as a positive first-order modifier of a particular food object is:

(heat)Mod ™ !(octopus) =4r (3 food) such that [(food)Res(octopus) |
&(heat)(octopus) and ~ (food)Res(octopus) | ~ §(heat)(octopus)]

7. Although not reflected in the catch, it is believed that the sex ratio for O. vulgaris is
1:1 (Wells 1978; Mangold 19835).

Sperm are packed into spermatophores and are ejected after copulation into the mantle
cavity of the female. Mating often occurs when the females are immature. Only females
ready to lay eggs consistently fend off the males. There is little evidence for specifically
sexual display, but it is likely that either subtle visual or chemotactile cues are used in
recognising the opposite sex. Packard (1961) reports sucker display in encounters between
the sexes. [See also Mangold (1983b).]

Females lay eggs in strings and attach them to the roofs of their lairs; if there is no roof,
as in an aquarium, they attach them to the sides. They lay up to 500000 eggs in strings
of many hundreds; this may take a week or more. Average egg size is 1-3 mm. The female
then broods the eggs for 4-6 weeks (at 22-23°C). During this time, she continually directs
jets of water over the eggs. She rarely leaves them, seldom feeds, and becomes emaciated
(see note 3). Respiration increases during this period, and intruding rubbish and animals
(including those normally eaten) are pushed away to arms’ length.

Shortly after the eggs hatch, the female dies. This seems to be universal for the animals;
males grow at the same rate as females, and it appears that most males also die by the
end of their second year. Mangold (1983b) reports that a female is unlikely to spawn a
second time,

Hatanaka (1979) reports that, off the north-west coast of Africa, males larger than
50 cm in total length carry spermatophores in all seasons. Most females larger than 70 cm
in total length are mature in the spawning seasons, while those less than 50 cm are usually
immature. “Several parameters are thought to influence the process of sexual maturation in
cephalopods, namely light, temperature and food availability at different stages of the life
cycle” (Mangold 19834, 1983b).

Informal defining equations are given for a mate in the case that the subject octopus is
female, and for a particular quantity of light energy acting as a modifier of the mate:

(male octopus)Mat(subject female) = ar an offspring of both individuals will be
produced with probability greater than zero | £(male octopus)(subject female)

(light)Mod * !(subject female) =4 (3 male octopus) such that
[(male octopus)Mat(subject female) | £light)(subject female) and
~ (male octopus)Mat(subject female) | ~ £(light)(subject female)]

Full details of mating behaviour are given by Mangold (1983b) and Guerra (1975).
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8. In the laboratory, when a new octopus is introduced, a resident male will immediately
flush ‘dark’ and act aggressively. If the intruder is a male, a fight will ensue and the smaller
will generally be killed and eaten. If the intruder is a female, she will generally submit and
copulation (see note 7) will follow (Wells 1978; Mangold 19835). It is not known what
occurs when two females are thrust together.

In the informal defining equations below, a large male intruder is assumed to act as a
predator of a smaller resident male; the latter, which is taken to be the subject animal, acts
as a negative modifier in its own environment by flushing ‘dark’ and acting aggressively.

(intruder)Pred(octopus) = 4; H(octopus) is decreased and
H(intruder) is increased | £(intruder)(octopus)

(octopus)Mod ~!(octopus) = 4 (3 intruder) such that [(intruder)Pred(octopus) |
~ g(octopus)(octopus) and ~ (intruder)Pred(octopus) | é(octopus)(octopus)]

9. The development of the eggs takes about 28 days at 22°C (Wells 1978). The planktonic
stage may last up to 3 months in the cold waters of the English Channel (i.e. at the northern
limit of the range of O. vulgaris), but is usually much shorter. Wells reports Japanese
work in which the larvae were raised at 25°C in the laboratory and settled 33-40 days after
hatching.

The informal defining equation is for a specific quantity of heat energy corresponding
to a temperature of 25°C acting as a resource for the subject larva.

(heat)Res(larva) = 4 H(larva) is increased | &(heat)(larva)

10. During the ‘planktonic stage’— after hatching but before settling on the substrate as an
adult —the young octopus feeds on plankton. In the laboratory, larvae have been raised on
live shrimp larvae, Palaemon serrifer, fragments of crab meat and, finally, as the larvae
settle to the bottom, whole small crabs.

The informal defining equation is for a particular shrimp larva as a food resource for
the subject larva.

(shrimp)Res(larva) =4 [H(larva) is increased and H(shrimp) is decreased] |
£(shrimp)(larva)

11. Large eels, including the common moray, Gymnothorax mordax, the giant moray,
Enchelynassa spp., and conger eels, Conger spp., are the most important predators of
O. vulgaris.

Whereas both the sight of a common moray and its ‘smell’ will alert an octopus, alarm
can only be engendered by a combination of both stimuli. The ejection of ink, generally
black, is the only means of defence. If necessary, several successive ejections can be made —
up to six have been observed. Moray eels have poor eyesight, and a trace of octopus ink
in the water is sufficient to send them into a hunting frenzy. However, high concentrations
of ink will paralyse the olfactory sense of the eels; this has been observed in aquaria
but whether it occurs even partially in a natural habitat is unknown. Although high con-
centrations of ink in enclosed waters are reported by Lane (1960) to be fatal to some
species of octopus, there seems to be some doubt about this (R. F. Ambrose, personal
communication).

Eels will swallow a small octopus whole. A larger octopus will often fasten its legs around
the eel’s head, but, by gymnastic contortions, the eel usualiy succeeds in eating the octopus.
A very large octopus is often eaten arm by arm—the eel grasping and twisting them off
successively. During the short pauses while each arm is consumed, the octopus may escape
(see note 21).

The lair of the octopus enhances its chance of surviving in two ways. Firstly, the
possibility of detection is reduced. Secondly, the lair affords a certain amount of protection
and some possibility, therefore, of escape from an attacking eel. Lairs are usually well
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separated. The octopus sometimes moves medium-sized rocks into an ‘extension’ of Lhe
lair if the natural terrain does not provide enough protection. However, Bierens De Haan
(1929) shows that the octopus will as readily collect transparent as opaque objects to fashion
a lair. The octopus also shows no preference between the ‘hide’ give by two parallel sheets
of glass and two similarly placed pieces of slat. He concludes that, in building a lair, the
octopus is not seeking to hide itself. [Nevertheless, Richard Aronson has found that
O. briareus does not like transparent homes as much as opaque ones (R. F. Ambrose,
personal communication).]

The informal defining equations for a particular eel as a predator, and the lair of the
subject animal as a negative first-order modifier are:

(eel)Pred(octopus) =4 [H(octopus) is decreased and
H(eel) is increased] | £(eel)(octopus)

(lair)Mod ~ !(octopus) =g4r (3 eel) such that [(eel)Pred(octopus) |
~ &(lair)(octopus) and ~ (eel)Pred(octopus) | £&(lair)(octopus)]

12.  In addition to its anaesthetising uses (see note 11), octopus ink has other defensive
effects. Firstly, the ink can provide a screen behind which the octopus will change colour
and dart swiftly away. Secondly, the ink can produce the effect of decoy; particularly with
a small octopus, the ink may remain in a concentrated blob about the size of the animal’s
body while it changes colour and escapes.

The informal defining equation for the subject animal’s ink as a negative first-order
modifier ol a particular eel as a predator is:

(ink)Mod ~ !(octopus) =gr (3 eel) such that [(eel)Pred(octopus) |
~ &(ink)(octopus) and ~ (eel)Pred(octopus) | £&(ink)(octopus)]

13. In northern Australia, an octopus has been observed with one arm caught in a giant
clam, probably Tridacna sp. The octopus was later seen swimming away with only seven
arms (see note 21) (Lane 1960).

The clam, since it does not benefit from the encounter, is classified as a malentity and
the subject octopus as a modifier, since its action in losing an arm modifies the effect of
the clam’s assault. The informal defining equations are:

(clam)Mal(octopus) = 4 H(octopus) is decreased and
H(clam) is unchanged | £(clam)(octopus)

(octopus)Mod ~ !(octopus) =g4f (3 clam) such that [(clam)Mal(octopus) |
~ &(octopus)(octopus) and ~ (clam)Mal(octopus) | £&(octopus)(octopus)]

14. Lane (1960) records, from northern Australia, a reported encounter in a collecting
bucket between a cone shell, Conus textile, and O. vulgaris. The gastropod, which is
poisonous, injects its venom through a radula tooth, which is modified to form a hypo-
dermic needle. The octopus put an arm into the shell, but withdrew it after 20 s, became
violently agitated and shed the arm, which was broken off near the body. The octopus died
the following night. It was suggested that similar encounters would be frequent in the natural
habitat. Conus textile is classified tentatively as a predator, not a malentity, because it
characteristically hunts its prey this way.
The informal defining equation for Conus as a predator is:

(Conus)Pred(octopus) = 4; [H(octopus) is decreased and H(Conus) is increased] |
&(Conus)(octopus)

15. Many echinoderms have dietary overlap with the octopus, particularly the starfish
(Asteroidae), which consume many shelifish.
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Lane (1960) reports two unusual cases in which an octopus was paralysed by starfish.
In the case in which the brittle star, Ophicocoma echinata, was involved, the octopus died.
The effect seemed to be well known to local fishermen.

I have tentatively classified starfish as a predator, since the octopus would probably be
consumed if it were paralysed after an attack in the wild. However, in its natural habitat,
it seems likely that an octopus would be able to avoid debilitating contacts.

Ambrose (personal communication) suggests that “In one of Lane’s cases, there was
probably no toxin involved ... In the case of the brittle star, the brittle star may not
have been capable of eating the octopus (most of the species of which I am aware could
not). I consider starfish to be extremely unlikely predators of octopuses, based on my
experiences in the Mediterranean, Caribbean and Northern Pacific”.

The informal defining equation for a starfish as a negative first-order modifier of some
specific object of food (a resource) is:

(starfish)Mod ~!(octopus) =4 (3 food) such that [(food)Res(octopus) |
~ t(starfish)(food) and ~ (food)Res(octopus) | &(starfish)(food)]

16. Grzimek (1974) describes the relationship between the pagurid Eupagurus prideauxi
and the anemone Adamsia palliata, in which the anemone provides protection for the crab
from predation, in particular by a fish or octopus. Ross and von Boletzky (1979) report an
association between the pagurid Dardanus arrosor and the anemone Calliactis parasitica;
they comment that, after a long confinement in an aquarium not containing an octopus, the
crab “loses its activity towards its symbiotic actinium C. parasitica”. However, in the presence
of O. vulgaris (and other cephalopods), the activity is restored. Although visual cues are
insufficient, effluent from a tank containing an octopus will revive the activity. Ross (1971)
reports that, when single crabs of species D. arrosor or D. callidus with and without their
commensal anemone C. parasitica were exposed to O. vulgaris, “In every case, the actopus
attacked, usually at once. All Dardanus without Calliactis were eventually ingested. None
of those with Calliactis were even taken”. Similar trials with Pagurus prideauxi and Adamsi
palliata showed that this pagurid was not protected by its anemone.

The informal defining equations for a particular specimen of Dardanus as food, and a
particular specimen of Calliactis as a negative first-order modifier are:

(Dardanus)Res(octopus) = 4¢ [H(octopus) is increased and
H(Dardanus) is decreased] | & Dardanus)(octopus)

(CalIiactis)Mod‘l(octopus) =g4¢ (3 Dardanus) such that
[(Dardanus)Res(octopus) | ~ &(Calliactis)(Dardanus) and
~ (Dardanus)Res(octopus) | & Calliactis)(Dardanus))

17. The octopus is able to change its colour to match its surroundings, thus assisting it
to escape the attention of predators. Packard and Sanders (1969) give a general account,
with good photographs, of the various body patterns of the animal in the Bay of Naples.
The same authors (1971) also provide a more detailed account of colour changes, with
sketches and photographs describing defensive and attack modes.

The informal defining equation for the subject animal acting as a negative first-order
modifier in its own environment by changing its colour pattern in the presence of an eel
(classified as a predator) is:

(octopus)Mod ~ (octopus) =4 (3 eel) such that [(eel)Pred(octopus) |
~ &(octopus)(octopus) and ~ (eel)Pred(octopus)|£(octopus)(octopus)]

18. Kayes (1974) made hourly inspections, day and night, for 11 days and found that
O. vulgaris hunts virtually throughout the night, with only brief excursions away from its
lair during the day.
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The informal defining equation for a specific measured quantity of light cnergy,
abbreviated l.e., acting as a negative first-order modifier on a particular crab classified
as a resource is:

(l.e.)Mod ~(octopus) =4¢ (3 crab) such that [(crab)Res(octopus) |
~ &(l.e.)(octopus) and ~ (crab)Res(octopus) | £(1.e.)(octopus)]

19.  Hochberg (1983) reviews the literature on the parasites of cephalopods. For O. vulgaris,
the following are recorded:

(i) an iridovirus has been associated with lesions on the arms and mantle;

(i) filamentous fungal thalli, possibly Aspergillus, penetrate throughout the renal
appendages and cause considerable damage to the host tissue (rare);

(iii) two species of the sporozoan Aggregata have been identified;

(iv) the vermiform ciliate Chromidina coronata attaches to the appendages within the
renal or renal-pancreatic coela;

(v) O. vulgaris possibly functions merely as a paratenic host to the trypanorhynchs
(cestodes) Nybelina lingualis, Tetrabothriorhynchus octopodiae and Tetrarhynchus
megabothrium;

(vi) the copepod Octopicola superbus has been found in O. vulgaris, but no damage to
the octopus has been reported.

The informal defining equation for an iridovirus as a predator is:

(iridovirus)Pred(octopus) = 4 [H(octopus) is decreased and
H(iridovirus) is increased] | &(iridovirus)(octopus)

20. Crabs are able to shed their claws and sometimes escape this way, thus acting as first-
order modifiers of themselves regarded as a resource for the octopus.

Lobsters (Homarus spp., Weber 1975) and fiddler crabs (Portunidae) both resist (fight
back) attempted octopus predation. This is atypical, most crabs being strangely quiescent.
Crabs that are eaten include Carcinus spp. The octopus also eats abalone (Haliotis spp.),
clam (Chione spp.), scallop (Pecten circularis requisulcatus), and the little-neck clam
(Protothaca jedoensis).

During the winter of 1899, a plague of O. vulgaris occurred in the English Channel and
along the French coast. Many fishermen were forced to find other work as oysters, abalone
and many varieties of fish became very scarce, undoubtedly due to predation by the octopus.
Estimates were that there was an 18% fall in the number of lobsters and a 32% fall in the
number of crabs compared with the previous year: 1922 and 1950-51 were also plague years,
but not to the same extent (Lane 1960).

According to Ambrose and Nelson (1983), from studies in the Mediterranean off the
coast of France, O. vulgaris consumes at least 22 molluscan and several crab species.
Molluscs comprised an estimated 80% of the animals’ diet. The most frequently encountered
species in the field, the bivalves Venus verracosa and Pitaria chione, and the abalone
Haliotis tuberculata, were also estimated to be most frequent in the diet of O. vulgaris.
The distribution of octopus drill holes on the two bivalve species was non-random; in the
abalone, the distribution was indistinguishable from random (see also note 3).

The informal defining equation for a particular crab as a resource is:

(crab)Res(octopus) =4 [H(octopus) is increased and H(crab) is decreased] |
&(crab)(octopus)

21. O. vulgaris can apparently shed a limb at will, and can suffer severe injuries and
mutilation and yet survive. Regeneration of many parts is possible. In one instance, one-
third of an arm was broken off and was observed to be fully regenerated and functional,
although thinner, after 6 weeks (Lane 1960).
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The informal defining equation for the subject octopus acting as a negative first-order
modifer, in its own environment, of an eel as a predator by shedding a limb is:

(octopus)Mod_l(octopus) =4r (3 eel) such that [(eel)Pred(octopus) |
~ g(octopus)(octopus) and ~ (eel)Pred(octopus) | £&(octopus){octopus)]

22. Lane (1960) reports having seen a film of an individual O. vuigaris holding a stone as

a shield against the attacks of a moray eel. The stone, modified by the subject animal, has

been tentatively included on the envirogram. The classification is tentative, since other

workers have expressed doubts that O. vulgaris would, in fact, behave in such a way.
The informal defining equations are:

(eel)Pred(octopus) = 4¢ [H(octopus) is decreased and
H(eel) is increased | £(eel)(octopus)

(stone)Mod ~!(octopus) = 4 (I eel) such that [(eel)Pred(octopus) |
~ £(stone)(octopus) and ~ (eel)Pred(octopus) | £(stone)(octopus)]

(octopus)Mod *2(octopus) = 4¢ (3 stone) such that [(stone)Mod' (octopus) |
£(octopus)(stone) and ~(stone)Mod‘(octopus) | ~ &octopus)(stone)]

23. The habit of the octopus of lurking in crannies often leads to capture by fishermen
using kegs, pots, etc, or to death from exposure to the air, since the animal tends not to
abandon the pot even when it is being raised. In this case, the fisherman (or a measured
quantity of air) kills the animal accidentally and is thus classified as a malentity (see also
note 24).

The informal defining equation for a specific measured quantity of air is:

(air)Mal(octopus) =4 H(octopus) is decreased | &(air)(octopus)

24. The animals are often killed by pearl divers because they open pearl oysters. Pearl
divers are classified in two ways in the environment of the octopus.

(i) The diver is a first-order modifier of the resource ‘pearl oyster’.

(ii) Tentatively, the pearl diver is either a malentity or a predator of the octopus. It may
be argued that many pearl divers do, in fact, eat the animal after killing it in the
course of their duties. In this case, it would seem natural to classify the human as
a predator.

The informal defining equation for the diver as a first-order modifier of the resource

‘pearl oyster’ is:

(diver)Mod_l(octopus) =4¢ (3 pearl oyster) such that
[(pear] oyster)Res(octopus) | ~ &(diver)(pearl oyster) and
~ (pearl oyster)Res(octopus) | £(diver)(pearl oyster)]

25. Experiments on oxygen uptake at 15°C showed that the ventilation rate is increased by
lack of oxygen or by excess carbon dioxide: 51 times per minute at 2-5 kg O, pressure and
12 times per minute at 8 kg O, pressure. Oxygen consumption increases with temperature
(Wells 1978). Details of metabolic costs in O. vulgaris are given in Mangold (1983a): “The
capture, ingestion, digestion and assimilation of a prey (crab) causes an increase in oxygen
uptake that lasts about 6 hours and peaks during the Ist to 3rd hour after capture ...
There is also a long-term effect of feeding. Feeding a starved octopus in the 300 to 500 g
size range a 20 g crab each day results in a progressive rise in oxygen consumption over the
first 2 to 4 days following the first meal. Small animals do treble their oxygen uptake, larger
ones double it ... The size of the meal greatly affects oxygen consumption.”
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The informal defining equations for a particular measured quantity of oxygen as a
resource, which is modified by a particular measured quantity of heat energy, are:

(oxygen)Res(octopus) =4 H(octopus) is increased | £(oxygen)(octopus)

(heat)Mod * !(octopus) = 4¢ (3 oxygen) such that [(octopus)Res(octopus) |
&(heat)(octopus) and ~ (oxygen)Res(octopus) | ~ &(heat)(octopus)]

[See also Wells ef al. (1983).]

26. Eggs are always attached to a substrate. “On sandy or muddy bottom, eggs are laid
in empty mollusc shells or in man-made objects such as cans, tins, bottles, tyres, boots and
amphorae. In the aquarium, the egg strings are stuck to the wall of the tank if no suitable
home is provided” (Mangold 1983b). Thus, a substrate is a necessity for an increase in
H(egg) and therefore is classified as a resource:

(substrate)Res(egg) =4; H(egg) is increased | £(substrate)(egg)

See also note 7.
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
V.* The Cane Toad, Bufo marinus

B. S. Niven
School of Science, Griffith University, Nathan, QId 4111.

Abstract

The environment of the cane toad Bufo marinus is classified according to the defining equations given
in the first paper of this series. Envirograms are presented, displaying objects in the environment of
adult, tadpole and egg in their correct places. Notes on the envirograms include informal versions of
the appropriate defining equations that are used for the classification.

Introduction

Of the five animal species of this series, the cane toad, Bufo marinus, has the biggest
impact on human society. Toad pollution of water sources, dissemination of eggs of human
parasites, and attacks on bees, domestic pets, food animals and animals of religious signi-
ficance (such as goannas among some human groups in Australia) are all matters for concern
(Freeland 1984). In a substantial report covering many aspects of the animal’s ecology, van
Beurden (19805) found that human-aided spread is common.

The toad’s natural range is in South and Central America. However, it has been
introduced to many countries, usually in an attempt to control pests of the sugarcane
industry. The dates of introduction to various countries are given in Easteal (1981). Details
of the introduction and spread in Australia from 1935 to 1979 are given in Boughton and
Sabath (1980). The attempt at biological control has not always been successful and the
animal itself has sometimes become a pest. The toad shows a marked ability to thrive in
a wide variety of habitats. Covacevich and Archer (1975) cite the following range in
Queensland alone: frontal dunes of ocean beaches; inland border of coastal mangroves;
highly acidic areas of coastal wallum; Melaleuca swamps; open grassland; open sclerophyll
forest; highland closed forest; dry, sparse, open plains; wet and dry creek beds; and coastal
towns and cities. Harding and Catterall (1983) give details of the movement patterns of the
animal in SE. Queensland, The toad is usually a lowland animal, found below 1000 m,
according to Zug and Zug (1979), the maximum height for population survival probably
being determined by thermal tolerance limits. Zug and Zug also remark that they suspect
that forests are marginal areas. Van Beurden and Grigg (1980) report a spread of B. marinus
along the coast of New South Wales and inland at rates which are sometimes as high as
3 km per year. However, capture-mark-release-recapture data from van Beurden (1978) in
Queensland indicate that the resident adult toad moves little from day to day or month
to month.

The animal is large, the females commonly having a snout-vent length of 120 mm.
Individuals of over 200 mm have been reported (Zug and Zug 1979; M. J. Tyler, pers.
comm.). Life tables are not available. However, Pemberton (1949) reports a captive toad
living 15 years, during which time it ate an estimated 72 000 cockroaches.

*Part 1V, Aust. J. Zool., 1988, 36, 15-27. 0004-959X/88/020169806.00
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The main purpose of these papers is to demonstrate that the mathematical definition
of an animal’s environment given in the first paper (Niven 1987) applies widely, specifically
to the five species of the series: sponge, tapeworm, octopus, toad and chimpanzee, and
by extension to all species within the animal phyla from the sponges to the non-human
primates. For this reason all objects named in the literature as relating to the subject
animal’s environment have been classified, including in the present paper such bizarre objects
as ping-pong balls, lighted cigarette ends and strychnine flowers (see notes 7 and 8). It is
not the intention of these papers to choose ‘important’ objects in the environment, but rather
to show that the mathematical definition yields a classification which applies universally.
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Fig. 1. Envirogram for Bufo marinus tadpole and egg

The situation is similar in animal taxonomy; we classify Brachionus angularis as a rotifer
and Bufo marinus as a vertebrate without regard to their ‘importance’ in the scheme of
things, and in particular without regard to the fact that far more attention has been paid
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in the zoological literature to B. marinus. Similarly a zoologist may choose to work with
only those items in the environment of particular interest at the time.

The Envirograms

Three envirograms are presented in this paper, for an adult toad, a tadpole, and an egg.
The tadpole and egg envirograms have been superimposed in order to save space. The subject
animal may be specifically a female or male toad, or a large or small tadpole; the particular
case is specified in the relevant note. Since many reports on the animal have been combined,
each envirogram is a concatenation of many envirograms for different individuals in different
places at different times.

The numbers on the envirograms refer to the notes which follow. These numbers appear
in no particular order. The various parts of the envirograms were constructed in an entirely
haphazard order as the literature became available. The square brackets indicate a set of
objects. Thus, ‘{many vertebrates, e.g. cat]’ refers to the cats, dogs, pigs, rats and so on
mentioned in note 1. Tentative classification is indicated by round brackets, for instance
‘(student)’ implies that a student is only tentatively classified as a malentity; details are given
in note 20.

A semi-formal version of the appropriate defining equations (see Niven 1987) is given at
the end of each note. The following symbols are used.

(i) =g4p ‘is equal by definition to’

(ii) 3: the existential operator of formal logic. Read ‘3 cockroach’ as ‘there exists a
cockroach’ or ‘there is at least one cockroach’, or, more informally, ‘we can find
a cockroach’. In this paper, expressions such as ‘3 cockroach’ are always followed
by the words ‘such that’.

(iii) |: x|y’ means ‘¢’ occurs (will occur), assuming ‘y’>. This is the symbol used for
conditional events (and conditional probabilities). The expression ‘4 | B’ may be
read ‘Event A occurs, given that event B occurs’; it refers to ‘event A under the
conditions that B’, or ‘event A under the hypothesis that B’. Thus an object which
is reported as a resource for B. marinus in Fiji would also be classified as a resource
for B. marinus in Australia. In ordinary English it is a potential resource. Similarly
mates, predators, malentities and modifiers and all potential mates, etc.

Notes on the Envirograms

1. Humans and many other vertebrates have been known to mouth or ingest B. marinus
and either die or become ill. Licht (1967) reports the death of some members of a Peruvian
family after eating soup containing eggs of the toad. At least the following cases of death
among animals have been recorded: domestic cats and dogs; pigs; rat (Rattus rattus), western
native cat (Dasyurus geoffroii); land mullet (Egernia bungana); goannas (Varanus spp.); slaty
grey snake (Stegonatus cucullatus); brown tree snake (Boiga irregularis); red-billed black
snake (Pseudechis porphyriacus); death adder (Acanthophis antarcticus); brown snake
(Pseudonaja textilis); tiger snake (Notechis scutatus); crows (Corvus spp.); kookaburra
(Dacelo gigas); Tasmanian devil (Sarcophilus harrissi); and turtle (Kinosternon sp.).

In addition to references given below, see also Lever (1937, 1945), Buzacott (1939),
La Rivers (1948), Watson (1960), Mead (1961), Allen and Neill (1956), Adams (1967),
Licht and Low (1968), Frauca (1974), Pippet (1975), and Tyler (1975, 1976).

In all cases, the animals listed above suffered from the effects of the poisonous milky
secretions from the toad’s parotoid glands. Knowles and Levin (1964) give Marino bufagin,
bufotoxin and bufotenine as the active constituents. The mixture has a digitalis-like action:
according to M. J. Tyler (pers. comm.), the secretions also include adrenaline and nor-
adrenaline, but the predominant component is SHT (5-hydroxytryptamine), otherwise called
serotonin. Blair (1947) reports that, on occasions, the toad is capable of squirting its poison
up to 15 inches (c. 0-48 m). Chen and Chen (1933) report that the regeneration by the toad
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of its poisonous secretion after expression is apparently quite slow. One toad weighing
254 g gave 0-71 g fresh secretion at the first expression and only 0-48 g at the second
expression 76 days later.

Abel and Macht (1912) report that B. marinus is resistant, but not totally so, to its own
poison. Under its influence, the toad becomes sluggish.

Clearly, any animal species which is poisoned through contact with B. marinus is in
considerable danger, unless it learns to avoid toads. In all areas into which the toad has
been introduced, there have been reports of native species being affected, e.g. Covacevich
and Archer (1975) suggest that Dasyurus spp. (the marsupial ‘cats’ of Australia) are retreating
to areas not populated by the toad. Alcala (1957) reports, however, that domestic cats in
the Philippines have learned to avoid the toads.

Zug and Zug (1979) observe that young toads are distasteful but not toxic and thus the
likelihood of death by predation is greater during this stage than it is for the adults, both
because of smaller body size and lack of toxicity. Pearse (1980a, b) has shown that, at least
with respect to some fish, i.e. the purple-spotted gudgeon (Hypseleotris galli), the tadpole
is toxic. The mosquito fish (Gambusia affinis), a native of Mexico like B. marinus, did not
relish the tadpoles, but recovered from minor effects.

Since the animal that eats the toad does not thrive but is adversely affected, it is classified
as a malentity. The informal defining equation for a cat as a malentity is:

(cat)Mal(toad) =4 H(toad) is decreased and H(cat) is decreased | £(cat)(toad).

2. Baldwin et al. (1952) report from Hawaii that, in 11 days, five mongooses ate 20 adult
B. marinus with apparent relish and no ill effects. Also, Simmonds (1957) in Fiji records
the mongoose as a predator. The informal defining equation is:

(mongoose)Pred(toad) =4 H(toad) is decreased and H(mongoose) is increased |
£(mongoose)(toad).

3. B. marinus is primarily, though not exclusively, nocturnal. During the day, the species
characteristically seeks cover (shelter) in thick growths of vegetation beneath rotting organic
matter, within clods in ploughed fields, in holes, and under houses. Alcala (1957) comments
that B. marinus tends not to penetrate primary forest. He adds that the toad is most
abundant in savannah country, grasslands, cultivated areas, and near human habitation
(see note 5). On Barbados, Mungomery (1936a) observes that the elimination of available
daytime shelter resulted in a decrease in the toad population. Tyler (1975) reports that the
toad is having difficulty in maintaining its population partly because of the clearing of
suitable day and dry-period shelter. Zug and Zug (1979) suggest that toads reduce water loss
by retreating to sheltered areas during the day and at other times of low humidity. They
suggest also that subadults and adults compete for sheltered retreats. The latter point is
made more strongly by Straughan (1966), who suggests that juveniles are forced to migrate
because of occupation by adults of suitable sheltering sites; this leads to the dispersal of
the animal.

If the suggestion given by Zug and Zug is correct, then ‘shelter’, which in a particular
case is some particular object, modifies moist air and thermal energy, which in turn modify
water as a resource (see note 34). An object which provides shelter is thus a second-order
modifier. ‘Shelter’ is also a negative first-order modifier of ‘heat energy’ as a malentity.
In this latter sense, the informal defining equation is:

(shelter)Mod“(toad) =g4¢ (I heat) such that [(heat)Mal(toad) | ~ &(shelter)(toad)
and ~ (heat)Mal(toad) | &(shelter)(toad)].

Here, ‘heat’ should be understood to mean a particular ‘chunk’ of heat energy.
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4. B. marinus is an opportunistic breeder, requiring only appropriate bodies of water into
which the female, who nearly always carries mature eggs, lays. Almost any body of water,
whether standing or running, fresh or brackish, will probably be satisfactory. The Queensland
Museum has a photograph of eggs laid in salt water (in the wild), but it is not known if
they survived and developed. Also, water in which the toad is found, even on a beach,
may be fresh; M. J. Tyler (pers. comm.) writes, ‘Covacevich and Archer (1975) talk about
B. marinus on Rainbow Beach etc. On Rainbow Beach this may not be salt water. I found
tadpoles and babies there in water flowing towards the sea from banks. I took water samples
and found the chloride level so low as to indicate that this was a freshwater source’. Never-
theless, Ely (1944) conducted laboratory experiments which showed eggs could survive and
develop normally in solutions containing up to 20% seawater. A solution containing 15%
seawater (about 0-5% salt) seemed to be the most favourable medium, since the eggs
developed more quickly than in either a 10% seawater solution (see note 25 on rapid
development) or in tap water. Takano and lijima (1937) report that NaCl is fatal at a density
above 0-7%, but development proceeds naturally below 0-6%.

The only direct observation of the animal breeding in salty water in the wild which we
have come across is that of Waite (1901) in Bermuda, who reports the toad, referred to as
‘Bufo agua’, breeding in brackish water and marshes. Straughan (1966), in Queensland,
writes that preferred breeding sites are in the shallows and that the presence of aquatic
vegetation, grasses or weeds, or whether the bottom is clear or covered with rocks, sand or
vegetation has no effect on choice of breeding site.

Water, which is essential for breeding, may be removed from the toad’s habitat, in several
ways; e.g. on Barbados, many hundreds of estate ponds and low-lying areas where water
may accumulate have been filled or drained for either aesthetic reasons or for mosquito
control (Mungomery 1936a; Tucker 1940). Also, water may simply evaporate (requiring heat
energy), or seep away through the soil. In the Barbados, Tucker (1940) reports that the
animal is having difficulty in maintaining its populations, in part because of lack of suitable
breeding water and oiling of water for mosquito control; thus, farmers are being encouraged
to build artificial breeding ponds.

B. marinus may breed twice a year, laying between 10000 and 21 000 eggs each time,
according to Tyler (1976) but Straughan (1966) observed 8000-35000 eggs being laid.
Buzacott (1936) has recorded one female laying a clutch of 16 000 eggs and, on another
occasion, nine females laying 125 000. When temperatures are sufficiently high and rainfall
adequate, the toad will reproduce all year, but in marginal habitats, the breeding season
usually coincides with the warmest and wettest times of the year (Oliver 1949). Wilhoft
(1965) mentions that there are always some unfertilized eggs, and Tucker (1940) counted the
number of toadlets surviving from an initial egg lay as ranging from 75 to 300, probably
an underestimate, he reports, due to the difficulties of observation. Van Beurden (1980b)
reports that at least in some populations females do not breed every year, but in tropical
populations they will breed every year, sometimes more than once.

Zug and Zug (1979) report that eggs will hatch in 36 h-4 days. R. B. Floyd (personal
communication 1981) finds that the development time of the eggs falls from 155 h at 18°C
to about 1 day at 35°C.

Breeding success is aided by the animal’s short development period —a larval (tadpole) life
of between 25 days and 2 months, depending on water temperature (Tyler 1976; see also
note 25). Rates of spermatogenetic activity in the adult male are correlated with the seasons,
according to Saxena and Lal (1981), who ascribe the slow rate of spermatogenetic activity
and the regressed condition of Leydig cells to declining daylength and ambient temperature
during the winter.

Tyler (1975) remarks that some members of both sexes are found in breeding condition
throughout the year, waiting for the right climate for breeding. Zug et al. (1975), in Papua
New Guinea, report that there, in every month, at least some of the females have eggs ready
for deposition. They suggest that the number of such females is partly dependent on the
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rainfall, since it appeared that heavy rain preceding the sampling date reduced the number
of gravid females because they had bred during that rainy period. The year-round availability
of eggs indicates that B. marinus is an opportunistic breeder. Wilhoft (1965) also found an
inverse relationship between the observed number of gravid females and the amount of rain.
Straughan (1966), in Queensland, writes that the breeding season starts with the first summer
storms in September. Oviposition may occur throughout the day as well as night, although
it was never observed to commence during the day. Floyd and Benbow (1984) found that
breeding tends to occur when the water level rises above a certain level. They conclude that
control measures are most efficient on wet nights.

- In Australia, toads often attain adult length in their second summer (van Beurden 1978).
Zug and Zug (1979) record that, in New Guinea, females reach sexual maturity at a snout-
vent length of 70-80 mm; in the Canal Zone, Panama, the length is 90-100 mm and males
mature at 85-95 mm. Zug et al. (1975), in Papua New Guinea, report no size difference
between the (adult) sexes.

‘Salt’, by which is meant a specific quantity or ‘chunk’ of salt, considered as a particular
object in one particular case, is entered on the egg envirogram as both resource and
malentity; they must be different ‘chunks’ in the two cases. It is also a malentity of tadpoles.

On the adult envirogram, heat, water and light (tentatively) appear as modifiers of mates.
Salt, rain and heat, in turn, modify water. The informal defining equations for the chain
ending in salt for a female adult follow.

(male)Mat(subject female) = 4 An offspring of both individuals will be produced
with probability greater than zero | £(male)(subject female).

By ‘water’ is meant a body of water, e.g. a lake or a pond.

(water)Mod”(subject female) =4 (3 male) such that
[(male)Mat(subject female) | &(water)(subject female) and
~ (male)Mat(subject female) | ~ &(water)(subject female)].

The following defining equation refers to Ely’s (1944) results on the most favourable
medium. ‘Salt’ is, as usual, a particular ‘chunk’ of salt; it is not to be interpreted as salt in
general. Attention is focussed on precisely that ‘chunk’ of salt which, when added to the
water (0-5% salt) causes the water to be suitable for breeding.

(salt)Mod **(subject female) = 4 (I water) such that
[(water)Mod(subject female) | £(salt)(water) and ~ (water)Mod!(subject female) |
~ £(salt)(water)].

5. Many writers have noted the close association of B. marinus with humans. The following
reasons have been suggested:

(i) lights (which attract insects);
(ii) food (refuse and pet food);
(iii) warmth;
(iv) water;
(v) shelter.
For example:

(i) Brattstrom (1962b), in studying homing, observed that, of 15 transported toads,
11 returned, all to the same light; he strongly suggests that the insects around the
light were the main attraction. Dexter (1932) and many other concur. Oliver (1949)
remarks that the animals characteristically return to good feeding sites.

(ii) Alexander (1964) observed toads eating (diurnally) canned dog-food remains and
the following household refuse: raw lettuce, avocado, broccoli and carrot, cooked
corn, rutabagas, black-eyed peas, and rice. No insects, which might have attracted
the toads, were seen close by.
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@iii) R. B. Floyd (1981, pers. comm.) suggests that the greater warmth of urban areas
and (see note 12) and the greater availability of water for breeding (see note 4) attract
(iv) toads.

(v)  Several writers, including Krakauer (1968) and Alcala (1957), suggest that B. marinus
prefers disturbed areas —around buildings, on farms, along canals, and in secondary
growth, The continued expansion of Miami seems to be destroying the habitat of
B. terrestris, while creating more disturbed areas for B. marinus. Such areas provide
nooks and crannies for day shelter.

The informal defining equation for some human acting as a modifier by providing an
object of food for a subject adult toad is:

(human)Mod * !(toad) =4 (3 food) such that [(food)Res(toad) | {(human)(food)
and ~ (food)Res(toad) | ~ £&thuman(food)].

6. Adult toads are astonishingly catholic eaters (see envirogram).

In addition to insects etc., Krakauer (1968) found five toads in Florida with stomachs full
of undigested grass (see also Zug et al. 1975 for New Guinea).

Mungomery (1938) reports that B. marinus can survive long periods without food.
He kept several pairs of toads without food for one month and they showed no ill effects;
one pair bred immediately upon release.

Oliver (1949) notes that if an abundant supply of insects is available, the toad will only
stop eating when gorged to the point of distending its body.

Zug et al. (1975) find that forest-dwelling toads are better fed and bigger, with more
animals in the diet. The greater abundance of plants found in the stomachs of savannah-
dwelling toads shows deliberate rather than accidental ingestion by these toads, presumably
to supplement meagre insect resources. Within its original range in Brazil, Striissmann et al.
(1984) found that medium-sized B. marinus eat most prey in proportion to their abundance,
except spiders, which are eaten less and termites and ants which are eaten more than would
be expected from their availability. Larger toads tend to eat more termites and less ants than
medium-sized toads.

Once the mouth is formed, tadpoles eat the foam they were laid in. When this is finished,
they eat organic matter in the water. B. marinus tadpoles show no preference in feeding
from surface, midwater or substrate, in contrast to other species of toads. However, this
may be because the high clutch numbers force this wide range in feeding behaviour (Tyler
1976). Zug and Zug (1979) remark that the ideal time for metamorphosis would seem to be
at the beginning of the wet season (about May in the toad’s native environment) when
insects are abundant.

The informal defining equation for a specific ‘chunk’ of foam as a food resource for a
subject tadpole is:

(foam)Res(tadpole) = 4¢ H(tadpole) is increased | £(foam)(tadpole).

Since ‘foam’ is not an animal, the second part of the defining equation is not used.
‘Foam’ is assumed to be nutritious, thus increasing H(tadpole).

7. Many writers agree that the toads are carnivorous and feed only on moving organisms.
However, see notes 5(ii) and 8. Also, King (1969) comments that B. marinus can detect
prey by smell alone. Clearly, movement is often a factor in arousing feeding responses,
e.g. a toad has been recorded as pursuing and attempting to eat a ping-pong ball, and Grant
(1948) reports a toad consuming a lighted cigarette butt. Movement is suggested as the
operative factor in toads eating strychnine flowers (see note 8). F. A. Bianchi, in a personal
communication to S. Easteal, mentions that when B. marinus was first introduced into
Hawaii, it would eat nothing but flying or moving insects, although the descendents will
eat solid and liquid food. Ingle and McKinley (1978) found that two moving objects close
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together elicited more strikes than a single moving object. Fife (1973) comments that
B. marinus never misses when it strikes, although frogs have error rates of 2-7%. Dean
(19804, b) has done a detailed study of the strike, in which the times taken to complete the
movements ‘start of lunge’, ‘start of tongue protrusion’, . . ., ‘end swallow’ and ‘toad still’
were recorded. Dean observed that, in contrast to B. americanus, B. marinus strikes willingly
when a second bombardier beetle is offered, even if the toad’s behaviour on a previous
occasion has shown discomfort. Camhi (1980) describes a similar study in which toads struck
at cockroaches; in 55% of the strikes the cockroach escaped, apparently gaining prior
information of the strike from the small but sharp puff of air made by the toad’s lunge.

Most prey for large toads is in the 5-1-10 mm range (in length). The toads ignore
anything less than 2 mm long (Zug and Zug 1979).

The informal defining equation for a particular ‘chunk’ of kinetic energy as a first-order
modifier of a food object is:

(kinetic energy)Mod“(toad =g4¢ (3 food) such that [(food)Res(toad) |
£(kinetic energy) (food) and ~ (food)Res(toad) | ~ £(kinetic energy)(food)].

8. In the Foster Gardens in Hawaii, a seasonally fatal epidemic occurs when blossoms fall
from the strychnine trees. Toads, attracted by the movement, eat the blossoms and die of
strychnine poisoning. Petals of the flowers contain 1-023% pure strychnine (Alexander
1964).

The informal defining equations for a particular strychnine blossom as a malentity and
a specific ‘chunk’ of kinetic energy as a modifier are:

(blossom)Mal(toad) = 4 H(toad) is decreased | £&(blossom)(toad)

(kinetic energy)Mod*!(toad) = 4 (3 blossom) such that [(blossom)Mal(toad) |
£(Kinetic energy)(blossom) and ~ (blossom)Mal(toad) |
~ E(kinetic energy)(blossom)].

9. Several authors, notably Boice and Boice (1971) have suggested that there is an
hierarchical feeding order among toads which correlates positively with size. Sometimes,
individuals will push others away from food in an extremely aggressive manner. Fellows
(19694) observed a number of toads sitting in a perfect circle around a straw-sized hole
from which female termites were emerging. The toads struck at the emerging insects in a
definite order and no two toads ever struck at the same time.

A toad which takes food which might otherwise have been food for the subject toad is
modifying a resource. The informal defining equation is:

(other toad)Mod ~!(subject toad) =4; (3 food) such that
[(food)Res(subject toad) | ~ £(other toad)(food) and ~ (food)Res(subject toad) |
£(other toad)(food)].

10. The mosquito Mimomya elegans (Taylor) was reported by van Beurden (1980a4) to
be feeding on the toad in Queensland. There is evidence to suggest that other species of
mosquito are also predators. The informal defining equation is:

(mosquito)Pred(toad) = 4; H(toad) is decreased and H(mosquito) is increased |
£(mosquito)(toad).

11. Cannibalism has been observed by Hinckley (1962), Bailey (1976) and Tyler (1976).
The latter records that a newly metamorphosed toad is about 8 mm in length and at constant
risk of being eaten by larger toads. This risk diminishes with size.

The envirogram shows the case that the subject animal is an older toad and the young
toad is a resource. The informal defining equation is:
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(young toad)Res(subject toad) =4 H(subject toad) is increased and
H(young toad) is decreased | £(young toad)(subject toad).

12. There is a range of heat energy that can be considered beneficial or at least not
harmful —this range will be a set of resources. Outside the beneficial range, both above and
below, the animal will be increasingly disadvantaged to a point at which it will die—this
range will be a set of malentities.

Brattstrom (1963) reports that, in South America, the average body temperature of the
animal in the wild, calculated from all sources until 1963, was 25-2°C. Johnson (1972), in
Australia, gives 213 +2-4°C as the body temperature. Van Beurden (1981), also in Australia,
reports that when B. marinus is exposed to temperatures of 3°C, it takes from 1-2 h for
the animal’s deep body temperature to fall from 20 to 3°C. The raising of the deep body
temperature occurs more quickly. He also found that toads from southerly (i.e. colder) areas
recovered more quickly from exposure to very low temperatures of 0-2°C. Survival times
of juveniles and tadpoles exposed to very low temperatures were short. However, all tadpoles
survived at 8°C for 24 h.

Fifty per cent of newly metamorphosed toadlets die within 4 h when exposed to
temperatures of either 4-5 or 40°C. ‘On dry sunny days the activity of these toadlets is
restricted to 10 m from the water edge —regular excusions are made every 15-20 min to the
water for water uptake. Deprived of their “drink” and remaining exposed to the sun they
died within 40 min. Similarly deprived but not exposed to the sun they died in 50 min.’
(van Beurden 1978). A 12-h exposure of adults to 30° and 40°C was not lethal, but exposure
for 28 and 48 h was. All adults survived at least 96 h at temperatures above 4°C. In an
outdoor experiment with 52 adults in an enclosure, nine toads died during the first frost of
the season (the temperature fell to —1°C for just over an hour). On the following day,
10 toads died (the temperature fell below 1°C for over 8 h). The position of the animals in
the enclosure was thought to be important in this experiment, since the temperature beneath
litter was about 2°C higher (van Beurden 1979). Warburg (1965) noted that B. marinus at
a temperature of 37-5°C and very low humidity of 0-5% had a mean survival time of
4-6 h (maximum 8 h),

Krakauer (1968) argues that Miami (Florida), which experiences subzero temperatures
about once every five years, is a marginal habitat for B. marinus. He comments that any
nearby water will moderate the microclimate and that the most favourable habitat for
B. marinus is the East Coast Rock Ridge, where the climate is mitigated by the Atlantic
Ocean. He also indicates that nocturnal temperature inversions will cause ground frosts
more frequently in open areas than in urban areas and hence that toads are attracted towards
urban areas. Zug and Zug (1979) note that the limit of the range of B. marinus in Texas
corresponds to the 15°C isopleth. Stuart (1951) found Guatemalan toads only below 1500 m,
which is the isopleth for the 15°C mean minimum temperature.

It seems almost certain that all anurans use evaporation from the skin as a cooling device,
both in stress situations and for normal thermoregulation. Other factors affecting body
temperature will be the temperature of the surrounding air in the microenvironment and the
temperature of the substrate; both of these involve conduction. A modifier of the substrate
will be the amount of air it holds.

Duellman (1965) hypothesises that the low density of B. marinus in well-shaded forests
might be because the thermal requirements of embryos are unsuited by shaded pools.
He notes that the animals are abundant in nearby clear areas.

Oviposition can be interrupted by a fall in temperature. Delays of up to three days were
observed by Straughan (1966) when the water temperature dropped below 72°F (22-2°C).
Oviposition continued once the temperature returned to 78°F (25-6°C).

The informal defining equations for a particular ‘chunk’ of heat energy as a malentity
modified by the subject animal itself (using evaporation) are:

(heat)Mal(subject toad) = 4; H(subject toad) is decreased | £(heat)(subject toad)
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(subject toad)Mod ~!(subject toad) = 4 (3 heat) such that
[(heat)Mal(subject toad) | ~ &(subject toad)(subject toad) and
~ (heat)Mal(subject toad) | £(subject toad)(subject toad)].

In the latter definition, the interaction primitive £ is used for the subject animal interacting
with itself.

13. The frog, Kaloula conjuncta (Peters) of the family Microhylidae, shares the same
breeding ponds as B. marinus in parts of the Philippines. B. marinus lays a much larger
clutch of eggs, so that we might expect it to consume most available organic matter,
particularly in adverse conditions. However, food is so abundant that the competition has
little noticeable effect (Alcala 1957). Rabor (1952), also in the Philippines, observed K.
conjuncta as a possible competitor.

The frog is entered on the tadpole envirogram as a first-order modifier of a class of food
resources. For a particular food object, the informal defining equation is:

(Kaloula)Mod ~!(tadpole) = 4 ( 3 food) such that [(food)Res(tadpole) |
~ &(Kaloula)(food) and ~ (food)Res(tadpole) | &(Kaloula)(food)].

14. Alcala (1957) reports that some fish eat B. marinus larvae, but does not specify which
ones (see note 1).

“In this case, the fish is classified as a predator, it being understood that the larva, tadpole
say, is nutritious and not poisonous to the fish.

(fi‘sh)Pred(tadpole) = 4 H(tadpole) is decreased and H(fish) is increased |
£(fish)(tadpole)

15. Buzacott (1939) showed that domestic fowls could eat young toads (13/8-7/16" i.e.
1-20-1-11 cm long) with impunity. He also records that the toad feeds on the cockroach
which is an intermediate host for the fowl parasite, the eyeworm.

In this interesting modifier chain, a particular domestic fowl is classified as a predator
of the subject toad; a particular eyeworm is a negative first-order modifier of the fowl,
assuming here that the bird becomes ineffectual as a predator of toads when parasitised; a
particular cockroach is a positive second-order modifier; any toad (it could be the subject
animal) is a negative third-order modifier. The informal defining equations are:

(fowl)Pred(toad) = 4; H(toad) is decreased and H(fowl) is increased |
£(fowl)(toad)

(eyeworm)Mod ~!(toad) = 4 (3 fowl) such that [(fowl)Pred(toad) |
~ t(eyeworm)(fowl) and ~ (fowl)Pred(toad) | £(eyeworm)(fowl)]

(cockroach)Mod **(toad) =4 (3 eyeworm) such that [(eyeworm)Mod!(toad) |
£(cockroach)(eyeworm) and ~ (eyeworm)Mod!(toad) | ~ &(cockroach)(eyeworm)]

(any toad)Mod ~3(toad) =4 (3 cockroach) such that [(cockroach)Mod?(toad) |
~ E(any toad)(cockroach) and ~ (cockroach)Mod?(toad) |
£(any toad)(cockroach)].

16. In Puerto Rico, the ground lizard Ameiva exsul (Wolcott 1937) was useful in controlling
the cane pests Phyllophaga portoricencis (the June beetle) and Cnemarachis vandinei.
The lizard was practically exterminated by the introduced mongoose, and B. marinus
was then introduced to control the cane pests. Any surviving lizards are competitors of
B. marinus and their effectiveness is governed by the size of the mongoose population
(Mettrick and Dunkley 1968).

Smyth (1917) also records the lizard as feeding on the beetles. He lists the following
Phyllophaga spp. on Puerto Rico: P. vandinei, P. portoricensis, P. guanicana and P. citri,
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also Phytalus insularis. All these arc caten by the toad. The grubs arc caten by the Puerto
Rican blackbird Holoquiscalus brachypterus, the bare-legged owl, ‘mucaro’ Gymnasio
nudipes nudipes, the little blue heron, ‘garza axul’ Glorida caerulea caerulescens, and the
mangrove cuckoo Coccyzus minor nesiotes. On St Kitts, Phyllophaga patruel is a resource
of B. marinus and, at St Vincent, P. patens. Wasps of the family Scoliidae and the click
beetle family, Elateridae, also attack the grubs, while flies on the family Tachinidae attack
the adult beetles. The grubs are also susceptible to the fungus Metarrhizium and the
bacterium Micrococcus nigrofaciens Nov. At the time of writing, humans were also a
significant modifier of this resource; during seven months in 1914, 2255 000 beetles were
collected by paid workers on the sugarcane plantations. Other modifiers of the Phyllophaga
spp. are mites, the humidity and texture of the soil, heat energy, and various fruits and
plants (see note 43). Many authors have suggested that insects are seasonally abundant in
B. marinus’ environment; many species of insect emerge only when favourable conditions
such as seasonal rains and appropriate temperatures occur. In some areas (Zug and Zug
1979; see note 34), this seasonal abundance results in greatly increasing activity among
the toads.

The informal defining equations for a particular beetle as a resource, a particular lizard
as a competitor of the subject toad for that resource and thus a negative first-order modifier,
and a mongoose as a second-order modifier are:

(beetle)Res(toad) = 4 H(toad) is increased and H(beetle) is decreased |
£(beetle)(toad)

(lizard)Mod ~'(toad) =4 (3 beetle) such that [(beetle)Res(toad) |
~ ¢(lizard)(beetle) and ~ (beetle)Res(toad) | £(lizard)(beetle)]

(mongoose)Mod ~%(toad) = 4 (3 lizard) such that [(lizard)Mod!(toad) |
~ g(mongoose)(lizard) and ~ (lizard)Mod!(toad) | &(mongoose)(lizard)].

17. The common keelback (a snake, Amphiesma mairii) thrives in captivity on a diet of
B. marinus and is the only Australian species of animal known to utilise the toad regularly
for food (Covacevich and Archer 1975).

The informal defining equation for a keelback as a predator is:

(keelback)Pred(toad) = 4 H(toad) is decreased and H(keelback) is increased |
£(keelback)(toad).

18. Both Tyler (1976) and Brattstrom (1962b) note that flash floods in drainage ditches and
other confined waterways are dangerous to tadpoles, although Breder (1946) remarks that
tadpoles can stem a considerable current.

In this case, a ‘chunk’ of kinetic energy acts as a malentity. The informal defining
equation is:

(kinetic energy)Mal(tadpole) =4 H(tadpole) is decreased |
£(kinetic energy)(tadpole).

19. At metamorphosis, young toads are at high risk of death by drowning if they are
unable to climb from the water (Tyler 1976).

An object which is a particular ‘chunk’ of water is classified as a malentity of the young
toad, which is the subject animal in this case; the water is modified by a steep-sided ditch.
The informal defining equations are:

(water)Mal(young toad) =4 H(young toad) is decreased | £(water)(young toad)

(ditch)Mod * !(young toad) =4 (3 water) such that [(water)Mal(young toad) |
£(ditch)(water) and ~ (water)Mal(young toad) | ~ £(ditch)(water)].
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20. Tyler (1976) notes that the principal benefit of B. marinus’ presence in Australia has
been as an experimental animal for use in secondary schools, universities, and in medical
research institutions, to the extent of 100 000 animals per year. These students and researchers
as classed tentatively as malentities, with the understanding that ‘student’ is, for the purpose
of this article only, classified as an animal and that ‘H(student)’ has some suitable inter-
pretation. In North Queensland, the Innisfail Apex Club has made enough money from the
sale of cane toads to build an old people’s home, known locally as ‘Toad Hall.
The informal defining equation for a student as a malentity is:

(student)Mal(toad) =4 H(toad) is decreased and H(student) is unchanged |
#(student)(toad).

21. Small tadpoles are ‘eaten’ by the aquatic insectivorous bladderwort plant Utricularia
spp. The tadpoles are in danger particularly when water levels are low (Tyler 1976).

Since a bladderwort is not an animal, it is classified as a malentity. The informal defining
equation is:

(bladderwort)Mal(tadpole) = 4 H(tadpole) is decreased | £(bladderwort)(tadpole).

22. Mead (1961) gives the following complex interaction on Guam and Ponape Island
between B. marinus and several other introduced and native species. The giant African snail
(Achatina fulica) was accidentally introduced on boats with produce etc., and B. marinus,
which was introduced effectively to control the black garden slug Veronicella leydigi, also
predated the young of the snail. In addition, the toad consumed the native snails Opeas spp.
Furthermore, examination of the toad’s stomach contents revealed flesh and shell fragments
from much larger snails, usually in the presence of dead fly maggots. Apparently, the toads
were attracted by the movement of fly maggots to dead snails which had been crushed by
cars. Cockroaches had thrived because of the large numbers of dead snails —and B. marinus
thrives on cockroaches. Early traders had accidentally introduced rats; to control them, the
monitor lizard (Varanus spp.) was brought in. Unfortunately, the lizard is diurnal and the
rats nocturnal, so the lizard became a pest by consuming eggs and chickens. The monitor
lizard also ate B. marinus, which poisoned it (see note 1). Cats and dogs were the best ratters
on the Islands. However, they ate B. marinus and died. A beneficial consequence of the
introduction of the monitor lizard was the predation of coconut pests: the coconut crab
(Birgus latro) and grubs of the rhinoceros beetle; and the general agricultural pest, the giant
African snail. The coconut crab also feeds on this snail.
Thus, the introduction of B. marinus:
(i) reduced the black slug population;
(ii) reduced the monitor lizard population;
(iii) reduced the cat and dog population;
(iv) aggravated the rat problem (by killing lizards, cats and dogs);
(v) reduced the natural control of coconut pests;

(vi) had some effect on the giant African snail population;

(vii) ameliorated the fly and cockroach problem (caused by the abundance of dead

giant African snails).

Bailey (1976) and Tyler (1976) both comment on the extremely poor condition of many
toads in New Britain (New Guinea). At that time, the toads had apparently eaten out almost
the entire population of ground-dwelling insects. In consequence, they began eating the
introduced giant African snail (Achatina fulica). This snail has a large and probably
indigestible shell which has been known to puncture car tyres (see note 24). Insects are
classified as first-order modifiers because, in their presence, the snail is less likely (unlikely)
to be eaten but, in their absence, the probability of the snail being eaten increases markedly.
Since other toads or other insectivores in general will eat insects, ‘other toads, other
insectivores’ are second-order modifiers. Matsumoto et al. (1984) found that B. marinus
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eats A. fulica in the Bonin Islands, as well as ants, pill-bugs, Diptera larvae and other
insect larvae.
The informal defining equations for the modifier chain ending with insectivore are:

(snail)Res(toad) = 4¢ H(toad) is increased and H(snail) is decreased | &(snail)(toad)

(insect)Mod ~!(toad) =gr (3 snail) such that [(snail)Res(toad) | ~ £(insect)(toad)
and ~ (snail)Res(toad) | &(insect)(toad)]

(insectivore)Mod ~*(toad) =4 (3 insect) such that [(insect)Mod!(toad) |
~ §(insectivore)(insect) and ~ (insect)Mod!(toad) | &(insectivore)(insect)].

23. When faced with an enemy, B. marinus has a behaviour pattern which is apparently
an attempt to convince the would-be predator that the toad is too large to eat. The toad
drops the side of its body nearest the enemy and raises the other side, thus displaying the
greatest possible surface area (Tyler 1976). The toad is thus acting as a modifier in its own
environment. The informal defining equation is:

(toad)Mod ~ (toad) =g4r (3 enemy) such that [(enemy)Pred(toad) |
~ &(toad)(toad) and ~ (enemy)Pred(toad) | £(toad)(toad)].

The interaction primitive ‘¢’ is used here for the case that the subject animal interacts
with itself.

24. the Frenchi beetle Lepidiota frenchi feeds by preference on Moreton Bay ash, blood-
wood and guava. Both the elimination of these trees, and soil fumigation using carbon
bisulfide and paradichlorobenzene, were employed by farmers to help control this cane pest
(in Queensland).

In 1941, it was apparent that B. marinus was playing only a minor role in controlling
the grey-black and Frenchi beetles in Queensland (van Beurden 1978).

Fellows (19690) reports that B. marinus will not eat large, hard-cased adult cane beetles,
although they will readily eat softer, younger cane beetles. Presumably, the beetle in question
is either the grey-backed bectle Dermolepida albohirtum or the Frenchi beetle Lepidiota
Jrenchi (see note 22).

The informal defining equations for the chain ‘subject toad, beetle, chemical human’ are:

© (beetle)Res(toad) = ; H(toad) is increased and H(beetle) is decreased |
&(beetle)(toad)

(chemical)Mod ~(toad) =ar (3 beetle) such that [(beetle)Res(toad) |
~ &(chemical)(beetle) and ~ (beetle)Res(toad) | £&(chemical)(beetle)]

(human)Mod *2(toad) = 4r (3 chemical) such that [(chemical)Mod!(toad) |
£(human)(chemical) and ~(chemical)Mod!(toad) | ~ £&(human)(chemical)].

25. The tadpoles are very dark; this aids them in absorbing and maintaining high body
temperature. It is to B. marinus’ advantage to maximise growth and development rates to
increase the probability of eggs surviving through the tadpole stage to metamorphosis before
the pond dries up or flash floods sweep them away (Heatwole ef al. 1968) (see also notes
12 and 18).

Tadpoles aggregate. Brattstrom (1962a) has done experiments which show that aggregated
tadpoles absorb heat more readily than when dispersed and convey heat to the surrounding
water, thus raising the temperature of their immediate surroundings.

Both R. B. Floyd (pers. comm.) and Mares (1972) remark that the tadpoles, often
aggregated, vary their location in the pond in order to remain within their preferred
temperature range.
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Oliver (1949) lists the following as affecting tadpole development:
(i) water temperature;

(ii) amount and type of food;

(iii) amount of light;

(iv) number of tadpoles present.

R. B. Floyd (pers. comm.; 1983, 1984a, b) reports that egg survival rises from an average
of 60% at 18°C to over 90% at 27°C, then falls to about 62% at 34°C. Outside these
temperatures, survival is negligible. He believes that eggs are less tolerant than tadpoles of
temperature extremes. At 14°C, eggs hatch after 155 h; the hatching time decreases approx-
imately exponentially to about 25 h at 34°C. Floyd determined the temperature preference
of larvae at six stages of development; he found that preferred temperature generally
increased as larval development progressed. However, there was no significant correlation
between temperature tolerance and temperature preference. Different acclimation temperatures
at a median developmental stage had no effect on temperature preference. Critical thermal
maxima and minima were studied for various acclimation temperatures for the tadpoles at
ten stages of development.

Informal defining equations for a specific ‘chunk’ of heat energy as a resource of the
subject tadpole and for another tadpole as a modifier are:

(heat)Res(tadpole) =4 H(tadpole) is increased | £(heat)(tadpole).

(other tadpole)Mod * !(tadpole) = 4 (3 heat) such that [(heat)Res(tadpole) |
£(other tadpole)(tadpole) and ~ (heat)Res(tadpole) |
~ ¢(other tadpole)(tadpole)].

26. Hinckley (1962), working in Fiji, reports that the animal eats dung beetles of the genera
Copris and Aphodius. Cattle are included as second-order modifiers; almost any animal
passing faeces could be included here.

The informal defining equations for a beetle as a resource, a particular dropping of
dung as a modifier of that resource, and a particular cow as the provider of the dung and
therefore a positive second-order modifier, are:

(beetle)Res(toad) = 4¢ H(toad) is increased and H(beetle) is decreased |
£(beetle)(toad)

(dung)Mod *(toad) =4 (3 beetle) such that [(beetle)Res(toad) | £(dung)(beetle)
and ~ (beetle)Res(toad) | ~ £(dung)(beetle)]

(cow)Mod *2(toad) =4 (3 dung) such that [(dung)Mod'(toad) | ~ £(cow)(dung)
and ~(dung)Mod!(toad) | &(cow)(dung)].

27. Hinckley (1962), in Fiji, reports that adult toads occasionally choked to death when
trying to swallow young mynahs and chickens.

A class of malentities ‘[oversized food]’ is shown on the envirogram. The informal defining
equation for a particular mynah as a malentity is:

(mynah)Mal(toad) = 4 H(toad) is decreased and H(mynah) is decreased |
£(mynah)(toad).

28. Hutchinson and Kohl (1971) measured metabolic rate in terms of oxygen consumption
and found that changes in metabolic rate were governed by the photoperiod (i.e. no internal
rhythm was observed). Under various regimes of photoperiod, a pronounced decrease ion
metabolic rate occurred in the two to three hours after onset of the photophase and a peak
in metabolic rate in the corresponding two to three hours after darkness.
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The informal defining equations for a particular ‘chunk’ of oxygen as a resource and a
specific ‘chunk’ of light energy as a modifier are:

(oxygen)Res(toad) =4 H(toad) is increased | £(oxygen)(toad)

(light)Mod ~!(toad) =4r (3 oxygen) such that [(oxygen)Res(toad) |
~ £(light)(toad) and ~ (oxygen)Res(toad) | £(light)(toad)].

29. Illingworth (1941) reports that the ants Pheidole megacephala are eaten only on rainy
nights, apparently giving away their position by throwing up mounds of soil. The informal
defining equations are:

(ant)Res(toad) =4 H(toad) is increased and H(ant) is decreased | £&ant)(toad)

(rain)Mod * ! (toad) =g4r (3 ant) such that [(ant)Res(toad) | £&(rain)(ant) and
~ (ant)Res(toad) | ~ £(rain)(ant)].

30. Jakowska (1972), in the Dominican Republic, reports the tick Amlyomma dissimile as
producing lesions on B. marinus. Female ticks will feed for five or six days on the toad,
breed, then fall off. The young ticks may infest other toads so that infested toads, or the
other known host, the iguana Cyclura cornuta, are first-order modifiers. The same tick was
reported in Trinidad by Lever (1938).

The informal defining equations are:

(tick)Pred(toad) =4 H(toad) is decreased and Hftick) is increased | &(tick)(toad)
(iguana)Mod ~!(toad) =g (3 tick) such that [(tick)Pred(toad) | ~ £(iguana)(tick)
and ~ (tick)Pred(toad) | £(iguana)(tick)].
31. Johnson (1976) gives the following TLs, (50% tolerance limit) concentrations in ppm
(sig/ml) for tadpoles:

TLso values for herbicides with anurans in
bioassays conducted at 21-22°C

Toxicant 24 h 48 h 96 h
Fenoprop 60 42 34
Sodium arsenate 195 150 123
2,4,5-T amine 425 382 340
2,4D amine 346 333 288

Chemical compositions of these toxicants may be found in Johnson’s article.

These herbicides may enter the locality in at least two ways: by direct spraying and
through run-off from spraying of the littoral area.

B. marinus tadpoles were more resistant than other anurans tested.

The informal defining equations for a particular ‘chunk’ of a particular herbicide as a
malentity, for ‘run-off’ (an object consisting of a particular ‘chunk’ of water moving in the
right direction) as a first-order modifier, and for a human (who puts the herbicide into the
system) as a second-order modifier, are:

(herbicide)Mal(tadpole) =4 H(tadpole) is decreased | £(herbicide)(tadpole)

(run-off)Mod *1(tadpole) = 4 (3 herbicide) such that [(herbicide)Mal(tadpole) |
&(run-off)(herbicide) and ~ (herbicide)Mal(tadpole) | ~ £(run-off )(herbicide)]

(human)Mod *2(tadpole) =4¢ (3 run-off) such that [(run-off)Mod!(tadpole) f
£(human)(run-off) and ~ (run-off)Mod (tadpole) | ~ &(human)(run-off)].
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32. Kloss (1974) reports the following four nematodes (Rhabditoidae) infesting B. marinus:
Rhabdias sphaerocephala Goodey 1924; R. fuelleborni Travassos 1927; R elegans Gutierrez
1945; R. hermaphrodita Kloss 1971. All species have a complex two-generation life cycle:
a free-living generation in the excrement of the host which will penetrate the skin of almost
any animal; and an hermaphroditic generation within the host, usually in the lungs.

The informal defining equation is:

(nematode)Pred(toad) = 4 H(toad) is decreased and H(nematode) is increased |
£(nematode)(toad).

33. Except for a few instances of diurnal feeding (e.g. see note 5; Alexander 1964), the
usual adult cycle is one of nocturnal activity and diurnal disappearance. Zug and Zug (1979)
found that not all individuals are active in feeding, even during optimum conditions and
abundance, which suggests that toads feed maximally when active and then retire for several
days to assimilate their food. In the wet season in Papua, at least 31% of the population
were active on any one night, with a maximum of 50% on one particular night. Most toads
reached a peak of activity about two hours after dusk.

A detailed study by Jaeger and Hailman (1981), in which they made illumination measures,
showed that the toad is active at night in bright, open places such as mud flats or grassy
lawns and is usually inactive during the day. Feeding appeared to be confined to dim
illumination at night; they never observed foraging during the day. Two individuals became
active shortly before dark when general illumination was 20 and 60 lux, while the others
waited until the illumination was less than 0-01 lux.

The informal defining equation for a ‘chunk’ of light energy as a first-order modifier of
some specific food object is:

(light)Mod ~!(toad) =4 (3 food) such that [(food)Res(toad) | ~ &(light)(food)
and ~ (food)Res(toad) | £(light)(food)].

34. It is not known whether B. marinus drinks. However, M. J. Tyler (pers. comm.)
writes, ‘To the best of my knowledge there is no record of any species of frog drinking’.
Like all amphibians, water is absorbed through the skin. Krakauer (1970) reports that
B. marinus survived 140 d (i.e. to termination of experiment) immersed in distilled water.
Heatwole and Newby (1972) determined that activity greatly influences evaporative water
loss. In plotting activity against hydrated weight, they found that B. marinus was most
active between 50 and 59% of its fully hydrated weight and that it still remained active when
its percentage weight was as low as 30-39%. They concluded that the animal was well
adapted to relatively dry conditions.

Krakauer (1970) tested the toad’s dehydration tolerance. The following figures are from
Table 1 of his article (the values in parentheses are for Rana pipiens):

Weight () 84-4 (10-4)
Body water (%) 77-2 (83-5)
Tolerance (%) 52-6 (52-2)
Essential water (%) 609 (70-8)

‘Body water’ is the difference between wet weight (empty bladder) and oven-dried weight
as a percentage of body weight. ‘Tolerance’ is the lethal limit of desiccation, i.e. the
difference between wet weight and weight at death as a percentage of (wet weight —dry
weight). ‘Essential water’ is the difference between weight at death and dry weight as a
percentage of weight at death.

Machin (1969), in laboratory experiments, showed that low humidity and high air flow
over the toad are important factors in evaporative water loss. He comments that toad skin
acts as a diffusion barrier and that it becomes less permeable as the humidity drops.
For tadpoles, heat energy can be a malentity in another way; Gomoll (1968) in Guam, and
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others comment that occasionally B. marinus lays eggs in small puddles that are in danger
of drying up.

Zug and Zug (1979) suggest that the ideal time for metamorphosis would be the beginning
of the wet season when high humidity permits rapid and distant dispersal. Takana and Iijima
(1939) find that toadlets die quickly if the relative humidity is below 70-80%.

Of several species of tadpole tested, Valerio (1971) reports B. marinus as being the second
least resistant to being removed from water (he used tadpoles which had reached a late
stage). Of ten B. marinus tadpoles, all survived up to seven hours and all were dead by
ten hours.

In Papua, Zug and Zug (1979) noticed greatly reduced activity among the toads in the
dry season. As the number of consecutive dry days increases, the activity of the population
decreases. They suggest two causes of this decrease: I during the dry season, there are less
prey available, and 2 there is a high water loss from the animal. They suggest that the toad
uses a crouched posture to lessen the skin area through which water can evaporate (see also
note 3). They report also that hydration occurs faster in water than in saturated soil.
The rate of water loss is size-dependent. Large toads lose more water at a faster rate but,
because they have much more water to lose, they survive better.

We have assumed above that we are discussing healthy animals. However, in the case
reported in note 22, near-starving toads that ranged too far from cover in search of food
during the night died of dehydration in the morning sun, being too weak to return (Bailey
1976; Tyler 1976).

The informal defining equations for a ‘chunk’ of water as a resource and the subject toad
itself as a modifier of that resource (by reducing its activity) are:

(water)Res(subject toad) =4 H(subject toad) is increased | £(water)(subject toad)

(subject toad)Mod * }(subject toad) =4 (3 water) such that
[(water)Res(subject toad) | &(subject toad)(subject toad) and
~ (water)Res(subject toad) | ~ &(subject toad)(subject toad)].

35. Krakauer (1970) reports that toads placed in seawater (15% NaCl) ‘thrashed around’
immediately and all died within hours. At 10% NacCl, there was 100% survival after 96 h.
Curiously, Wingate (1965), in Bermuda, writes, ‘adults occasionally swim across salt waters
to the smaller islets and I once intercepted a large adult specimen swimming ashore on
Nonsuch Island from the mainland 1500 ft (457-2 m) distant’.
Here it is assumed that salt is a malentity. The informal defining equation is:

(salt)Mal(toad) =4 H(toad) is decreased | £(salt)(toad).

36. Mares (1972) comments that in experiments with tadpoles, crowding inhibits growth.
This has not been observed in the wild. We have tentatively classified ‘other tadpoles’ as
malentities because inhibited growth may reduce ‘H’. The informal defining equation for
another tadpole as a malentity is:

(other tadpole)Mal(tadpole) =4 H(tadpole) is decreased and H(other tadpole)
is decreased | £(other tadpole)(tadpole).
37. Mares (1972) reports a tadpole captured by a dragonfly larva (Odonata) but released
after a struggle. The informal defining equation for a dragonfly as a predator is:
(dragonfly)Pred(tadpole) =4 H(tadpole) is decreased and H(dragonfly) is
increased | £(dragonfly)(tadpole).

38. There is an unknown but significant predator of B. marinus in northern Australia.
This predator disembowels the toad and consumes the viscera. Cassels (1970) reports a koel
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(Eudynamys scolopacea) killing and eating two toads in this way. Several ecologists support
the theory that the predator is the white-tailed water rat (Hydromys chrysogaster). Frauca
(1974) often observed the Australian crow (Corvus orru) eating dead toads from the road
in similar fashion.

The informal defining equation for a koel as a predator is:

(koel)Pred(toad) =4 H(toad) is decreased and H(koel) is increased |
£(koel)(toad).

39. B. marinus in Hawaii eats the adults of the oriental beetle Ardoretus sinicus Burm.,
which feed at night on many plants including rose, grape, cycad, okra, bean, soya bean,
pigeon pea, sweet potato, asparagus, taro, banana, cotton, canna, acalypha, Mexican creeper.
Many larvae and pupae of the beetle are killed by the green muscadine fungus Metarrhizium
anisopliae. Larvae are also parasitised by the Scolia wasp Campsomeris marginella modesta
Smith and the rolling wasp Tiphia segregata Crawf. Lights discourage the beetle (contrast
with note 5). Arsenate of lead is effectively used by gardeners (Fullaway and Krauss 1945).

In Queensland, Mungomery (1936a) reports that the scarabaeid beetle population emerges
in full force only during the wetter period of the year.

The informal defining equations for the beetle as a resource, a specific ‘chunk’ of light
as a first-order modifier, and a particular human who acts as a second-order modifier by
providing a light, are:

(beetle)Res(toad) = 4 H(toad) is increased and H(beetle) is decreased |
£(beetle)(toad)

(light)Mod‘l(toad) =4¢ (3 beetle) such that [(beetle)Res(toad) | ~ £(light)(beetle)
and ~ (beetle)Res(toad) | é(light)(beetle)]

(human)Mod*z(toad) =g4r (3 light) such that [(light)Mod'(toad) | £(human)(light)
and ~(light)Mod1(toad) | ~ &human)(light)].

40. B. marinus eats the adults of this beetle (Pantomorus sp.) which feeds on at least
the following: geranium, hibiscus, bean, alfalfa, citrus, boa (Acacia koa), ti (Cordyline
terminalis), sugarcane. Larvae are eaten by the click beetle (Monocrepidus exsul) and adults
are also eaten by mynah birds and mongooses. This beetle, like the scarab, is also controlled
by arsenate of lead (Fullaway and Krauss 1945).

The informal defining equations for the beetle as a resource and a mynah bird as a first-
order modifier are:

(beetle)Res(toad) = 4 H(toad) is increased and H(beetle) is decreased |
£(beetle)(toad)

(mynah)Mod ~!(toad) =4 (3 beetle) such that [(beetle)Res(toad) |
~ E(mynah)(beetle) and ~ (beetle)Res(toad) | £(mynah)(beetle)].

41. B. marinus is known to eat domestic bees. Goodacre (1947) reports finding 300 bees
in the stomach contents of one toad. Apiarists have adopted the practice of raising their
hives on stakes two feet in height to prevent this predation. The toads seem to suffer no ill
effects from being stung.

The informal defining equations for a bee as a resource, a raised hive as a modifier, and
a human as a second-order modifier, are:

(bee)Res(toad) = 4 H(toad) is increased and H(bee) is decreased | £(bee)(toad)

(hive)Mod ~!(toad) =4 (I bee) such that [(bee)Res(toad) | ~ E(hive)(bee) and
~ (bee)Res(toad) | £(hive)(bee)]
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(human)Mod *%(toad) =4 (3 hive) such that [(hive)Mod!(toad) | £(human)(hive)
and ~ (hive)Mod!(toad) | ~ #(human)(hive)].

42. Zug and Zug (1979) observed an instance of B. marinus following the calls of male
frogs of the species Physalaemus pustulosus to their pool and later eating two of them.
Other observations suggest that B. marinus recognises the various sounds made by prey.
However, vision appears to be the toad’s primary sense (see also note 54 on cricket song).

The informal defining equations for a frog as a resource and a ‘chunk’ of ‘sound energy’
(strictly, kinetic energy) as a modifier is:

(frog)Res(toad) = 4 H(toad) is increased and H(frog) is decreased | &(frog)(toad)

(sound)Mod * I(toad) =4 (3 frog) such that [(frog)Res(toad) | £(sound)(toad)
and ~ (frog)Res(toad) | ~ &(sound)(toad)].

43. The Phylophaga spp. listed in note 16, often called the ‘May’ or ‘June’ beetles are
attracted by at least the following fruit trees (Dexter 1932): banana (Musa sp.); casuarina
(Casuarina equisetifolia); flamboyant (Delonix regia); almendro (Terminalia catappa); guava
(Inga laurina); coconut (Cocos nucifera); breadfruit (Artocarpus communis); trumpet
(Cecropia peltata).

Smyth (1917) lists many other plants ‘greatly relished’ by Phyllophaga, including: salcilla
(Schrankia portoricensis), quenepa (Melia azedarach), tamarind (Tamarindus indicus), jobo
(Spondias lutea), cecropia (Cecropia palmata), pigweed, or bledo (4 maranthus spp.), mallow
(Malachra rotundifolia), and Petiveria alliacea. He also mentions that adult Phylophaga
vandinei are strongly attracted to light,

Diaspore dispersal can be categorised by the operative energy source(s). The major division
is between parent plant energy and external energy sources. The latter will include various
agencies such as humans, animals, wind, water etc. (M. J. Liddle and A. Bulow-Olson,
pers. comm.), all of which appear in the environment of the toad as second-order modifiers.
Some of these modifiers may work in combination, modifying each other and thus entering
the environment as third-order modifiers in the formal sense.

The informal defining equations for a particular plant as a first-order modifier and a
particular human as a second-order modifier are:

(plant)Mod * {(toad) = 4 (3 beetle) such that [(beetle)Res(toad) | £&(plant)(beetle)
and ~ (beetle)Res(toad) | ~ &(plant)(beetle)]

(human)Mod *%(toad) =g4r (3 plant) such that [(plant)Mod!(toad) |
£(human)(plant) and ~ (plant)Mod!(toad) | ~ £&(human)(plant)].

44. Zug and Zug (1979) suggest, from a study of fat body weight, that in some areas the
females require a period of intense feeding to replenish their lipid stores before vitellogenesis
can begin. In this sense, therefore, an item of food modifies the female mate of a male adult
subject toad. The informal defining equation for a specific item of food is:

(food)Mod * !(toad) =g4r (3 female toad) such that [(female toad)Mat(toad) |
&(food)(female toad) and ~ (female toad)Mat(toad) | ~ £(food)(female toad)].

45. Mungomery (1936b) observes that male toads can change their sex, although the
conditions (if any) which induce such a change are not known. The mechanism is as follows:
a rudimentary ovary, the Bidders organ, is present in all young toads. Subsequently, it
degenerates in females but persists in males. Internal secretions may bring about a slow
change from male to female, with the Bidders organ functioning as an ovary. Eggs are
normal but markedly fewer.

Zug and Zug (1979) report that in field data on B. marinus, there is a marked tendency
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towards one sex only being observed —either male or female—and that there is no known
explanation of this. However, R.'B. Floyd (pers. comm., 1981) suggests that collection time,
site and method of collection, all have a big influence on which sex is actually collected.
Van Beurden (1978), in Queensland, reports a 1:1 sex ratio.

Lucas (1969) reports that, at Stuttgart zoo, a toad hybrid, B. blombergi X B. marinus,
was raised.

If Mungomery is correct in the observation that a male toad can change its sex, there is
presumably a time after which such an animal is available as a mate, in the formal sense,
of a subject male. In this case, at that particular time, one might argue that the new female
has interacted with itself in order to enter the environment of the subject male; the mutated
toad is thus a modifier of itself. This has not been entered on the envirogram, since the
whole argument is tenuous. However, the informal defining equation is given here:

(mutated toad)Mod *!(toad) =4; (3 mutated toad) such that
[(mutated toad)Mat(toad) | £(mutated toad)(mutated toad) and
~ (mutated toad)Mat(toad) | ~ £(mutated toad)(mutated toad)]

46. Takano and Iijima (1937) find that the presence of calcium chloride (CaCl,) is essential
for tadpole development. The informal defining equation is:

(CaCly)Res(tadpole) =4 H(tadpole) is increased | £(CaCly)(tadpole).

47. Takano and lijima (1939) note that, in crowded conditions, large tadpoles eat smaller
ones. The informal defining equation is:

(larger tadpole)Pred(tadpole) = 4 H(tadpole) is decreased and H(larger tadpole)
is increased | £(larger tadpole)(tadpole).

48. The giant water beetles (Dytiscidae) Hydrophilus ater and Megadytes giganteus are
reported by Tucker (1940) as attacking B. marinus tadpoles in Barbados. The informal
defining equation is:

(water beetle)Pred(tadpole) =4 H(tadpole) is decreased and H(water beetle)
increased | £(water beetle) (tadpole).

49. Young tadpoles use their gills to obtain oxygen. Older tadpoles have lungs and can
rise to the surface to breathe. This is an advantage in warm waters which have a lower
oxygen content. Even with lungs, tadpoles can still use their gills (Tyler 1975; M. J. Tyler,
pers. comm.).

The informal defining equation for a specific ‘chunk’ of oxygen as a resource is:

(oxygen)Res(tadpole) = 4 H(tadpole) is increased | £(oxygen)(tadpole).

50. Tyler (1975) reports that (in Australia) the fork-tailed kite and ibis and (in Bermuda)
herons eat both juvenile and adult toads (see also note 38).
The informal defining equation for a heron as a predator is:

(heron)Pred(toad) = 4 H(toad) is decreased and H(heron) is increased |
£(heron)(toad).

51. Van Beurden (1978) showed that there was high dietary overlap of Lymnodynastes
terraereginae and other frogs with B. marinus at Lake Ainsworth in Queensland. He remarks
that the observed declining populations of the toad may be due to this competition.
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A particular frog which competes with the subject toad for a particular item of food is
a modifier of that particular resource. The informal defining equation is:

(frog)Mod ~!(toad) =4 (3 food) such that [(food)Res(toad) | ~ &(frog)(food)
and ~ (food)Res(toad) | &(frog)(food)].

52. Takano and lijima (1937) observe that tadpoles will develop in pH range 4-9. If they
mean by this that the tadpole will not develop outside this range, then pH, like heat energy
(see note 12), will have a range that constitutes resources and another that constitutes
malentities.

The informal defining equation for a ‘chunk’ of water with too low a pH for the tadpole
to develop follows. In order to make it clear, the object is referred to as ‘hydrogen ions’ on
the envirogram.

(acid)Mal(tadpole) =4 H(tadpole) is decreased | £(acid)(tadpole).

53. Breder (1946) reports tadpoles of Rana palmipes eating B. marinus eggs. The informal
defining equation for an R. palmipes tadpole as a predator of a subject egg is:

(tadpole)Pred(egg) =4 H(ege) is decreased and H(tadpole) is increased |
£(tadpole)(egg).

54. Cade and Rice (1960) show that the field cricket Teleogryllus oceanicus (Le Guillou)

is eaten by the toad in Hawaii. In their observations of 116 toad droppings, 68 contained

cricket remains. ‘All atempts to lure B. marinus to taped T. oceanicus song were unsuccessful.

Even when song was broadcast close to the toads, they showed no apparent response.

When crickets were placed in front of the toads, however, they were often eaten.’ (see

note 7 on moving organisms and note 42 on Zug and Zug’s observation on calls of frogs).
The informal defining equation for a cricket as a resource is:

(cricket)Res(toad) =, H(toad) is increased and H(cricket) is decreased |
&(cricket)(toad).

55. Hutchings (1979) reports that the crayfish Cherox will eat B. marinus tadpoles with no
ill effects, also that three species of Euastacus, a freshwater crayfish, will prey on adult
toads, tear them apart and eat the limbs and the viscera.

The informal defining equation for a crayfish as a predator of a subject tadpole is:

(crayfish)Pred(tadpole) =4 H(tadpole) is decreased and H(crayfish) is
increased | &(crayfish)(tadpole).
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Logical Synthesis of an Animal’s Environment:
Sponges to Non-human Primates.
VL.* The Chimpanzee, Pan troglodytes

B. S. Niven
School of Science, Griffith University, Nathan, Qld 4111

Abstract

The environment of the chimpanzee, Pan froglodytes, is classified according to the defining equations
in the first paper of this series. An envirogram displaying objects in the environment in their correct
place is presented. Notes on the envirogram include informal versions of the appropriate defining
equations which are used for the classification.

Introduction

Chimpanzees (Pan troglodytes) . .. are found in a wide belt that extends across equatorial
Africa from the west coast to within a few hundred kilometres of the east coast ... living
in habitats that range from rain and montane forests to dry woodlands, and sometimes even
savanna with widely scattered trees’ (Goodall 1986). Early observations of wild chimpanzees
were carried out in the Gombe National Park in Tanzania from 1960 by Goodall and many
others. More recently studies have been done in Senegal (Tutin et al. 1983), Kasoge (McGrew
and Tutin 1978; Nishida and Uehara 1980), Liberia (Anderson et al. 1983) and Mahale
(Takasaki 1983; Takahata et al. 1984). The diversity of habitats has enabled cross-cultural
studies to be done, such as differences in the use of twigs for capturing termites (McGrew
et al. 1979; McGrew and Collins 1985) and differences in social behaviour, for instance
according to McGrew and Tutin (1978), the aspect of social grooming referred to as the
‘grooming-hand-clasp’ occurs among animals in Kasoge but not at Gombe. (Both areas are
in Tanzania.) Such studies across a range of habitats has led to the suggestion that we are
observing the beginning of speciation; however, the evidence for speciation in the sense of
Paterson (1985) is still rather nebulous. A useful bibliography of early literature on the
chimpanzee is that of Baldwin and Teleki (1973).

I aimed to show that the mathematical definition of environment given in paper 1 of the
series (Niven 1987) may be used to classify the environment of a wild chimpanzee. Of the
five species dealt with in the series the chimpanzee is by far the most similar to our own,
not only anatomically, biochemically and physiologically, but also in its social relationships.
Much work done on captive chimpanzees relates to observations in the wild and is referred
to where appropriate in the notes on the envirogram given below,

Female chimpanzees have menstrual cycles similar to humans (see note 9). The young
animal reaches puberty at the age of 7 years and a male enters the adult male hierarchy
when it is about 13-15. Details of developmental stages are given by van Lawick-Goodall
(1971), Goodall (1986) and others. Life expectancy in the wild is unknown, but is probably
40-50 years (Riss and Goodall 1977). Graham (1979) reported on a captive female of 48
years and de Waal (1982) reports a maximum age of 50. A captive chimpanzee may weigh
as much as 60 lbs (27 kg) at 11 (Smith et al. 1975).

*Part V, Aust. J. Zool., 1988, 36, 169-94. 0004-959X/88/020195$03.00
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Becausc of the many similarities between the chimpanzee and our own species,
behavioural and medical studies of the animal are many and seem to be increasing. Thus,
‘the chimpanzee has an adrenarche like that of man (whereas macaques and baboons do not
... the chimpanzee is the only known model of membranous dysmenorrhea . ..’; also the
sex steroid and chorionic gonadotropin profiles are almost identical (Graham and Hodgen
1979). These authors also urge the expansion of captive breeding as ‘the only certain method
of preserving the chimpanzee’. They estimate that, at the time, ‘upwards of 1000 chimpanzees’
were held captive in the USA. Doering ef al. (1980) worked on the effect of gonadotropin-
releasing hormone (GnRH) on male chimpanzees in the Stanford Outdoor Primate Facility
as a parallel to clinical trials conducted with GnRH as a possible therapeutic agent in human
sexual impotence. (They found that the effect was not statistically significant.)

Among the many studies relating chimpanzee behaviour to human psychology Gaillard
et al. (1979) compared sleep stages in humans with chimpanzees, baboons and Rhesus
monkeys. They found ‘remarkable similarities’. de Waal (1982) remarked of the chimpanzees
in a large breeding colony at the Arnhem Zoo in Holland ‘Their interest in power is not
greater than that of humanity; it is just more obvious.’

While well aware of the dangers of drawing inferences both about wild chimpanzees
and humans from observations on captive chimpanzees, behaviourists and others continue
with detailed and suggestive studies. King et al. (1980) make a plea for ‘the ideal captive
enclosure (which) would provide opportunities for the expression of . . . behaviors and their
preservation and propagation in future generations of chimpanzees’. They point out that
‘the importance of behavioral studies of primates-born in captivity is steadily increasing as
the natural populations of many species continue to dwindle’ (because of the interaction with
humans). King and her colleagues studied ‘grooming’, ‘play’ and other behaviour, as did
Merrick (1977) and others. van Wulfften Palthe and van Hooff (1975) record the successful
adoption by a female of a five-week-old infant which had been reared by humans from the
day of its birth (successful adoption is not known among wild chimpanzees). Buirski ef al.
(1978) have rated wild chimpanzees at Gombe for ‘personality’ using methods applied
previously to humans, baboons and dolphins. Other workers have concentrated on ‘aggression’
among wild or captive chimpanzees (e.g. de Waal and Hoekstra 1980). The work of
Woodruff and Premack (1981) seems to suggest that captive adult chimpanzees have at least
some concept of simple proportions and numbers. Many workers (e.g. Asano et al. 1982)
have trained captive animals to recognisc symbols or solve problems (Premack and Woodruff
1978). The studies of Premack (1983), also on captive chimpanzees, may relate to the use
of language as a tool for problem-solving by humans (however, see comments following
his paper). Reynolds (1980) draws inferences about human behaviour on the basis of
observations by himself and others on chimpanzees. Goodall (1986) gives a summary of
various attempts to teach captive chimpanzees to communicate by using the sign language
of deaf-and-dumb people. Goodall remarks that chimpanzees probably perceive objects in
much the same way as a human child; they are capable of learning and have some sense
of time. In Australia, Green (1987) has initiated a ten-year study into chimpanzee play
behaviour among free-range chimpanzees at Taronga Zoo in Sydney.

Many and detailed studies of chimpanzee society do not at present foster much hope that
enlightenment regarding the structure of human society will follow. For instance Goodall
(1986) writes ‘In chimpanzee society some individuals meet on a fairly regular basis, others
but seldom. There is always uncertainty; it is never possible for a chimpanzee, upon wakening
in the morning, to be quite sure whom he will encounter during the day.’ So in this sense
chimpanzee society differs markedly from both village and industrialised society among
humans. Also workers among wild chimpanzees are encountering major difficulties in
interpreting chimpanzee behaviour, for example Tutin ef al. (1983) believe that social
organisation seems unlikely to be related to the availability of food in any simple way, but
rather that there are complex adaptations of whole groups of the animals to threats from
predators, or the patchy distribution of food and nesting sites.
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The mathematical definition of environment which is used in this series of papers
is a ‘complete’ definition in the sense that all permutations of H(subject animal) and
H(object animal) are included. Thus we have:

H(subject):
Increases Decreases
H(object):
Increases (Mate) Predator
Decreases or is unaffected Resource Malentity

Interactions during which H(subject animal) is unchanged do not give us a class belonging
to the centrum. The definition of mate is stochastic and uses part of ‘H’ only. For certain
social interactions among chimpanzees (and humans) ‘H’ is irrelevant. For instance ‘social
grooming’ which apparently gives pleasure (de Waal 1982; Goodall 1986) cannot be
represented by the definition. Grooming for salt, dry skin particles or fleas is totally
different; in this case the subject animal is relieved of a malentity or a predator by the
groomer, so the groomer is a first-order modifier in the environment of the subject animal.
So while many behavioural aspects of the chimpanzee, such as its use of twigs to collect
termites (see note 1), are catered for by the mathematical definition, other aspects, such as
‘grooming’ and ‘play’ are not. There seems to be a good case for treating the ecology of
the chimpanzee, at least partially, in a fashion similar to the ecology of humans, which
necessarily includes a cultural component (Stewart 1983). There are phenomena in a
chimpanzee’s environment which seem likely to be relevant not so much to the individual
but rather to the social group, as is clearly the case with humans. Unfortunately the science
of human ecology has not yet reached the stage at which we may make a precise comparison
with chimpanzee ecology (Stewart 1982). A mathematical definition of the human environ-
ment is presently under construction by myself and F. J. Willett, using as a basis studies
of small group interactions among humans, e.g. Patterson and Willett (1951). It will be of
great interest to reclassify the chimpanzee environment with reference to the new human
environment definition. When this is done, social grooming will come into its own.

The Envirogram

The envirogram for the chimpanzee displays objects in their correct logical place in the
environment. This type of diagram enables workers on the animal to relate their own results
to those of others and may be used as a guide to further experimentation or observation.

The subject animal for the envirogram is either a female or male adult or an infant;
the notes make it clear in each case. Many reports on chimpanzees have been combined.
Thus, the envirogram presented here is a concatenation of many individual envirograms for
animals observed in different places at different times. The numbers on the envirogram refer
to the notes which follow. They appear in no particular order. The various parts of the
envirogram were constructed in an entirely haphazard order as the literature became available.
The square brackets indicate a set of objects. Thus ‘[food]’ refers to a set of food objects.
The parentheses are used for explanatory purposes, e.g. ‘kinetic energy (gravitation)’ and also
for doubtful or very rare cases, e.g. ‘(other female in same group)’ (see note 5, case ii).

A semiformal version of the appropriate defining equations (see Niven 1987) is given at
the end of each note. The following symbols are used:

() =4 ‘is equal by definition to’, or, more strictly, the form x =4 y’ means %’
is to be interchangeable with ‘y’.

(ii) 3: the existential operator of formal logic. Read ‘I bushbuck’ as ‘there exists a
bushbuck’ or ‘there is at least one bushbuck’ or, more informally, ‘we can find a
bushbuck’. In this paper, expressions such as ‘3 bushbuck’ are always followed by
the words ‘such that’.



WEB
CENTRUM
3 2 1
l RESOURCES
other
tisherman’———ptioor of fishing
! s dow——
RISt spman i, don el
| MATES
adult of opp.

g-olt;o':. ;mo group________p(other female In same
of subj ogeny 43 n another

anlmaly

and Influenza
another male

} MALENTITIES

17 L kinetlc energy
another

Fig. 1. Envirogram for chimpanzee.

861

wAIN S ‘g



Logical Synthesis of Animal’s Environment. VI. 199

(iili) |: x|y’ means ‘x’ occurs (will occur), assuming ‘y’. This is the symbol used for
conditional events (and conditional probabilities). The expression ‘A | B’ may be
read ‘Event A occurs, given that event B occurs’; it refers to ‘event 4 under the
condition that B’, or ‘event 4 under the hypothesis that B’. The use of the
conditional in the definitions implies that the environment of the subject animal
is independent of its habitat. Thus an object which is reported in Gombe, say, as
being a food object and hence classified as a resource of that particular subject
chimpanzee is also classified as a resource of a subject chimpanzee at Mahale; in
ordinary English it is a potential resource. Similarly mates, predators, malentities
and modifiers are all potential mates, etc.

Notes on the Envirogram

1. Termites are eaten from October to January. The soldier termites are readily available
after rain, when they are near the surface. The female adult chimpanzee will choose a grass
stermn or a twig of a suitable shape from one of a number of different species of tree, vine
or bush. She strips the leaves from it, thus acting as a modifier of the tool which she then
pokes into the hole to collect the termies, which are then eaten. They may be given to her
infant to eat. The infant cannot use the tool, but her adolescent offspring may make use
of it, although unable to manufacture it (van Lawick-Goodall 1971).

A detailed study of ant-gathering behaviour was undertaken by Nishida (1972), who
observed three kinds of tools used, the most common being the ‘poking rod’; Nishida divides
the last type into five categories which differentiate between the materials used and the way
and the degree to which these materials are modified. Further studies are described in
Nishida and Uehara (1980, 1983), Nishida and Hiraiwa (1982) and McGrew (1974). Uehara
(1982) observed a group of wild chimpanzees employing several techniques to feed on one
particular species of termite, apparently according to phenological changes in the prey’s
activities. Jones and Sabater-Pi (1969) and Sabater-Pi (1974) have also studied the use of
twigs for collecting termites, and Buirski et al. (1978) record driver ants being eaten using
the same methods of collection. McGrew et al. (1979) compare termite-collecting among
chimpanzees in western, central and eastern Africa; they found that differences exist and
suggest that some of these may be cultural. McBeath and McGrew (1982) working at Mt
Assirak in Senegal concluded that the habitat relates strongly to tool use; there is a strong
preference for Grewia as the raw material. Some groups of chimpanzees at Kasoge do not
seem to use tools at all but destroy the termite mound, or scrape the rotten bark with their
hands (Nishida and Uehara 1980).

In the case that the subject chimpanzee is an adult female, a particular termite is a
resource modified by a twig, which is in turn modified by the subject female. If an
adolescent offspring received the twig from its mother, then the mother (the subject female)
can no longer act as a modifier in her own environment by poking the twig into the hole
to collect the termites; the adolescent is thus a third-order modifier of the subject female.
The subject female’s infant is acting as a first-order modifier when it ‘competes’ for the
termite. The informal defining equations follow.

(termite)Res(female) = 4 H(female) is increased and H(termite) is decreased |
£(termite)(female)

(twig)Mod * !(female) =4 (3 termite) such that [(termite)Res(female) |
£(twig)(termite) and ~ (termite)Res(female) | £(twig)(termite)]

(female)Mod * %(female) = 4 (3 twig) such that [(twig)Mod!(female) |
£(female)(twig) and ~ (twig)Mod!(female) | ~ &(female)(twig)]

(adolescent)Mod_3(female) =4t (3 female) such that [(female)Mod?(female) |
~ £(adolescent)(female) and ~ (female)Mod?(female) | £(adolescent)(female)]
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(infant)Mod ~ !(female) =g4¢ (3 termite) such that [(termite)Res(female) |
~ &(infant)(termite) and ~ (termite)Res(female) | £(infant)(termite).

2. Rain acts as a modifier for all food resources, since chimpanzees very rarely eat when
it is raining. Males sometimes perform a ‘ritual dance’ in the rain (van Lawick-Goodall 1971).
Nishida (1980a) reports that heavy rain inhibits all chimpanzee activities. Uehara and Nishida
(1987) note that body weights tend to decrease in the later part of the wet season presumably
because of food shortage in the middle of the wet season.

The informal defining equation for a specific amount of rain acting as a modifier of a
particular item of food is:

(rain)Mod ~!(chimpanzee) = 4 (3 food) such that [(food)Res(chimpanzee) |
~ §(rain)(chimpanzee) and ~ (food)Res(chimpanzee) | £(rain)(chimpanzee)].

3. Bark is eaten when fruit is least abundant (Nishida 1976). The nutritious part is the
phloem. The animal pulls off strips of bark, holds them in both hands, and scrapes the inner
surface with its incisors. The informal defining equations are:

(bark)Res(chimpanzee) =4 H(chimpanzee) is increased | £(bark)(chimpanzee)

(fruit)Mod ~ !(chimpanzee) =4r (3 bark) such that [(bark)Res(Chimpanzee) |
~ &(fruit)(chimpanzee) and ~ (bark)Res(chimpanzee) | £(fruit)(chimpanzee)].

4. A wad of leaves is always seen to be eaten with eggs. However, it is not known whether
a chimpanzee would sometimes eat an egg without leaves. Leaves are also sometimes eaten
with meat. In both cases, these need not be the kind of leaves normally eaten for food
(van Lawick-Goodall 1971). The informal defining equations are:

(egg)Res(chimpanzee) = 4; H(chimpanzee) is increased and H(egg) is decreased |
£(egg)(chimpanzee)

(wad)Mod * !(chimpanzee) =g4r (3 egg) such that [(egg)Res(chimpanzee) |
&(wad)(egg) and ~ (egg)Res(chimpanzee) | ~ £(wad)(egg)].

5. The hunting of bushbuck and other animals tends to occur in cycles; the chimpanzee,
mainly the male, will hunt for two months, say, and then not at all for the following
month. Hunts are usually more successful when the chimpanzees cooperate. All chimpanzees,
adolescent or adult, female or male, occasionally beg meat from successful hunters. There
is one recorded case of a chimpanzee building a tree-nest and eating his meat in it.

Teleki (1973a) observed interactions and attacks among chimpénzees, baboons, serval
cats, domestic cats, and genets.

Nishida et al. (1979) remark that, although in the Gombe National Park, baboons are
often attacked, this does not occur in the Mahale Mountains 40 miles (64 km) away; they
suggest that the artificial feeding at Gombe brings chimpanzees into contact with baboons
more often. In the Mahale area, much less meat is eaten and hunting is invariably oppor-
tunistic rather than cooperative. Takahata e? al. (1984) working in the Mahale area, recorded
54 episodes of predatory behaviour, involving juvenile blue duiker, bushbuck, bushpig,
warthog, red colobus, savanna monkey, red-tailed monkey, francolin and crowned hawk
eagle. Chimpanzees may not be able to kill larger animals; they were not observed to attack
adult bushpigs or bushbucks. In Mahale females hunt more frequently than in Gombe.
Females tend to hunt juvenile adults by seizure while males tend to hunt monkeys by
chasing.

There are two varieties of cannibalism:

(i) Intergroup. When a mother with an infant is attacked, the mother often escapes,

but the infant is captured and eaten, often with accompanying ritual. The suggestion
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has been made that such infant killings are related to tensions arising because of
overlapping ranges. A female who has lost her infant changes her status within the
group from ‘mother’ to ‘female’ and may be expected to go into oestrus within two
months. One female who lost her infant was groomed for a long period by three
males without, however, reciprocating.

@ii)) Intragroup. A higher ranking female will (very seldom) steal and eat another
female’s infant. Also, males have been observed to kill and eat infants of immigrant
females (Goodall 1977; Nishida 1980b). Human infants have also been eaten
(Goodall 1986).

The informal defining equation for some particular item, a bird, say, as a resource is:

(bird)Res(chimpanzee) =4 H(chimpanzee) is increased and H(bird) is decreased |
£(bird)(chimpanzee).

6. Chimpanzees often steal meat from a baboon; in this case, the baboon ‘supplies’ the
resource and so is acting as a first-order modifier. The chimpanzee acts as a second-order
modifier in its own environment by catching the baboon (see note 5).

Morris and Goodall (1977) record five instances when chimpanzees took meat from
baboons, and five further instances when this probably occurred. Nevertheless, baboons and
chimpanzees often feed peacefully together on vegetable foods.

The informal defining equations for a baboon as a first-order modifier and the subject
chimpanzee as a second-order modifier follow. A particular item of meat is envisaged as
the resource.

(baboon)Mod * !(chimpanzee) = 4 (3 meat) such that [(meat)Res(chimpanzee) |
£(baboon)(chimpanzee) and ~ (meat)Res(chimpanzee) | ~ #(baboon)(chimpanzee)]

(chimpanzee)Mod *?(chimpanzee) =4¢ (3 baboon) such that
[(baboon)Mod!(chimpanzee) | £(chimpanzee)(baboon) and
~ (baboon)Mod!(chimpanzee) | ~ £&(chimpanzee)(baboon)].

7. Van Lawick-Goodall (1971) records the animal eating soil from the floor of fishing huts,
presumably in order to obtain salt. The informal defining equations are:

(salt)Res(chimpanzee) = 4 H(chimpanzee) is increased | £(salt)(chimpanzee)

(hut)Mod * !(chimpanzee) = 4 (3 salt) such that [(salt)Res(chimpanzee) |
£(hut)(chimpanzee) and ~ (salt)Res(chimpanzee) | ~ £(hut)(chimpanzee)]

(fisherman)Mod+2(chimpanzee) = 4¢ (3 hut) such that [(hut)Mod(chimpanzee) |
&(fisherman)(hut) and ~(hut)Mod1(chimpanzee)| ~ t(fisherman)(hut)].

8. Chimpanzees in the Gombe National Park may obtain their water directly from nearby
streams or lakes pausing to drink when they cross a stream (Goodall 1986). However, they
have also been observed drinking from water-filled tree- or rock-holes. The envirogram
shows the case in which the rock-hole is out of lip-reach. The chimpanzee chews a wad of
leaves into a ‘sponge’; the sponge is then used to sop up water. Thus, the animal acts as a
fifth-order modifier in its own environment (not shown on envirogram) (van Lawick-Geodall
1971). The informal defining equations are:

(water)Res(chimpanzee) =4 H(chimpanzee) is increased | £(water(chimpanzee)

(hollow rock)Mod * !(chimpanzee) =4r (3 water) such that
[(water)Res(chimpanzee) | £&(hollow rock)(water) and ~ (water)Res(chimpanzee) |
~ &(hollow rock)(water)]
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(rain)Mod * %(chimpanzee) =4 (3 hollow rock) such that
[(hollow rock)Mod!(chimpanzee) | £(rain)(hollow rock) and
~ (hollow rock)Mod'(chimpanzee) | ~ &(rain)(hollow rock)]

(leaf sponge)Mod *3(chimpanzee) =45 ( Ellrain) such that
[(rain)Mod?(chimpanzee) | £(leaf sponge)(rain) and ~ (rain)Mod?(chimpanzee) |
~ &(leaf sponge)(rain)]

(leaves)Mod **(chimpanzee) = 4 (3 leaf sponge) such that
[(leaf sponge)Mod>(chimpanzee) | £(leaves)(chimpanzee) and
~ (leaf sponge)Mod3(chimpanzee)| ~ £(leaves)(chimpanzee)].

Animals in the Mahale Mountains, Tanzania have been observed to drink water from
streams and from Lake Tanganyika by Nishida (1980a). The use of a sponge was not
observed here.

9. A female will copulate with almost all mature males, but copulation between siblings
is rare, and mother-son true copulation is very rare (Goodall 1986). In any one period of
sexual activity, the males present will copulate in sequence according to their social rank.
Occasionally, a female will have a consort (a male who accompanies her; these associations
are relatively brief, never more than six months). The consort is not preferred for copulation,
but simply because of his proximity, he is likely to copulate with her more often than other
males. Thus, the so-called ‘a-male’ and the consort are most likely to sire any offspring.
In the course of the usual social training, she will also ‘copulate’ (in a non-adult sense)
with juveniles and infants, including her own if sufficiently young. Females are receptive to
copulation at all times, although most often during maximum tumescence. The pale pink
swelling of the sex skin of the female’s genital area is larger and more attractive to males
in some females than others (van Lawick-Goodall 1971; Riss and Busse 1977; Lemmon and
Allen 1978). Allen (1981), reporting on a group of captive chimpanzees, suggests that male
chimpanzees sometimes form an individual mating preference regardless of the hormonal
status of his available partners.

The normal sexual cycle of a mature female is 37 d, with a range of 29-42 d. Menstrual
bleeding occurs between oestrous phases (Tutin and McGrew 1973). Graham (1979) found
no equivalence to human menopause; animals aged 35-48 y continued to menstruate.

The informal defining equation for an adult male as a mate of an adult subject female
in oestrous is:

11 1

(male)Mat(femaie) = 4 An offspring of both individuals wili be produced with
probability greater than zero | £(male)(female).

10. Food eaten by the wild chimpanzee includes fruit, seeds, leaves, flowers, pith, termites,
ants, larvae of moths, beetles, wasps, gallflies etc., bee larvae and honey, fledglings, birds’
eggs, monkeys, rats, mongooses, suni, baboon, bush pig, squirrel and buck. Lists of food
are given by many authors, including van Lawick-Goodall (1971), Silk (1978), Nishida ef al.
(1979), Sabater-Pi (1979). Riss and Busse (1977) looked at the time spent on feeding by a
free-ranging male, as well as type of food; they found that the time was very variable,
depending on the difficulty of access. Sabater-Pi reported on relative importance of plants
and also on feeding behaviour. Nishida and Uehara (1983) noted that the wild chimpanzees
of Kasoge in the Mahale Mountains between 1965 and 1981 utilised 328 food items from
198 species of plant and also consumed 12 species of mammals, 5 species of birds or their
eggs, and more than 15 genera of insects, including at least 25 species. Females at Gombe
are more insectivorous than males (Goodall 1986). Wild chimpanzees seem to be conservative
in their dietary habits; at Kosoge in the Mahale Mountains, Takasaki (1983) reported on
mangoes being eaten, apparently for the first time and remarked that other cultivated foods
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were not yet eaten. Some evidence that chimpanzees in Sapo, Liberia use stones as ‘hammers’
to break open nuts is given by Anderson et a/. (1983). This behaviour seems to be rare and
has not been entered on the envirogram.

The informal defining equation for a particular item of food as a resource is:

(food)Res(chimpanzee) = 4 H(chimpanzee) is increased | £(food)(chimpanzee).

If the item of food is a live animal, then the phrase ‘and H(food) is decreased’ should
be inserted immediately after the word ‘increased’.

11. Some African people consider that chimpanzee flesh is a delicacy. The young animals
are captured, fattened and slaughtered (van Lawick-Goodall 1971). The informal defining
equation is:

(human)Pred(chimpanzee) =4 H(chimpanzee) is decreased and H(human) is
increased | £(human)(chimpanzee).

12. Cole et al. (1970) found several species of the bacterium Mycoplasma in captive
chimpanzees. They remark that considerable controversy exists concerning the role of
mycoplasma in various diseases of humans, and suggest the experimental use of chimpanzees
and other non-human primates in this regard. Gastric enteritis, chronic diarrhoea and other
gastrointestinal disorders have been observed (Goodall 1986).

In the informal defining equation below, the bacterium is assumed to induce a disease
in the subject animal. The bacterium is treated as an animal.

(bacterium)Pred(chimpanzee) = 3; H(chimpanzee) is decreased and H(bacterium)
is increased | &(bacterium)(chimpanzee).

13. This refers to the case of infant cannibalism (see note 5 case ii). A male in the same
group, or other offspring of the mother may act as protector (Goodall 1977). The subject
animal here is an infant chimpanzee. The informal defining equations are:

(other female)Pred(infant) = 4 H(infant) is decreased and H(other female) is
increased | £(other female)(infant)

(thale)Mod ~ l(infant) = 4 (3 other female) such that [(other female)Pred(infant) |
~ {(male)(infant) and ~ (other female)Pred(infant) | £(male)(infant)].

14. Fifteen chimpanzees were affected and six of them died at Gombe in one epidemic
which followed an outbreak of poliomyelitis in neighbouring villages. The suggestion has
been made that many diseases of humans also affect chimpanzees (van Lawick-Goodall 1971;
Walsh et al. 1981). For convenience, the poliomyelitis virus is classified here as a predator,
although it is usually thought of as a protist rather than an animal. The informal defining
equations are:

(virus)Pred(chimpanzee) =4 H(chimpanzee) is decreased and H(virus) is
increased | &(virus)(chimpanzee)

(human)Mod * }(chimpanzee) = 4; (3 virus) such that [(virus)Pred(chimpanzee) |
£(human)(chimpanzee) and ~ (virus)Pred(chimpanzee) | ~ {(human)(chimpanzee)].

It was decided in 1967 to adminster oral polio vaccine in bananas to the Gombe
chimpanzees (Goodall 1983).

15. Every rainy season, at least some chimpanzees catch cold (van Lawick-Goodall 1971).
For convenience, a virus is classified here as a predator, although it is usually thought of
as a protist rather than an animal. The informal defining equations are:
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(virus)Pred(chimpanzee) =4 H(chimpanzee) is decreased and H(virus) is
increased | &(virus)(chimpanzee)

(rain)Mod * !(chimpanzee) =g4r (3 virus) such that [(virus)Pred(chimpanzee) |
&(rain)(chimpanzee) and ~ (virus)Pred(chimpanzee) | ~ £(rain)(chimpanzee)].

16. File (1976) and File et al. (1976) give details of intestinal parasitic infections detected
in wild chimpanzees. Lists of parasites are given by Myers and Kuntz (1972) and Myers
et al. (1973). Included are protozoa, aganthocephala, cestodes, nematodes, platyhelminths
and arthropods. Some malaria parasites have been observed in chimpanzee blood in the first
stage of their development cycle (Goodall 1983).

The informal defining equation for a particular nematode as a predator is:

(nematode)Pred(chimpanzee) =4 H(chimpanzee) is decreased and H(nematode)
is increased | #(nematode)(chimpanzee).

17. Chimpanzees, like all the Pongidae beyond infancy, build nests in the wild for sleeping
at night and occasionally for sleeping during the day. Variation in the building technique
seems to depend on local conditions. Nevertheless, a cultural element in the behaviour cannot
be completely ruled out. It is nearly always the case that a new night-nest is constructed each
night. The nests are usually in trees, in which case they help to prevent falls. Ground-nests
are also constructed sometimes. Chimpanzees occasionally fall or are pushed out of trees
without damage. However, in one recorded instance, the animal fell partially on to a rock,
broke his neck and died. The nest is made by weaving branches together, some of which
are broken off in the process. Several different species of tree are used. Day-nests are often
built during rain (van Lawick-Goodall 1971; Teleki 1973b; Baldwin et al. 1981). Goodall
(1983, 1986) lists several observations of falls which resulted in injury.

A particular chunk of kinetic energy is classified as a malentity which is modified by the
nest of the subject animal, which in turn modifies its own environment by constructing the
nest. The informal defining equations are:

(kinetic energy)Mal(chimpanzee) = 4 H(chimpanzee) is decreased |
£(kinetic energy)(chimpanzee)

(nestYMod ~ !(chimpanzee) =4¢ (3 kinetic energy) such that
[(kinetic energy)Mal(chimpanzee) | ~ £(nest)(chimpanzee) and
~ (kinetic energy)Mal(chimpanzee) | £(nest)(chimpanzee)]

(chimpanzee)Mod * %(chimpanzee) = 4 (3 nest) such that
[(nestYMod'(chimpanzee) | £(chimpanzee)(nest) and ~ (nest)Mod!(chimpanzee) |
~ ¢(chimpanzee)(nest)].

18. Hasegawa ef al. (1983) have evidence of chimpanzees in the Mahale Mountains eating
small antelopes (bushbuck and duiker) that have been killed by leopards or other predators
or have died of disease. The authors saw several chimpanzees one morning searching for and
then eating a dead bushbuck which had been killed and left in a tree by a leopard the night
before. The authors believe that this behaviour lends support to the theory that our hominid
ancestors in Africa also ate animals that they had not killed.

The informal defining equations for a bushbuck as a resource (after its death) and a
leopard as a first-order modifier are:

(bushbuck)Res(chimpanzee) =4; H(chimpanzee) is increased |
£(bushbuck)(chimpanzee)
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(leopard)Mod * !(chimpanzee) = 4; (3 bushbuck) such that
[(bushbuck)Res(chimpanzee) | £(leopard)(bushbuck) and
~ (bushbuck)Res(chimpanzee) | ~ £(leopard)(bushbuck)].

19. According to Riss and Busse (1977), a dominant male with relatively great copulatory
success occupies its position in the hierarchy because of age, size, physical fitness, dominance
status of its mother, personality, and the formation of cooperating coalitions with others.
Van Lawick-Goodall (1971) records occasional violence among the animals; handfuls of hair
may be pulled out, blows may result in wounding or an animal being dislodged from a tree.
An attacking male would be classified as a predator if the subject male is harmed by the
encounter, and the attacker increases its status and thus its H, via an increased probability
of reproduction. If the subject male is damaged and the H of the other chimpanzee is
decreased by a reduction in status, then the other animal is classified as a malentity.
The informal defining equation in the latter case is:

(other chimp)Mal(subject male) =4 H(subject male) is decreased and
H(other chimp) is decreased | £(other chimp)(subject chimp).

Other aggressive acts among chimpanzees may be directed towards strange chimpanzees,
or local chimpanzees who act in an abnormal manner (because of disease or accident, for
instance). An entire community was exterminated in 1975 (Goodall 1986).

20. Nishida and Uehara (1983) list the following insects: ten genera of Hymenoptera,
including the honeybee Apis mellifera and several species of ant; two genera of Isoptera;
one genus of Hemiptera; one of Coleoptera; one of Orthoptera; and one of Lepidoptera.
Chimpanzees eat soldier and worker ants and termites, eggs, pupae, larvae, and workers of
bees, also the honey and mainly the larvae of the other insects.

The informal defining equation for a particular bee as a resource is:

(bee)Res(chimpanzee) =4 H(chimpanzee) is increased and H(bee) is decreased |
£(bee)(chimpanzee).

21. Wild chimpanzees request food from one another by vocalisations and gestures (Savage-
Rumbaugh et al. 1978).

An animal which provides a specific item of food for the subject animal is acting as a
positive first-order modifer. The informal defining equation is:

(other chimp)Mod * !(subject chimp) = 4¢ (3 food) such that
[(food)Res(subject chimp) | &(other chimp)(food) and
~ (food)Res(subject chimp) | ~ £(other chimp)(food)].

In the case that the subject animal is an infant chimpanzee, the mother provides food
(Silk 1978). Silk also observed adolescents soliciting food from their mothers, and gives
percentages of success of such solicitation and of the mothers’ resistance, from weaning
until the age of four years.

22. Tutin et al. (1983), working at Mt Assirik, in Senegal, consider that four species of
Carnivora ‘can be considered as potential predators of chimpanzees, namely lion (Panthera
leo); leopard (Panthera pardus); wild dog (Lycaon pictus); and spotted hyaena (Crocuta
crocuta)y’. However, no examples of actual attacks are given, so I have not included any of
these carnivores on the envirogram.
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THE ECOSYSTEM AS AN ALGEBRAIC CATEGORY:
A MATHEMATICAL BASIS FOR THEORY OF COMMUNITY
AND ECOSYSTEM IN ANIMAL ECOLOGY

B.S. Niven, School of Science, Griffith University, Nathan, Brisbane, Australia, 4111
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Abstract: A formal definition of ‘ecosystem’ is shown to obey the axioms of category theory. The defini-
tion makes use of a previously published symbolic definition of an animal’s environment and includes also
the formalized notion of an animal community. A product of the category is a food web in the ecosystem.
Methods of classification and comparison of real-life communities and ecosystems result from the defini-
tions. Non-overlapping communities within the same habitat may be differentiated precisely. Illustrative
examples of communities and ecosystems are given using the ecology of the Common Octopus (Octopus
vulgaris). An analysis of R.L. Kitching’s water-filled treehole communities is also given.

Introduction

Rosen (1958) showed how the algebra of categories
might be useful in general in theoretical biology. In the
present paper it is shown that the ‘ecosystem’ of ani-
mal ecology obeys the three axioms of category theory
(see for example Manes 1976). The ecosystem will be
defined by using a formal symbolic definition of the en-
vironment of an animal which has been found useful
in field ecology. The definition of ecosystem given he-
re incorporates a definition of community. Both defi-
nitions lend themselves to simple classifications of
observed communities and ecosystems which accord
well with present practices of field ecologists. A pro-
duct in the category is a food web in the ecosystem.

An animal’s environment

A symbolic definition of an animal’s environment
was published by Niven (1980). This was used by An-
drewartha and Birch (1984) as a basis for their own ap-
proach to animal ecology. These authors also used the
definition to classify the environments of a number of
animal species including limpets, insects, a moose and
a buffalo. They introduce a diagram called an ‘enviro-

_gram’ which displays objects in the environment in their
"correct place according to the formal definition. The
environment is defined as a structured set of objects.
‘There are two subsets, called the ‘centrum’ and the
‘web’.

The centrum includes those objects which affect the
subject animal directly; it is subdivided into four sub-
sets called ‘Resources’, ‘Mates’, ‘Predators’ and ‘Malen-
tities’. Resources are objects such as items of food,
packages of energy (heat, light etc.) and places such as
suitably-placed rocky shelves for breeding purposes.
The definition of ‘Mate’ requires that an offspring will
probably result from the union, thus a sterile animal

of the opposite sex would not be classified as a mate.
Self-matings are allowed. The subset ‘Predators’ inclu-
des also the parasites of the subject animal; these ob-
jects benefit from the encounter with the subject
animal. A ‘Malentity’ is an object which adversely af-
fects the subject animal without itself benefitting by
the encounter. A typical malentity is the person who
steps on an ant; the human probably does not even no-
tice the encounter whereas the subject animal (the ant)
is damaged or destroyed.

The web includes those objects which affect the sub-
ject animal indirectly. It is subdivided into various or-
ders of ‘modifiers’. First-order modifiers are objects
which modify elements of the centrum. Thus a person
acting as a malentity in the environment of an ant may
be ‘modified’ by being stung by a wasp and hence re-
moved from the scene so that the ant does not encoun-
ter the person at all; the wasp is classified as a
first-order modifier in the environment of the ant.
Second-order modifiers modify first-order modifiers,
and so on. The web is formally defined as an infinite
set of modifiers. In practice animal ecologists rarely use
modifiers of order greater than two, nevertheless the-
se do sometimes form part of an ecological study, for
example Andrewartha and Birch (1984) give some third-
order modifiers for the limpet Cellana tramoserica and
Kitching (1983) gives an envirogram for the aquatic snail
Lymnaea peregra which includes some third-order mo-
difiers. It is often convenient in theoretical work to re-
fer to objects in the centrum as ‘zero-order modifiers’.

The definition of environment incorporates four pri-
mitive terms special to the theory of animal ecology.
The interpretation of one of these includes stochastic
variables. In addition the definition of a mate is a pro-
babilistic sentence. Thus the proposed mathematical ba-
sis is probabilistic in two different ways both of which
are at a foundational level. Since the definitions of com-
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munity and ecosystem given in this paper are depen-
dent on the environment definition they too are fun-
damentally stochastic. Also since the environment
definition is a functional one it follows that the defini-
tions of ‘community’ and ‘ecosystem’ are likewise func-
tional. Each subset of the environment is defined for
a specific animal at some specific time. In practice this
is no obstacle to the use of the resulting classification
in a practical case, since results observed from studies
of many animals of the same species during intervals
of time are concatenated to yield an envirogram. More
formally we may replace the sub-index ‘t’ in the defi-
nitions by ‘7’ representing an interval of time.

Community

There are at least three notions of community in cur-
rent ecology literature:

(1) In human ecology ‘community’ is used to mean
a set of humans usually in a specific place. This set
would be called a ‘population’ by animal ecologists.

(ii) In plant ecology ‘community’ is often used to
mean the set of all plants in a particular area, which
may or may not interact in an obvious way.

(iii) In animal ecology ‘community’ is often used to
mean a set of interacting populations in which the in-
teractions are fairly obvious and easily measured.

In the present article the third meaning is used, ex-
cept that the interactions are formally among indivi-
duals instead of populations.

The idea of ‘habitat’ is required in order to define
an animal community. Unfortunately the word has been
used in at least two quite different ways in animal eco-
logy. In this article ‘habitat’ is used to mean ‘... a pla-
ce that might be habitable for the animal whose ecology
is being studied. The boundaries of the habitat and the
qualities that determine the boundaries are fixed arbi-
trarily by the ecologist’’. This is the meaning accepted
by Andrewartha and Birch (1984). The quotation is from
Elton (1949). So a habitat is a specific place, not a class
of places. ‘Habitat’ will now be used as the fifth primi-
tive term special to animal ecology.

In lieu of ‘‘animal ‘a’ is a kth-order modifier of ani-
mal ‘b’ " we now write “Mod ¥: a —-b”’, i.e. ‘‘a kth-
order modifier sends animal ‘a’ to animal ‘b’ *’. The idea
of modifiers in an environment is thus transformed in-
to the mathematical notion of a morphism. Then an nth-
order animal community C, within a habitat is a struc-
tured set of animals a, b, ... such that for every orde-
red pair (a, b) we have Mod k- a -b, k=012 ..,
n, where k is the smallest integer for every pair.

If n is small then C, will be a set of animals which
are closely knit together and several different commu-
nities may occur. Animal ecologists usually work with
such communities. If for the moment we imagine that
the elements of C, are plants and their connecting
morphisms are known then the plant ecologists’ notion

of community would be satisfied when n is large. For
this definition to be helpful certain universal modifiers
must be excluded. Oxygen and thermal energy are
examples of universal modifiers. In any group of ani-
mals units of oxygen or heat are resources for all the
animals, thus an animal ‘a’ which uses some particular
unit of energy, say, is removing this resource from ani-
mal ‘b’ and is thus formally a first-order modifier in
b’ s environment. So all animals in a habitat are sent
to each other by the morphism Mod ! (first order mo-
difier). For this reason we exclude the universal modi-
fiers when classifying a community.

Ecosystem

The nth-order ecosystem & ,, associated with the ani-
mal community C, is a category. The morphisms of &
are the modifiers in the environments of the animals
a €Cj, of order not greater than n. The objects of &, are
the elements of C,. The universal modifiers which
were excluded when classifying C,, we now include in
&n-

The ecosystem obeys the three axioms of category
theory (see e.g. Manes 1976) as follows:

I. The associative law. For example if animal ‘a’ is
a mate of (a third-order modifier of a predator) of ani-
mal ‘b’ then animal ‘a’ is (a mate of a third-order modi-
fier) of a predator of animal ‘b’.

I. Identity morphism. An identity morphism in & |,
may be obtained as follows. We have, for animals ‘a’
and ‘b’, that a = b iff Ea = Eb, where Ea and EDb are
the two environments (Niven 1983). If now we write
E ~! X for the animal whose environment is X then
E 'Ea=-athusE 'E: a—aand E 'E'is identity
morphism in & ,,.

III. If for animals a, b, a’, b’, (a, b) # (a’, b’) then
Hom (a, b) [1Hom (a’, b’) = 0 i.e. the set of morphisms
connecting one pair of animals is disjunct from the set
of morphisms connecting any different pair of animals.
This must be so if we include the end animals.

Notice that Hom (a, b) may well include non-animal
objects such as plants, viruses, particles of soil or mi-
neral matter, quantities of water, units of energy and
so on. In most field studies many hundreds of animals
of scores of different species are likely to form the com-
munity and the non-animal objects in the ecosystem
may be extremely numerous. It may sometimes, in a
specific case in the field, seem sensible to add some ex-
tra non-animal objects, which would not normally be
included in &, because, although they are modifiers of
some animal in the community, they do not enter into
a connecting link between some pair of animals. We
shall call these ‘external modifiers’. An example is gi-
ven in the ecosystem of the following section.

An interesting mathematical object within the cate-
gory &, is the product X P4 Y where X and Y are sets
included in C; and for all x € X and all y € Y we have
that Pred: x — y, '‘Pred’ standing for ‘predator’. The



product may be extended to more than two sets. It may
also be defined in terms of ‘resource’ instead of ‘pre-
dator’. This mathematical object is the analogue of an
interesting object in field ecology called a ‘food web’.
Food webs are well explained by Cohen (1978), who gi-
ves an example in which a species of snake eats a cer-
tain species of frog which in turn eats two species of
insect. If we refer to the four sets of these animals in
the habitat as S, F, I | and I, then the two products
are:
S Pred F Pred 1

and S Pred F Pred I,

Cohen also includes three species of the willow, Sa-
lix, in his example; for the purposes of this paper, ho-
wever, we omit the sets of plants.

Illustrative examples of communities
and ecosystems

The Common Octopus, Octopus vulgaris, is particu-
larly well-known in the Mediterranean. Its food con-
sists mainly of crabs, lobsters, bivalves and gastropods
(Mangold 1983; Ambrose and Nelson 1983). R.F. Am-
brose (pers. comm. 1984) remarks ‘‘Crabs seem to be
the favourite food everywhere. Octopuses often hunt
‘speculatively’ by feeling under rocks and in cracks; all
the hunting I have observed in the field has been of this
sort.”” However if the anemone Calliactis parasitica is
present on the crab Dardanus arroser, the octopus will
not eat that crab (Ross 1971; Ross and von Boletzky
1979). Thus a crab of this species is a resource of a sub-
ject octopus and an anemone of the right species is a
first-order modifier. An octopus constructs a lair which
affords a certain amount of protection from its preda-
tors, the most important of which are large eels, in par-
ticular the Common Moray, Gymnothorax mordax
(Grzimek 1974, Lane 1960). Thus the lair is a first-order
modifier of an eel of this species in the environment
of a subject octopus.

As an illustrative example consider a small habitat
in the Mediterranean containing an octopus lair. The
animals present are:

1 Octopus vulgaris;

2 crabs (Dardanus arroser) of opposite sex;

1 anemone (Calliactis parasitica);

1 eel (Gymnothorax mordax);

2 passing fish.

We have the following morphisms:

Pred: octopus — crab ;

Res: crab | = octopus

Pred: octopus — crab ,

Res: crab o — octopus

Mat: crab ; = crab 4

Mat: crab o — crab

All these morphisms are zero-order modifiers, so a
zero-order community C ¢ in the habitat is the set {oc-
topus, crab g, crabg]}.
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If now we add the eel to Cy we may write down the
following morphisms:

Pred: eel — octopus

Res: octopus — eel

Mod *: crab; — eel

Mod !: eel - crab;

Mod 1: craby — eel

Mod !: eel — crab,

The crabs are resources of a resource of the eel and
are thus first-order modifiers in the environment of the
eel. The eel is a predator of a predator of the crabs and
is thus a first-order modifier in the environments of both
crabs. Thus the set {octopus, crab {, crab o, eel} is a
first-order community C { in the habitat.

If now to the zero-order community of {octopus,
crab |, crab o] we add the anemone, we may add the
following morphisms:

Mod !: anemone — octopus

Mod 2: octopus — anemone

Mod !: anemone — crab,

Mod : crab; — anemone

Mod !: anemone - craby

Mod : crab, — anemone

As explained above the anemone is a first-order mo-
difier in the environment of the octopus. When we con-
sider the anemone as the subject animal we find that
a crab enters its environment as a first-order modifier
by conveying the anemone to its food; we can find an
item of food which is such that it does not become a
resource of the anemone without the intervention of
the crab. Thus the octopus, as a predator of the crab,
is a second-order modifier in the environment of the
anemone. Notice that the crab is not a resource, mate,
predator or malentity of the anemone, i.e. it is not a
zero-order modifier in the anemone’s environment. So
there is a basic asymmetry in the morphisms between
anemone and octopus. When we examine the functio-
nal relations between crab and anemone, however, we
find symmetry; a crab is a first-order modifier of the
anemone and the anemone is a first-order modifier of
the crab. These arguments lead, then, to the conclu-
sion that the set {octopus, crab |, crab 5, anemone] is
a second-order community, C 5, in the habitat.

Now consider the set {octopus, crab |, crab, eel,
anemone}. The morphisms to be added are:

Mod 2: eel = anemone

Mod %: anemone — eel.

The first of these comes about because in the envi-
ronment of the anemone the octopus is a second-order
modifier so the eel acts as a third-order modifier if it
eats the octopus. The second morphism is true becau-
se the octopus is classified as a resource in the eel’s en-
vironment; the crab is a resource of the octopus and
the anemone a modifier of that resource. Thus the gi-
ven set is Cg, a third-order community in the habitat.
The two passing (anonymous) fish may possibly enter



86

into the scheme if high order morphisms are conside-
red, or if they happen to be suitable octopus prey. Ho-
wever two large fish of suitable species are unlikely to
be elements of an animal community of low order which
contains the octopus.

The ecosystems associated with C;, C |, Cyand C 3
will include such objects as oxygen and thermal ener-
gy, both of which are resources of all the animals. The
octopus lair, which is a first-order modifier, may be ad-
ded to € |, €, and § 3 as an external object, since it
does not link any pair of animals. The lair protects the
octopus from the eel and so is a first-order modifier in
the eel’s environment by modifying a resource. It is al-
so a first-order modifier in the octopus’ environment
by modifying a predator. However we cannot write
Mod ¥ eel — octopus for some small k via a path which
includes the lair. So the lair is an ‘external modifier’.
In a real-life habitat in the Mediterranean containing
large numbers of many species of animals the lair would
almost certainly be incorporated in the ecosystem via
chains of modifiers connecting pairs of animals and it
would be unnecessary to add any external modifiers.

An analysis of a water-filled treehole community

R.L. Kitching has studied communities of animals,
mainly insects, in water-filled treeholes in England, Au-
stralia and Indonesia (Kitching 1986, pres. comm.). In
this analysis only the first of these studies is used (Kit-
ching 1971). It was undertaken in the beech forests of
Wytham Woods, Berkshire, England. The following ani-
mals were found:

(i) Two species of mosquito, Aedes geniculatus (Oli-
vier) and Anopheles plumbus Stephens, referred to here
as ‘A ’and ‘A5’

(ii) Two species of midges, Metriocnemus martinii
Thienemann and Dasyhelea dufouri Laboulbéne, refer-
red to as ‘M’ and ‘D’.

(iii) The hoverfly Myiatropa florea (Linnaeus), refer-
red to as 'Y’.

(iv) A small detritus-eating beetle Prionocyphon ser-
ricornis Miller, referred to as ‘P’.

The mosquitoes require sugar secretions to provide
flight energy and the females require a blood meal to
ensure maturation of eggs. Herbs provide the sugar and
vertebrates the blood. Midge D requires plant juices for
food and the females probably feed on the blood of
other adult insects. The hoverfly requires pollen meals
provided in Wytham Woods by flowers of teasel and ivy.
All the insects in the water-filled treeholes are preyed
upon by birds, spiders, other insects and a variety of
other insectivorous animals. They may be blown away
and be unable to find further treeholes in which to lay
eggs. Heavy rain or extreme temperatures will cause
considerable mortality. The larvae of A |, A,, M, D, Y
and P are all saprophages i.e. they eat rotten compo-
stlike particles present in the water.

In order to deal with the insects throughout a life-
cycle we choose a suitable interval of time during which
the modifiers in the insects’ environments may act. Sin-
ce all the larvae in one particular treehole have as re-
sources the rotting particles in the water they are
first-order modifiers of each other. Thus if we choose
just one water-filled treehole as the habitat the com-
munity is a first-order one which includes all members
of all six species. If now we use a larger habitat then
the predators of the adult insects should be included
in a higher order community, such as web-spinning spi-
ders (there may perhaps be a dozen of these), seven or
eight species of insectivorous birds, a few species of en-
tophagous insects and possibly a bat (Kitching, pers:
comm. 1986). The corresponding first-order ecosystems
include the compost-like particles in the water, the wa-
ter itself and the universal modifiers oxygen and ther-
mal energy. To include the vertebrates which supply
the blood meals for the mosquitoes we need to consi-
der higher-order modifiers.

Discussion

The definitions of community and ecosystem provi-
de a simple method for differentiating communities and
ecosystems in the field even when in the same habitat.
It will often be possible for a field ecologist to observe
two nonoverlapping nth-order communities in one ha- ‘
bitat providing n is small. The method of classification'
also provides a means of comparison across the boun-
daries of habitats and animal species.

The point that the system described here is a stocha-
stic one at a fundamental level accords well with the
view of many ecologists that stochastic systems have
validity in ecology (See e.g. Wiens 1984). It is also wi-
dely accepted that population ecology is a basis for com-
munity ecology (Southwood 1980, Strong et al. 1984).
an attitude with which the definitions of this article are
in accord.

The environment definition has been used by Andre-
wartha and Birch (1984) for classifying the environment
of our own species. However I myself believe that psy-
chological and cultural matters are of such importance
in human ecology that a separate definition should be
constructed for our species. Work on this definition is
in progress. It may well be that analogues of the com-
munity and ecosystem definitions will hold also for hu-
mans; for the moment it seem preferable to exclude
humans from the system. Future work also is planned
for an extension to plant ecology. The morphisms con-
necting plants and modular organisms have not yet been
studied. A more complete definition of ecosystem
should be possible once these morphisms are written
down.

The use of such a general algebra as the theory of
categories lends itself to the construction of a further
axiom once the work on plants, modular organisms and



humans has been completed. Only with a complete axio-
matic system will it be possible to derive theorems
which relate directly to ecology and enable us to do the
necessary arithmetic to manipulate and predict ecolo-
gical systems in much the same way as we manipulate
and predict physical systems.

Acknowledgement. Thanks are due to R.F. Ambrose and R.L.
Kitching for their comments on the octopus environment and
water-filled treehole communities respectively.
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I. INTRODUCTION

j. H. WOODGER (1952) wrote

In considering the relation logy we must distinguish between
the process of applying e to biology and the less familiar
process of letting biologic new mathematical ones.

In the present article I shall use the ‘less familiar’ method of formaliza-
tion to show that the recognition concept of species (PATERSON, 1985)
is closely linked wia the primitive terms used in the mathematical defi-
nitions with both the Andrewartha and Birch idea of an animals envi-
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ronment (ANDREWARTHA and BIRCH, 1984) and the notion of an animal
community as a set of animals which are connected by their functional
relations (NIVEN, 1987b). The general approach taken by WOODGER
(1937 ; 1939) was derived directly from WHITEHEAD and RUSSELL (1925)
in that Woodger used their notation and followed their methods of trans-
lating natural language sentences into formalized sentences written in a
rigorously circumscribed symbolic language. Woodger’s work was dif-
ficult for biologists to read and understand ; its inaccessibility has resulted
in its being less widely known than one might expect. A formalized
system for evolutionary theory was constructed by WILLIAMS (1970)
following Woodger's ideas but using more modern notation which is
much easier to read ; even so, Williams' work has had little impact on
the day-to-day work of biologists. In my present work on formalized
theory of ecology of which this paper forms a part I have complied with
the following conditions: (i) close contact is kept with field workers,

that the formalization is readily accessible to ecologists who are able
to make use of the results in practice, for example the mathematical
definition of ‘environment’ to classify objects within the environment
of an animal (ANDREWARTHA and BIRCH, 1984).

The formalization method should be contrasted with the method of
mathematical modelling also used by ecologists. Models are often poor
predictors at least partly because the mathematics we use has foundations
derived from physical not biological science. Thus the theory of differen-
tial equations used in animal population dynamics (e.g. MAY, 1974) was
developed initially to deal with Newtonian physics and the n—dimensional
Euclidean geometry used by HUTCHINSON (1957) as a model for the concept
of ‘niche’ has at the foundational level primitive terms like ‘point’
which is derived from ideas about physical space.

In this paper first I present an interpretation of the four primitive terms
‘An’, ‘Off’, ‘Hab’' and ‘¢’. T shall then repeat the definition of ‘mate’
given in NIVEN (1987a) and use it to define ‘species’, illustrating both
definitions with examples. Finally I shall comment on some aspects of
the ‘species’ definition and discuss the foundational connections with
other concepts of animal ecology. A list of symbols is given in an Appendix.
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2. THE PRIMITIVE TERMS AN, OFF, HAB AND E

In any formalized system such as a branch of mathematics it is necessary
to include certain undefined words or phrases called ‘primitive terms’.
1t is not possible to construct a branch of mathematics in which all terms
are defined. The primitive terms are then used in definitions. Axioms
are assumed sentences containing the primitive terms and the definitions.
The rules of deduction of the system enable us to evolve theorems from
the axioms.

In addition to the four primitive terms which are used in the definition
of ‘species’ there is a fifth within my system, called ‘H' and known as
‘the survival and reproduction primitive’. This is used in the definition
of ‘environment’ (NIVEN, 1980), ‘animal community’ (NIVEN, 1987b)
and ‘niche’ (to be published) and will not be referred to again in this
article except briefly in the discussion. However it should be noted that
the inclusion of ‘H’ implies that the overall formalized system is stochastic
at a foundamental level.

‘An’ stands for ‘animal’, meaning individuals of the Kingdom Animalia
of MARGULIS and SCHWARTZ (1982). By ‘An(x)’ 1 mean that x is an animal.
‘Off' stands for ‘offspring’. This primitive term is sometimes sub-indexed
by ‘t’ or ‘8t" which indicates the time of birth or the time interval during
which the offspring is born. So ‘x Offs. y’ means that x is born to 'y during
the interval 8t.

‘Hab' stands for ‘habitat’. The term is derived from ELTON (1966) and
refers to the place in which the ecologist confidently expects to find
the animal of interest. It may also be sub—indexed by ‘t' or ‘3t’. By
‘B Hab a’' I mean that the place ‘B’ is a habitat of ‘a’, where ‘a’ is spe-
cified to be an animal i.e. An(a). B may be a specific pond, paddock,
field, forest, continent, ocean or small region of ocean and so on. It may
even be an entire planet. When necessary a region of the atmosphere
is included, or a certain depth of soil. In this paper B is always a specific
place, not a class of places.

‘¢’ is the interaction primitive of t

interaction occurs between x and y

sical, physiological or behavioural 1

no other object (other than x) redu

ie. x affects y directly. Judgement as to whether the response is signi-
ficant is to be made by the ecologist. For instance if an animal ‘y’ gazes
at some object ‘4’, a tree say, this is a response of ‘y’ to the tree and
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doubtless some sort of physiological process is evoked. A response of this
type would often be regarded by the ecologist as trivial, and ignored.
Like ‘Off’ and ‘Hab’ the interaction primitive may be sub-indexed by
‘t’ or ‘8t

The inclusion of £ as a primitive term and the time-dependence of ‘Off’,
‘Hab’ and ‘¢’ imply that the system is interactive and dynamic at a
foundational level.

3. THE FORMAL DEFINITION OF MATE

By a ‘mate’ in the environment of a subject animal I mean much the
same as the ordinary English phrase ‘potential mate’. The definition is
appropriate for all animals including those which are hermaphroditic or
self-mating. It is necessary that offspring are possible, so a sterile animal
of opposite sex cannot be a mate even if copulation occurs.

Finally, in view of modern developments in genetic engineering the
possibility is allowed that the defined ‘mate’ is not even necessarily an
animal, but may be an artefact.

It is essential that the time be specified ; this is easily seen when we
consider as an example the mating habits of the chimpanzee (Pan tro-
glodytes). The normal sexual cycle of a mature female chimpanzee is
thirty-seven days, with a range of twenty-nine to forty—two days.
Menstrual bleeding occurs between oestrous phases. Although female
chimpanzees are receptive to copulation at all times they are more likely
to mate during maximum tumescence. Copulation with brothers is very
rare and mother—son true copulation has never been observed (LEMMON
and ALLEN, 1978 ; TUTIN and MCGREW, I1975; VAN LAWICK-GOODALL,
1971). Thus if we fix our attention on a particular female chimpanzee
as subject animal we observe that at certain times it is not possible
for the subject animal to conceive offspring. During such periods an adult
male, even in the close vicinity, is excluded from being a ‘mate’ by the
formalization given here.

These considerations lead to the following definition of an object ‘m’ to
be a mate of subject animal ‘a’ at time th

Prob [(ﬂx) (x OffH_;;a & xOffH.gm) IE-‘t ma] >0

i.e. the probability is greater than zero that there is at least one object
‘%" which at time t-}-§ is an offspring of both ‘a’ and ‘m’, given that a
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significant interaction in the sense of £ occurs at time t. f is the gestation
time. Neither ‘x’ nor ‘m’ are necessarily animals.

In the case of chimpanzees, with the subject animal a female chimpanzee
in oestrous at time t, ‘m’ would be a suitable adult male chimpanzee.
The use of the conditional ‘| (given that) implies that we would classify
a suitable male chimpanzee as a mate even in the case that the male is
a long way removed from the subject female : in ordinary English words
we are defining a potential mate. In the case of an hermaphrodite, like
the earthworm Lumbricus tervestris for instance (EDWARDS and LOFTY,
1972) the mate ‘m’ would simply be another fertile adult. The definition
also holds good for self-mating animals such as the rat tapeworm Hyme-
nolepsis diminuta (BURT, 1980). If we replace ‘m’ in the definition by
the subject animal ‘a’ we obtain :

Prob [(3x) (v Offiygal€aa] >0

Here we interpret ‘Z.’ as that the interaction occurs within the subject
animal ‘a’; the animal interacts with itself.

4. THE FORMAL DEFINITION OF SPECIES

Paterson’s recognition concept of species is described in a number of
articles (PATERSON, 1980 ; 1981 ; 1984 ; 1985 ; PATERSON and MACNAMARA,
1984 ; LAMBERT and PATERSON, 1085). He arrived at his (non-mathema-
tical) definition wia a careful consideration of evolutionary concepts.
His specific-mate—recognition notion is dependent on the idea that the
recognition response of a potential mating partner is of supreme impor-
tance ; without such a response the probability of mating is negligibly
small. The use of a specific habitat is a necessary feature of the recognition
response and this is catered for in the mathematical definition by the
use of the conditional ‘|’ (given that). Thus we have, for subject animal
‘a’, that the species Sa is the set of animals ‘%’ of which ‘a’ is an element
such that:

% Mat a or x Mat Mat a | B Hab (x and a),
ie animal ‘4’ is either a (potential) mate of ‘a’ or a mate of a mate of

‘a’ given that ‘B’ is a habitat of both ‘¥ and ‘a’. More formally we define
an animal species S, at time ‘t’ as follows :
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Sa = pr{x:x = a Vx Mata Vx Mat:Matia|An(a) & An(x) & B Hab(x & a)}

For hermaphroditic animals the term ‘x Mat, Mat, a’ is redundant. The
sub-index ‘t’ may be replaced by ‘St if, for example, we wish to include
juvenile animals which will become (potential) mates of ‘a’ during the
interval of time 8t.

5. COMMENTS ON THE FORMAL DEFINITION

1) It does not follow from the formal definition that either the parents
or offspring of the animal ‘a’ are elements of the set Sa. Thus mutations
resulting in some change of mate recognition in at least one pair of off-
spring may well result in a different species.

2) Paterson deals with animals in the wild state. If the biologist should
so desire the habitat ‘B’ in the mathematical definition could be some
artificial place, such as a cage in a zoo, thus leading to the classification
of animals such as lions and tigers, dogs and jackals, or mallard and pin-
tail ducks, being defined as being of the same species. However these
are very peculiar cases and, although they are logically valid, they seem
unlikely to be of any practical use.

3) Another peculiar and artificial case is that of artificial insemination.
The mathematical definition can be ‘forced’ to cover this case by making
both the habitat ‘B’ and the time interval ‘St’ large enough to include
both parents.

4) In the case of a perpetually self-mating animal the definition reduces
to just the animal ‘a’ which is in habitat ‘B’ ; thus the definition is not
suitable for animals which reproduce parthenogenetically. In the case
of an animal which has only daughters for several generations, followed
by normal bisexual reproduction for one or two generations the mathe-
matical definition covers only the latter case.

5) In the overall formalized system human beings are excluded because
of cultural and psychological factors (NIVEN, 1987a). However both the
mate and species definitions given in this paper are valid for humans.
6) The inclusion of the probabilistic sentence used to define ‘mate’ implies
that the definition of ‘species’ given in this paper is stochastic.
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6. DISCUSSION

An advantage of the formalization method is that the relations among
concepts are clarified. The definition of species involves four primitive
terms ; the definition of environment as used by ANDREWARTHA and
BIRCH (1984) involves an overlapping set of four primitive terms. The
following table makes the situation clear : .

Definition Primitive Terms
Resource An H E

Mate off ¢

Predator An H &
Malentity An H &

Total Centrum An Off H &
Web An Off H
Total Environment An Off H §
Species An Off £ Hab

All five primitive terms are used in the mathematical definition of ‘animal
community’ (NIVEN, 1987b). The use of Elton’s notion of habitat as a
particular place where an animal lives links the present definition of
species to Elton's ideas also.

Thus the formalization method provides a rational basis for an integrated
theory of ecology ; concepts which apparently are quite independent of
one another such as ‘resource of an animal’, ‘predator’, ‘species’ and
‘animal community’ are found to be linked together at the foundational
level.

The mathematical definitions of ‘environment’ and ‘community’ have
resulted in practical classifications of objects in an animal’s environment
and for kinds of community. In particular, ANDREWARTHA and BIRCH
(1984) have developed a useful diagram, called an ‘envirogram’ on which
the objects in the environment are displayed in their logically correct
order. The mathematical definition of environment refers to the environ-
ment of an individual animal (NIVEN, 1980); the derived envirogram
is for many animals over a stretch of time. In contrast the mathematical
definition of ‘species’ does not yield a practical method of classification.
However it will be shown in a future publication that a mathematical
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definition of ‘niche’ which includes that of ‘species’ yields a practical
method of classifying niches. Thus while the primary aim of formaliza-
tion is to construct theorems which will aid in prediction the definitions
themselves are of some practical use to ecologists.

In any mathematically-based scientific theory primitive terms which
remain undefined in the system are essential. It is simply not possible
to do without them. Nevertheless people may find it unsatisfactory in
particular that the habitat referred to in the species definition is depen-
dent on choice and not laid down in some objective manner. The onus
is on scientists who feel strongly about this to suggest an alternative,
stating specifically what the new primitive terms are. Certainly there
must be many alternatives. I do not know if the number of possible
formalizations of theory of ecology is infinite but it must be very large.
Now that it has been shown to be possible to construct one such system
it should not be too difficult to construct alternatives and I invite in-
terested theoreticians to do so.

Acknowledgement. 1 have pleasure in thanking H. E. H. Paterson for
comments on an early draft of this paper and for several interesting
conversations.

Nathan, January 1988

APPENDIX: SYMBOLS

An instant of time.

An interval of time.

There is at least one ... such that.
Given that.

Greater than.

And.

Or.

= Is the same object as.

The set of x's such that.

<&y T wmE

-
xR
—
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THE ANIMAL NICHE: A FORMALIZED FUNCTIONAL
DEFINITION AND ITS USE IN CLASSIFYING NICHES

B.S. Niven, School of Science, Griffith University, Nathan, Queensland. 4111 Australia

Keywords: Animal, Niche, Functional definition, Environment, Classification

Abstract. A formalized functional definition of niche is given using an extension of the standard defini-
tion of a mathematical relation. The niche is conceived as a relation between species and environment;,
previously published mathematical definitions of both these concepts are incorporated and described brie-
fly, together with examples. The new definition of niche may be used to classify animal niches. It is unlike-
ly, because of the lack of an associated identity operator, to be of use in further mathematical development,
however, because of its simple form it lends itself to use by field ecologists.

Introduction

In a thoughtful and interesting article Alley (1982)
discusses the concept of niche in ecology and stresses
the necessity for a functional definition. The concept
of an ‘empty’ niche is severely criticised. Alley suggests
that a variety of levels of analysis are necessary, ran-
ging from “‘Elton’s goal of partitioning organisms into
‘professional’ classes (such as scavengers and parasites)
- to - a detailed examination of ecological relations -’.

In the present article I give a formalized functional
definition of the concept of niche in animal ecology,
using the formalization technique introduced by Wood-
ger (1937, 1939, 1952) who wrote ‘‘In considering the
relation of mathematics to biology we must distinguish
between the process of applying existing mathematics
to biology and the less familiar process of letting biolo-
gical statements suggest new mathematical ones’’.
Woodger’s work was difficult for biologists to read and
understand; its inaccessibility has resulted in the me-
thod being less widely known among biologists and bio-
mathematicians than one might expect. An exception
is a formalized system for evolutionary theory which
was constructed by Williams (1970) following Woodger’s
ideas but using more modern notation. In my work on
formalized theory of ecology of which this paper forms
a part I have complied with the following: (i) close con-
tact is kept with field workers, (ii) the difficult and cum-
bersome notation of Whitehead and Russell (1925)
which was used by Woodger is replaced by more mo-
dern notation interspersed with enough natural langua-
ge to convey meaning without losing too much rigour,
(iii) intermediate theoretical results are checked imme-
diately against data from a wide range of appropriate
biological organisms.

The modus operandi for the total study is to con-
struct a new branch of pure mathematics specifically
for ecology. Thus mathematics is conceived to be a for-
malized language, containing sentences. Russell (1953)
wrote ‘‘Pure mathematics consists entirely of assertions

to the effect that, if such and such a proposition is true
of anything, then such and such another proposition
is true of that thing’’. The techniques for the construc-
tion are derived from standard works in mathematical
logic such as Church (1956). In this article the niche is
treated as a relation between an animal species and the
objects in the environment of the mermbers of that spe-
cies. The niche definition uses an extension of the
Wiener-Kuratowski definition of relation (Kuratowski
and Mostowski, 1976). The mathematical definitions of
environment and species are dealt with in Niven (1987a,
1988e). The niche definition was foreshadowed in Ni-
ven (1982).

The formalization method in biomathematics should
be contrasted with the method of mathematical model-
ling familiar to many ecologists. Models are often poor
predictors, at least partly because the mathematics we
use has foundations derived from the physical, not bio-
logical, sciences. Thus the theory of differential equa-
tions used in animal population dynamics by for
example May (1974) was developed initially to deal with
Newtonian physics and the n-dimensional Euclidean
geometry used by Hutchinson (1957) as a model for the
concept of niche has at the foundational level primiti-
ve terms like ‘point’ which is derived from ideas about
physical space.

In this paper first I present an interpretation of the
five primitive (undefined) terms ‘An’, ‘Off’, ‘Hab’, ‘H’
and ‘¢’, all of which are derived from ideas within the
biological sciences. I shall then briefly repeat the ma-
thematical definitions of environment and species gi-
ven in full elsewhere and use them to define the animal
niche, illustrating all three definitions with examples.
1 shall show how the niche definition may be used for
the classification of a niche in some practical cases. [
then comment on some consequences of using the de-
finition, in particular its relevance to the principle of
competitive exclusion. A list of symbols is given in the
Appendix.
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The primitive terms AN, OFF, HAB, H and ¢

In any formalized system such as a branch of mathe-
matics it is necessary to include certain undefined
words or phrases called ‘primitive terms’. It is not pos-
sible to construct a branch of mathematics in which all
terms are defined. The primitive terms are then used
in definitions. Axioms are assumed sentences contai-
ning the primitive terms and the definitions and the ru-
les of deduction of the system enable us to evolve
theorems from the axioms. The following interpreta-
tions apply:

‘An’ stands for ‘animal’, meaning individuals of the Kin-
dom Animalia of Margulis and Schwartz (1982). By
‘An (x)' I mean that x is an animal.

‘Off" stands for ‘offspring’. This primitive term is so-
metimes sub-indexed by ‘t’ or ‘6t’ which indicates the
time of birth or the time interval during which the off-
spring is born. So ‘x Off 5, y' means that x is born to y
during the interval ét.

‘Hab’ stands for ‘habitat’. The term is derived from El-
ton (1966) and refers to the place in which the ecolo-
gist confidently expects to find the animal of interest.
It may also be sub-indexed by ‘t’ or ‘6t’. By ‘B Hab a’
I mean that the place ‘B’ is a habitat of ‘a’, where ‘a’
is specified to be an animal i.e. An (a). B may be a spe-
cific pond, paddock, field, forest, continent, ocean or
small region of ocean and so on. It may even be an en-
tire planet. When necessary a region of the atmosphe-
re is included, or a certain depth of soil. In this paper
B is always a specific place, not a class of places.
‘H’ is the survival and reproduction primitive of the sy-
stem. It is derived from ‘an animal’s chance to survive
and multiply’ in Andrewartha and Birch (1954). H (x)
is a positive real number which is a non-decreasing func-
tion of:

(i) the expectation of life of x at birth or on entering
its present stage of the life cycle, and

(ii) the probability that x will have an offspring.

‘H’ may be sub-indexed by ‘t’ or ‘6t’. Unlike the notion
of ‘fitness’ in evolutionary theory, ‘H’ refers to the pre-
sent generation only, not a sequence of generations.
‘¢’ is the interaction primitive of the system. By ‘£xy’
I mean that an interaction occurs between x and y evo-
king immediately in y some physical, physiological or
behavioural response or a change of position and no
other object (other than x) reduces or enhances this ef-
fect of x on y, i.e. x affects y directly. Judgement as
to whether the response is significant is to be made by
the ecologist. For instance if an animal ‘y’ gazes at so-
me object ‘x’, a tree say, this is a response of ‘y’ to the
tree and doubtless some sort of physiological process
is evoked. A response of this type would often be re-
garded by the ecologist as trivial, and ignored. Like
‘Off’, ‘Hab’ and ‘H’ the interaction primitive may be
sub-indexed by ‘t’ or ‘ét’.

The inclusion of ‘H’ as a primitive term implies that the

formalized system is stochastic at a foundational level
‘£, which is incorporated in all definitions, ensures tha
the system is totally interactive. The time-dependenct
of ‘Off’, ‘Hab’, ‘H’ and ‘¢’ implies that the system i
dynamic.

Environment

A symbolic definition of an animal’s environment
was published by Niven in 1980. The environment was
defined as a structured set of objects which were fun¢
tionally related to the subject animal. An improved for
mulation was published by Niven (1982) and used by
Andrewartha and Birch (1984) to classify objects in the
environment; these authors derived, from the mathe-
matical definition, a useful diagram called an ‘enviro
gram’ which displays objects in the environment in theif
correct logical place. The definition is for one animal
at a particular time; the envirogram is for many ani-
mals at different times and is used as a practical tool
for the field ecologist. The formulation of the defini-
tion which was used by Andrewartha and Birch is not
easy to manipulate; for this reason I have since deve-
loped a simpler formulation which is suitable for tea
ching undergraduates and facilitates very precise
classification of objects in the environment by non-
mathematicians (Niven, 1987a).

The structured set of objects which constitute the en-
vironment of an individual animal at some particular
time is divided into two subsets called the ‘centrum’
and the ‘web’. The centrum is further subdivided into
‘resources’, ‘mates’, ‘predators’ and ‘malentities’. Each
of these four subsets is defined by a mathematical sen-
tence containing a conditional; in ordinary English the
centrum contains potential resources, mates etc; this
device means that an object which is not at that time
in the animal’s immediate vicinity may still be defined
as a resource or other element of the animal’s environ-
ment. The web consists of an infinite structured set of
‘modifiers’. Zero-order modifiers are elements of the
centrum and first-order modifiers modify these ele-
ments. Second-order modifiers modify objects which are
first-order modifiers and so on. The conditional form
of defining sentence is used throughout.

For subject animal ‘a’ the definitions of a resource,
mate, predator and malentity are:

rRes,a =y [{H;(a) >H,_(a)} | £, ra]l &
(An(r) D {H () = H,_ (1)} | §, ra]

m Mat, a = 4 Prob [(3x) (x Off (.52 &

x Off (,gm)| & ma} >0

pPred,a = 4 [{H;(a) <H . (a){ &



{H{(p) >H_ (p)) | £¢ pal
cMal,a =4 [(H{(a) <H{_ (@)} | £, cal &
[An(c) D {Hy(c) = Hy_ ()} | & ca]

The interval of time ‘4’ in the definition of a mate is
the gestation time. A predator must be an animal.

The centrum is the set of objects which are resour-
ces, mates, predators or malentities. Formally:

Cia =gr {x: xRes;a VxMat,a Vx Pred;a VxMal;aj.

In the web the modifiers of order greater than zero are
divided into two sets called ‘positive’ and ‘negative’ mo-
difiers, depending on whether their presence or absence
causes the lower order modifier to appear in the system.
Formally:

w Mod;” ™ Va— ¢ (3%) [ {x Mod! a | (§ wx V & wy)] &
(~x Mod{a (£, wx V £¢ wy))]

w Mod; * Da = 4 (3%) [ (x Modfa |~ (& wx V & wy)} &
(~x Mod {a (5, wx V £ wy))

n =0,1,2...;yis either ‘a’ or a modifier of order <n;
Mod fa= 4 Mod { "a V Mod ; "a.

The total environment of the subject animal is the
union of the centrum and the web in which the struc-
ture of the four subsets of the centrum and their atta-
ched modifier chains is preserved.

The following examples from the ecology of the
Atlantic fulmar (Fulmarus glacialis) are taken from Fi-
sher (1952). Large numbers of these fulmars used to at-
tend whale flensing, in the days when whales were
hunted. They disregarded the men and gorged whale
blubber and oil. Thus blubber is classified as a resour-

_ce of a subject adult fulmar:

H (fulmar) is increased |¢ (blubber) (fulmar).

Fulmars are attracted to glacier run-off streams in or-
der to feed on planktonic creatures. Occasionally, Fi-
sher records, some are Kkilled by ice-falls. We classify
a particular (loose) block of ice as a malentity:

H (fulmar) is decreased |£ (ice) (fulmar).

A different kind of resource is observed when we
consider the breeding habits of the bird. A female ful-
mar prospects for and chooses a nesting site, usually
a ledge on a high cliff, when still a non-breeding juve-
nile. The bird may occupy the site for over four years
before laying eggs there. A suitable ledge is clearly a
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necessity for a subject female fulmar to breed and thus
a resource:

H (fulmar) is increased | £ (ledge) (fulmar).

An adult male fulmar is classified as a mate of the sub-
ject female:

An offspring of both individuals will be produced with
probability greater than zero | £ (male fulmar)
(subject female).

The ledge, as a nesting site, is also a positive first-order
modifier:

(3 male fulmar) such that

(male fulmar) Mat (subject female) | ¢ (nesting site)
(subject female)

and

~(male fulmar) Mat (subject female) | ~ £ (nesting site)
(subject female),

that is, unless the ledge is available, the female will not
lay her eggs and so the male cannot be a mate.
When threatened a fulmar will vomit or spit foul-
smelling stomach-oil, not directly at the intruder but
simply in the direction in which it is looking at the ti-
me. A baby fulmar not yet out of its shell has been ob-
served to vomit through a small chink when disturbed
by the observer. The glaucous gull (Larus hyperboreus)
will readily eat fulmar eggs and fledglings if the parents
are away from the nest. The gull is classified as a pre-
dator in the environment of a subject fledgling fulmar:

H (fledgling) is decreased and H (gull) is increased | £
(gull) (fledgling).

The fledgling, in turn, is classified as a resource in the
environment of a subject gull:

H (gull) is increased and H (fledgling) is decreased | ¢
(fledgling) (gull).

Notice that in this case the term ‘H (fledgling) is decrea-
sed’ is included in the defining sentence, in contrast to
the two previous examples of resources in which the
resource was not an animal.

The stomach-oil emitted by a subject fledgling ful-
mar when disturbed by a gull is a negative first-order
modifier:

(3 gull) such that (gull) Pred (fledgling) | ~ £ (stomach-oil)
(gull) and
~ (gull) Pred (fledgling) |¢ (stomach-oil) (gull).

The fledgling is modifying its own environment by pro-
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ducing the stomach-oil; it is a positive second-order mo-
difier:

(3 stomach-oil) such that

(stomach-oil) Mod! (fledgling) |£ (fledgling) (fledgling)
and ~ (stomach-oil) Mod' (fledgling) |~ ¢ (fledgling)
(fledgling).

Here we assume that the fledgling is interacting with
itself in the sense of the primitive term £ to produce
the stomach-oil. The parent bird which protects the
fledgling from the gull is a negative first-order modifier:

(3 gull) such that (gull) Pred (fledgling) | ~ ¢ (parent)

(fledgling)
and ~ (gull) Pred (fledgling) {¢ (parent) (fledgling).

It is the case here that both the parent and the fled-
gling are acting to protect the fledgling against the pre-
dacious gull, but the fledgling acts via an intermediate
object (the stomach-oil) whereas the parent acts direc-
tly on the predator, hence the classifications are dif-
ferent.

Other examples, taken from the ecology of animals
ranging from a sponge to a non-human primate, are gi-
ven in Niven (1987a, 1988a, b, ¢, d, Niven and Stewart
1987). The definition is unsuited to human beings, sin-
ce the cultural and psychological factors which are of
such importance to humans are not sufficiently stres-
sed in the defining sentences of an animal's envi-
ronment.

Species

In a series of articles Paterson and his colleagues have
developed a non-mathematical definition of an animal
species (Paterson, 1980; Paterson 1981, Paterson 1985,
Paterson and Macnamara 1984, Lambert and Paterson
1985). Paterson’s definition is dependent on the notion
of specific-mate-recognition necessarily occurring in a
particular habitat and arose via a careful consideration
of evolutionary concepts. A mathematical definition ba-
sed on Paterson’s work is given in Niven (1989). The
animal species S, at the time ‘t’ which includes a sub-
ject animal ‘a’ is the set as follows:

S; =g4r {x:x=a Vx Mat,a Vx Mat,Mat,alAn (a) &
An (x) & B Hab, (x & a)}.

For hermaphroditic animals the terms ‘x Mat,Mat,a’ is
redundant. The sub-index ‘t’ may be replaced by ‘st
if, for example, we wish to include juvenile animals
which will become (potential) mates of ‘a’ during the
interval of time é6t.

As examples, first consider the case of chimpanzees
(Pan troglodytes) and, to begin with, choose the Gom-

be National Park in East Africa to be the habitat ‘B
Since female chimpanzees have marked sexual cycles
the sub-index ‘6t’ should replace ‘t’ in this case in or
der to ensure that all the animals are included (Lem
mon and Allen, 1978; Tutin and McGrew, 1973; var
Lawick-Goodall, 1971). Then if we choose as our ini
tial animal ‘a’ some mature female chimpanzee we ha
ve that the species S, is the set of objects x where
either x is a (potential) mate of ‘a’ or a mate of a mate
of ‘a’ during the time interval ‘8t’, given that ‘a’ is ab
animal and the ‘x’s’ are all animals and that ‘a’ and all
the ‘x’s’ are in the Gombe National Park. In order to
include all the animals normally thought of as being of
species Pan troglodytes we simply extend ‘B’ to inclu
de the Mhale mountains and other suitable areas. It i
not necessary for the theory that these areas are con
nected.

If now we are working with the hermaphroditic
earthworm Lumbricus terrestris (Edwards and Lofty
1972) then the mate of our initial subject worm is sim-
ply another mature adult and it is unnecessary to con
sider the mates of its mates.

In the case of a perpetually self-mating animal the
definition reduces to just the animal ‘a’ which is in ha-
bitat ‘B’; thus the definition is not suitable for animals
which reproduce parthenogenetically. In the case of an
animal which has only daughters for several genera-
tions, followed by normal bisexual reproduction for one
or two generations the mathematical definition covers
only the latter case.

Paterson deals with animals in the wild state. If the
biologist should so desire the habitat ‘B’ in the mathe-
matical definition could be some artificial place, such
as a cage in a zoo, thus leading to the classification of
animals such as lions and tigers, dogs and jackals, or
mallard and pintail ducks, being defined as being of the
same species. However these are very peculiar cases
and, although they are logically valid, they seem unli-
kely to be of any practical use. Another peculiar and
artificial case is that of artificial insemination. The ma-
thematical definition can be ‘forced’ to cover this case
by making both the habitat ‘B’ and the time interval
‘6t’ large enough to include both parents.

It does not follow from the formal definition that ei-
ther the parents or offspring of the animal ‘a’ are ele-
ments of the set S,. Thus mutations resulting in some
change of mate recognition in at least one pair of off-
spring may well result in a different species.

Unlike the definition of ‘environment’ the mathema-
tical definition of ‘species’ is valid also for humans. The
inclusion of the probabilistic sentence used to define
‘mate’ implies that the definition of ‘species’ is sto-
chastic.

The definition of the animal niche

The animal niche is the relation of that animal (spe-



cies) to the environment of individuals of the species.
Roughly speaking, the niche gives us some idea of the
place of the species in the biotic milieu; it provides in-
formation about the status of the species in the com-
munity. It is sometimes useful to think of the niche as
the ‘profession’ of the species (Elton 1927, Andrewar-
tha and Birch 1984). So the niche is to do with the ani-
mal’s functional relations with some of the objects in
the environment.

When we observe a particular species of animal we
usually find that all members of the species eat much
the same kind of food, have more-or-less the same ene-
mies and so on. In fact we expect all the adults of the
same sex to have the same (potential) resources, ma-
tes, predators and malentities and apart from modifying
one another’s environments as competitors or preda-
tors, the same modifiers. In practical ecology it is not
feasible to examine all possible objects in an animal’s
environment and some intuitive selection has to be ma-
de by the ecologist of those objects which seem to be
the most important (Dennison and Hodkinson 1984).

A relation is formally defined in mathematics as a
class of ordered pairs (Kuratowski and Mostowski 1976).
Rather than speak of modifiers of order zero and grea-
ter ecologists prefer the terms ‘centrum’ and ‘web’ (An-
drewartha and Birch 1984) so it is convenient to specify
the niche as a class of triplets instead of pairs. Thus the
niche of animal species S is defined as a class of one
or more ordered triplets as follows:

@) The first member of a triplet is an animal species.

(ii) One of the triplets has S as first member.

(iii) The second member of each triplet is either emp-
ty or an ordered set of objects in the centrum of
the animals belonging to the first element.

(iv)  Objects in the i-th place of the second member
are all of the same kind i.e. they belong to the
same well-defined class of objects; furthermore
they are all resources or all mates or all preda-
tors or all malentities.

(v)  The third member of each triplet is either emp-
ty or an ordered set of objects in the web of the
animals belonging to the first element.

(vi)  Objects in the i-th place of the third member are
all of the same kind 4.¢. they belong to the same
well-defined class of objects; furthermore they
are all of the same modifier order.

(vii) At least one of the second or third elements is
not empty.
(viii) A zero-order niche is one in which all third ele-

ments are empty.

(ix) Ann-th-order niche contains n-th order modifiers
in the third element of each triplet and does not
contain modifiers of order greater than n.

x) A simple niche contains only one modifier in the
third element of each triplet; multiple niches
contain more than one.
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Examples of animal niches

1. The first example is taken from Elton (1927). Con-
sider the arctic fox which subsists on eggs of guillemots
but in winter relies partly on remains of seals killed by
polar bears. The eggs and remains of dead seals are re-
sources. The guillemots and polar bears, as providers
of resources, are first-order modifiers. The associated
ordered triplet is:

< arctic fox; guillemot eggs, seal remains; guillemots,
polar bears>.

Now consider the African spotted hyaena which eats
ostrich eggs and also the remains of zebras killed by
lions. The eggs and zebra remains are resources and the
ostriches and lions first-order modifiers. The triplet is:

<spotted hyaena; ostrich eggs, zebra remains; ostri-
ches, lions>.

Elton clearly considers the two species to belong to the
same niche and indeed we may write the two triplets
with objects occupying the same places in the second
and third elements being: (a) eggs, (b) carcasses, (c) birds
and (d) large predators. Thus we have a niche contai-
ning two ordered triplets:

< arctic; guillemot, seal; guillemots, polar bears>
fox eggs  remains

< spotted; ostrich, zebra; ostriches, lions>
hyaena eggs remains

Since the modifiers are all of first order and there are
two of them in each triplet the niche is a first-order dou-
ble niche. Notice that there are two distinct habitats.
We may refer to this niche as either ‘the niche of the
arctic fox’ or ‘the niche of the spotted hyaena’.

2. Now consider a second example from the same
source. This is the niche of animals which eat ticks off
other animals. Three species are included by Elton: (i)
The African oxpecker, which sits on the back of wild
African ungulates, picks off the ticks and eats them,
(ii) the English starling which eats ticks off sheep and
(iii) the scarlet land crab which takes ticks from the
great aquatic lizard. So the niche is the class:

< oxpecker; ticks; ungulates >
< starling; ticks; sheep >
< crab; ticks; lizards>

The second elements in the ordered triplets are all ticks
which are resources of animals in the first elements and
the third elements are all vertebrates which are first-
order modifiers. Thus the niche is a first-order simple
niche.
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Elton contrasts this niche with that of the African cat-
tle egret which follows buffalo or other ungulates in or-
der to catch and eat grasshoppers. The modifier chain
for a subject egret is:

buffalo — kinetic energy — grasshopper — cgret

since without the buffalo that particular energy pac-
kage does not come into existence and without the mo-
vement the grasshopper is not a resource. The
corresponding niche triplet is:

< egret; grasshoppers; kinetic energy, buffalos>

Since a second-order modifier appears in the third ele-
ment and there are two modifiers named the niche is
a second-order double niche. It contrasts sharply with
the previous case by including the energy component
which shifts the buffalo into a higher order of modifiers.

3. We now turn to a study of Wolf spiders by Vogel
(1972). The two species Pardosa falcifera and P. ster-
nalis are often found in the same place, however P.
Jalcifera is very much more dependent on cover such
as fallen leaves which serve to protect the spiders from
predators, like birds. In Cochise County, Arizona, a mar-
ked change in conditions at Lake Cienaga from a lush
green marsh in 1963 to a nearly dry overgrazed pastu-
re in 1970 showed how dependent P. falcifera is on co-
ver. In 1963 one collection of the spiders contained
twenty-three times as many P. falcifera as P. sterna-
lis. In contrast a collection made in the same place in
1970 contained thirty-six times as many P. sternalis as
P. falcifera. The exact mechanism is unknown; it was
observed, however, that these spiders have a ‘territo-
ry sphere’ surrounding them, into which they do not
allow another spider to enter. We shall assume here that
both species are subject to predation by the same pre-
datory birds, that both would use cover readily availa-
ble in the habitat, but that P. falcifera is able to drive
P. sternalis away from cover, whereas P. falcifera by
its own actions is able to use the cover to protect itself
against the predators. Thus for both species the cover
is a first-order modifier of predators. P. falcifera is a
second-order modifier of cover in its own environment
and also a second-order modifier of cover in the envi-
ronment of P. sternalis. The two ordered triplets are:

<P. falcifera; predatory birds; cover, P. falcifera>
<P. sternalis; predatory birds; cover, P. falcifera>

Since there are two modifiers in each third element and
the second of these is of second order the niche is a
second-order double niche. In contrast to Elton’s exam-
ples the two species are found in the same habitat.
4. The predatory bark beetles Olophrum picewm and
Lathrobium brunnipes have both been found in a wood

near Liverpool, England, according to Dennision and
Hodkinson (1983). O. piceum feeds on Collembola and
L. brunnipes on mites. The two triplets are:

< 0. piceum; Collembola; — >
< L. brunnipes; mites; —>

Both second elements contain resources which are arth-
ropods and both third elements are empty. The niche
is therefore of zero order. The habitat is the same for
both species.

5. The marine copepods Calanus and Eucalanus we-
re observed by Boyd and Smith (1980) at a station in
the Peruvian upwelling system. Fucalanus were some-
times found in water below the surface layers which
had very low oxygen concentration. These layers we-
re avoided by Calanus. The copepods are detritus fee-
ders; Calanus fed both day and night in a fairly even
pattern but Fucalanus moved near the surface at night
and reduced its feeding intensity. Clearly water with
low oxygen concentration (WLO) is a malentity and de-
tritus a resource for both species. Both species modify
their food by moving to suit the feeding requirements;
they are thus first-order modifiers of resources in their
own environment. If we work over a period of time long
enough to accommodate the migrations, say twenty-
four hours, then the two triplets are:

<Fucalanus; WLO, detritus; Fucalanus>
< Calanus; WLO, detritus; Calanus>

The niche is a first-order simple niche.

If we wish to show up the difference in the night-time
position then we reduce the time period to, say, the
twelve hours of darkness and introduce the objects ‘wa-
ter with low detritus concentration’ (WLD) and ‘water
with high detritus concentration’ (WHD). These objects,
which provide resources at the required levels, are then
first-order modifiers. The animals are first-order mo-
difiers in their own environments, since they locate
themselves in the preferred places. For convenience we
leave out the malentities WLO. Then the two triplets

are:

< Bucalanus; detritus; WLD, Fucalarnus>
< Calanus; detritus; WHD, Calanus>

We have now written down a second-order double ni-
che for the same species in the same habitat, but using
a different time interval. This example clarifies two
points (i) the environment classification and therefore
the niche classification are both critically dependent on
the time chosen by the observer and (ii) the observer’s
choice of object (high or low detritus layers) and the
accuracy and completeness of the natural history (e.g.
night-time behaviour of Fucalanus) are also critically
important when classifying a niche.



6. The waterfleas Daphnia magna, D. pulex and D.
longispina were found together in a freshwater rock
pool in an archipelago near the Gulf of Finland by Ranta
(1979). The animals are filter feeders and unable to se-
lect food particles so the size of the ingested particles
is controlled by the density of the filtering combs and
the width of the carapace crevice. These measurements
relate to the body length. The maximum body lengths
of the three species observed were:

D. magna 5.0 mm; D. pulex 3.6 mm;
D. longisptna 2.5 mm.

If we classify particles as large, medium or small then
the three sorts of particles will be resources for the
three species, the animals themselves acting as first-
order modifiers of these resources. The corresponding
niche triplets are:

<D. magna; large particles; D. magna>
< D. pulex; medium particles; D. pulex>
<D. longispina; small particles; D. longispina >

The niche is a first-order simple niche

The principle of competitive exclusion

In the context of this paper the Principle of Compe-
titive Exclusion is that the second and third elements
of any one triplet are unique to the species. It would
seem to be very likely that if a large number of objects
are named in the triplet then the principle would be
true. One has only to imagine two n-th order triplets
for which the second and third elements were identi-
cal but the species of the first elements different; for
n large enough it seems highly likely that we could find
a pair of (n+ 1) th-order modifiers which differ from one
another.

However the Principle clearly does not hold for zero-
order niches. Consider as a counter-example No. 3 abo-
ve on Wolf spiders. A zero-order niche would be:

< P. falcifera; predatory birds; —>
< P. sternalis; predatory birds; —>

Thus when invoking the Principle we should be care-
ful to state precisely what order of niche is being stu-
died. Between the limiting cases of zero-order and n-th
order for n large there is a grey area in which the Prin-
ciple may or may not hold.

Discussion

The untutored peasant, gazing bucolically at a frog
and a bird, may dismiss as fanciful and unnecessary the
Latin nomenclature of modern animal taxonomy. In
contrast the trained zoologist is well aware of the ne-
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cessity for such classification. In science in general and
ecology in particular classification is essential. The main
practical use of the mathematical definition of niche
given in this paper is that a method of classifying ni-
ches is provided which is both well-defined and simple
to write down.

On the theoretical side defining the niche as a func-
tional relation between animals and their environment
matches Elton’s original concept and answers Alley's
severe criticism. However we may well ask whether the
niche concept is likely to lead to further development
of a mathematical basis for ecology and here the an-
swer is at present an unqualified negative for the fol-
lowing reason. In any useful branch of pure
mathematics an axiom asserting the existence of an
identity operator is essential. An example of an identi-
ty operator is the multiplication by the unit in ordina-
ry arithmetic. This operation on any number yields that
same number as the answer; the identity operator sends
a number back to itself. The identity operator for new
ecological mathematics is readily available; it is the ma-
thematical object ‘E'E’ where by ‘E'B’ we mean the
animal whose (formalized) environment is B and by ‘Ea’
we mean the environment of the animal ‘a’. The uni-
queness of an animal’s environment (Niven 1983) leads
naturally to the axiom. In ordinary English we may say
*The animal whose environment is the environment of
animal ‘a’ is in fact that same animal ‘a’ . This axiom
applies immediately when we construct new mathema-
tics for animal communities and, by extension, for eco-
systems, the latter assuming that an equivalent to
‘environment of an animal’ will be found for plants and
modules when the formalization of plant and module
ecology is undertaken (Niven 1988e). Unfortunately we
cannot extend the uniqueness of the environment of
an individual animal to a set of animals such as a spe-
cies. Consider as an example three frogs of the same
species F 1, Fo, and Fy sitting next to each other. Fy
and Fy appear in Fy’s environment as first-order mo-
difiers of food and other objects. Similarly F; and Fy
are in Fy's environment and F; and Fy in Fg’s environ-
ment. In order to obtain a set of objects, a pseudo-
environment, say, which is unique to the set {F;, Fo,
F3] we need to exclude certain objects. Including the
frog F, further complicates the situation. So the con-
struction of a biologically meaningful mathematical ob-
ject which will send the set of frogs back to itself is
certainly very difficult and may well be impossible. Wi-
thout an axiom asserting the existence of an identity
operator we are left with the prospect of handling eco-
logical mathematics in which a unique inverse does not
exist. Such branches of pure mathematics are difficult
to handle in practice and are unlikely to be useful in
scientific work.

Nevertheless the concept of niche may well conti-
nue to be useful in field ecology. As McIntosh (1982)
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writes *‘(the question now is) how similar can (species)
be and still coexist?’’ In the cases in which suitable me-
trics exist, such as the particle sizes of example 6 abo-
ve on Daphnia spp., well-tried methods of statistical
univariate and multivariate analysis may be used to
ascertain the separation of the triplets. Such methods
of niche separation are already in wide use (McIntosh
1982, 1985; Whittaker and Levin, 1975). However it
should be noted that not all field workers agree that
the niche is a useful concept. For example Johnson
(1984) writes ‘‘One of the problems facing a niche ana-
lyst is that niche differences can nearly always be
found, provided that enough niche parameters are exa-
mined”’. Johnson investigated the coexistence of two
flycatchers in the Nigerian rain forest, between which,
in spite of their close proximity, competition appeared
to be absent. He writes “‘If niches are at least partially
genetically... determined, then the occasional high ni-
che overlap is an unremarkable certainty’’.

The niche is a dynamic concept. In the present for-
malization the time-dependence of the environment is
provided by the primitive terms. This time-dependence
is, therefore, incorporated in the definition of niche.
Similarly the defined niche is stochastic at a founda-
tional level.

The mathematical definition of species used in the
niche definition is habitat-dependent. (In practice we
usually work with the museum concept of species which
is not). However the mathematical definition of envi-
ronment is independent of habitat. In ordinary English
we refer to potential resources, potential mates, poten-
tial predators, potential malentities and potential mo-
difiers. Thus it is strictly correct to specify a triplet in
which the first element (the species) is restricted to a
particular habitat, but the objects of the second and
third elements are not restricted to the same habitat.

The original concept of niche as described by Elton
included animals only; this is clearly an unnecessary re-
striction. Elton’s concept, however, also enabled us to
compare species in several quite different habitats and
this flexibility has been incorporated into the formali-
zation since it may well prove suggestive to write down
several triplets which refer to a variety of habitats. The
exercise could point the way to further study on im-
portant objects which have been observed in one pla-
ce but missed in another.

It should be noted that according to the definition
it is not possible to have an empty niche. The question
as to how many niches might exist does not seem to be
profitable. Presumably a clever genetic engineer could
tailor a new species to almost any given subset of the
objects in a habitat and so the number of possible ni-
ches within a given habitat, although not infinite, is cer-
tainly very large.
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APPENDIX
> greater than
< less than
=< less than or equal to
Xt x at time t
X x just before time t
A|B A given that B
~ negation
€ element of
D The subjunctive conditional; read ‘xDy’ “‘if x theny’’.

—g4¢ Definition; read ‘x =4¢ y’ “x is interchangeable with
y'’ or “x is equal by definition to y'’.

& Conjunction; read ‘A & B’ *‘A and B,

v Disjunction; read ‘A V B’ *‘A or B” (or both).

El The existential quantifier; read ‘3x’ ‘“‘there is at least
one x (such that)..."”".
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PREFACE

This short- monograph started as a brief review of my work on
formalized theory of animal ecology. I had published over forty
articles in a wide variety of journals, ranging from ’Erkenntnis’ (a
journal of analytic philosophy) to the ’Australian Journal of
Ecology’. I felt the need both to explain the central theme which
guided my work and to bring the results in all these scattered
articles together. I have written for biologists. Mathematicians
will find such things as my explanation of the difference between a
formalization and a model-building exercise boring, naive and
unnecessary. The diagram of section X (repeated on the front cover)
has not been published elsewhere.

My overall approach is encapsulated in the quotation from Bertrand
Russell’s "Principles of MYathematics" on the title page. I do not
know whether this statement is true. I have found it useful. It has
been the guiding light for all my studies described here. TFar from
restricting myself to first-order logic as 1is usual in a formalization
T have not hesitated to draw on any branch of existing mathematics
which seemed useful, so at various stages of the work I have used
ideas and symbolism from engineering mathematics, probability theory,
modern algebra, set theory and symbolic logic. At an early stage I
became convinced that a basis of mereology (the axiomatic theory of
the part-whole relation) rather than set theory was the more
appropriate for ecological mathematics. I made myself fully familiar
with the 198 theorems of Stanislaw Lesniewski, to the extent that even
his notorious Theorem CIV "If P is the class of objects a and Q is the
class of objects not a, then (P is the class of objects or Q is the
class of objects)" became intuitively obvious to me. However my
attempt to give the foundational mathematics of ecology a mereological
basis was a failure. Furthermore until the relation between mereology
and such modern mathematics as probability theory and the algebra of
categories becomes clear I do not think it feasible to proceed along
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these lines. For the record, I am convinced that a mereological basis
for ecological mathematics would be preferable and I hope some other
mathematician will succeed where I have failed.

Many people have encouraged and supported me in the work and to them I
am gratefui. They include : the logicians I D Barmett, I C
Hinckfuss, Richard Sylvan(Routley) and Ryszard Wojcickij the
mathematical biologist ¥ T Villiams; the computer scientist D E Abel;
the animal ecologists B G Andrewartha, T 0 Browning, L C Birch, R L
Kitching, V J Lawson, D A Maelzer, H E H Paterson and Georg Ribi; the
plant ecologists J L Harper and M J Liddle; the zoologist-biochemist
Clyde Manwell; the argricultural scientist C ¥ Ann Baker; the social
anthropologist and business management expert F J Villett. In
addition many experts on the various species included in my series
’The Precise Environment of Some Well-Known Animals’ went out of their
way to assist the understanding of an alien mathematician; 1in
particular I am grateful to : the parasitologists M.D.B. Burt and
Larry S. Roberts, the octopus expert R F Ambrose, the Monarch
butterfly expert Myron P. Zalucki and that great Australian "froggy
bloke" Michael J. Tyler. Vithout the expert assistance of the
Griffith University Academic Librarian V J Lawson I think I might have
given up under the weight of the biology literature.

Finally I wish to record my thanks also to my Griffith University
colleague R J Henry, who kept insisting that he understood neither
mathematics nor biology, but nevertheless supported me constantly with
legal and other advice.

B S Niven | March 1989
School of Science, Griffith University.



I INTRODUCTION

Any statement which can be written in English can be written in a
formalized language and half a century ago J H Woodger (1937) urged that
a formalization of biology would yield a worthwhile contribution to the
progress of research in the biological sciences. Ve should not expect
that only one formalized language would convey the richness of English
or any other natural language. Rather it is necessary to choose a
relatively small subset of sentences in the natural language to be
translated into a formalized language which is constructed for just that
restricted purpose. For instance if we wish to talk about points, lines
and triangles we use geometry; for talking about integers we use number
theory; for arrays of numbers matrix algebra. The richness of natural
language is lost, but we gain precision, conciseness and exactness of
communication.  Faulty thinking is more noticeable and more easily
corrected within a formalized language and obscure ideas are necessarily
clarified by the requirement to write definitions at least partly in
symbols and according to strict rules, (Quine, 1967). Woodger’s work
towards formalization in the biological sciences was difficult for
biologists to read and understand; its inaccessibility, combined with
the increasingly multipartite nature of modern universities which have
separated pure mathematics and logic from biology, has resulted in the
method being less widely known even among biomathematicians than one
might expect. An exception 1is a formalized system for evolutionary
theory conmstructed by Williams (1970). The Villiams system has become
well-known among logician-philosophers, perhaps somewhat less so among
biomathematicians. However it seems to have had negligible impact among
evolutionists.

The techniques for the construction of a formalized language, in
particular for a new branch of mathematics, are readily available in any
modern text on foundational mathematics or logic, e.g. the text by
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Church (1956). There is a foundational semantic basis, the universe of
discourse, which consists of the individuals of the system, the things
we talk about. Thus in Euclidean geometry we talk about the points,
lines and shapes of "flat" space; squares in two dimensions, cubes in
three dimensions, tesseracts and hypercubes in four or more dimensions.
At the basis of the formal system we have primitive terms; these are
terms which are not formally defined and which we explain by drawing
pictures, indicating type objects or simply talking about them; ’point’
is a primitive term in Euclidean geometry. The formal definitions of
the system include the primitive terms. The axioms of the system are
sentences which contain primitive terms and definitions; they are
assertions for which there is usually some evidence from the senses or
from experiment. Thus in Euclidean geometry a straight line is defined
in terms of two points and it is asserted that such a line will not
cross itself. From axioms we proceed to theorems, which are sentences
derived by the rules of inference which also belong to the system. In
sciences such as astronomy the theorems of various formalized languages
are useful for explanation and prediction, for instance the
Russell-Vogt theorem (see below).

In this monograph I use some standard symbols long used in symbolic
logic. They are:

(1) the existential quantifier 3, so ’3 crab’ means "there is at
least one crab,"

(i1) the negation ~, meaning "it is not the case that", so ’~ (3
crab)’ means "it is not the case that there is at least one
crab" and

(iii)  the subjunctive conditional Jj ‘octopus ink ) octopus’ means

"if there is octopus ink then there is an octopus.

I also use the symbols > and < from ordinary arithmetic and as a

subindex t_; ’event,’ means "the event just before t". The ’hard’

conditional ’|’, meaning "given that" is also used. This is the



conditional used by statisticians for conditional events and conditional
probabilities (Feller, 1959). By ’octopus will eat crabjoctopus can
find crab’ we mean "the octopus will eat the crab given that the octopus
can find the crab." There are five primitive terms in the system

derived from biology. They are:

(1) ’0ff’ meaning "0ffspring"

(ii) ’An’ meaning "animal"

(iii)  ’Hab’ meaning "habitat"

(iv) the survival and reproduction primitive ’H’, which is a number
and,

(v) The directed interaction primitive ’¢ ’ which ensures that the

system is totally interactive.
Explications of all primitives are given below.



II MATHEMATICAL MODELS CONTRASTED VITH MATHEMATICAL FORMALIZATION.

Mathematical modelling in ecology consists of using a known branch of
pure mathematics to write sentences about ecology. An example is the
model for niche proposed by Hutchinson (1957). This model 1is an
n-dimensional Euclidean space, in which the number of dimensions n is
usually at least four. Ecological statistics such as measurement of
length of animal or height above the ground of egg depository are
plotted along the axes. The model was seen as simplifying a complex
situation and has stimulated a great deal of field work. However there
are a number of difficulties inherent in such a model. Perhaps the most
important of these is the difficulty of visualizing a shape in four or
more dimensions. Even the simple tesseract, the four-dimensional
extension of the cube, is very difficult to visualize. 0One can attempt
to do it by imagining eight ordinary three-dimensional cubes each of
which form a ’side’ of the four-dimensional figure. Thus, suppose we
refer to the four axes as the w,x,y and z axes. Then thére are sixteen
‘corners’ of the tesseract where all possible combinations of the two
values of w,x,y and z meet. Also the ’sides’ occur at lower and upper
values of w,x,y and z, so there are eight ’sides’ altogether, each of
which is a cube. It is possible to construct a three-dimensional graph
which will give us some idea of the appearance of a tesseract in much
the same way as we can represent a cube on a flat surface, but it is not

ossible to re
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with its thirty-two

D 1sional hypercube 5
‘corners’ and ten ’sides’ each of which is a tesseract. Now the cube
and its extensions are very simple shapes, far simpler than the complex
tangled snarl which we have in ecology. The model is thus inadequate in
this conceptual sense and indeed we may easily be deceived into
misrepresenting the ’space’ of the observed niche by inadequately chosen
cross- sections or projections on to more easily visualized two-or three-

dimensional spaces.

Another disadvantage of the Hutchinson model for niche is that it does



not represent in a natural way the functional relations among the
OTganisms. Ve may attempt to do this by, say grouping all the
statistics to do with predation along one subset of the axes and the
statistics of  nutriment along another subset; the result is
unsatisfactory since a change in the angle of perception immediately
returns us to a confusion between the two classes.

These criticisms of the model arise from the fact that Euclidean
geometry was originally devised to deal with concepts of physical space
in three dimensions. There was no intention to use the language of
geometry for living organisms and so reference to biology was not built
in at the foundational level. These remarks apply to some extent at
least to all mathematical modelling. Population dynamics in animal
ecology makes use of the differential and integral calculus and the
theory of differential equations, all of which were developed for the
physical sciences. The use of matrix algebra has led to confusion
because the standard theory allows the use of negative numbers as
elements of a matrix; so some of the theorems do not apply because we
cannot have negative numbers of animals in a population.

This is not an argument for ceasing to use mathematical models. The
Hutchinson model has resulted in much good field work being undertaken.
In population dynamics it was shown twenty-five years ago that a systems
analysis (difference equations) for Tribolium populations correctly
predicted the outcome of a two-species interaction (Niven, 1967, 1969).
Furthermore just the effort required to write down a symbolic model
often helps to clarify the situation; models are useful for sorting out
the mess; until we have something better they should continue to be used

in ecology.

In contrast mathematical formalization in ecology consists of the
construction of a new branch of pure mathematics specifically for
ecology. The universe of discourse contains objects belonging to
biology and the primitive terms and definitions refer directly to the
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biological sciences. As Quine (1967) wrote "The less a science has
advanced, the more its terminology tends to rest on an uncritical
assumption of mutual understanding ... To be satisfactory ... a
definition ... mnot only must fulfill the formal requirement of
unambiguous eliminability, but must also conform to the traditional
usage in question."  Axioms and theorems should be sentences which
assert things about ecology. Woodger (1952) wrote, when contrasting the
two approaches, "In considering the relation of mathematics to biology
we must distinguish between the process of applying existing mathematics
to biology, and the less familiar process of letting the biological
statements suggest new mathematical ones.”

Tt has been stated often that there is something ’natural’ and ’obvious’
about the development of an appropriate mathematical basis for physics,
in particular astronomy, and that by contrast biology in general and
ecology in particular are not suited to the development of appropriate
mathematics, that the best we can do is make shift with models taken
from the physical sciemces. It is not the case that early geometry
arose naturally and easily. Early Polynesians vwere great
astronavigators, the Mayas developed a magnificent solar-based calender,
the Chinese were superb visual astronomers. But it was left to the
Greek Scholars to make the deliberate intellectual attempt to develop
geometry; this did not happen by chance, nor could it have been easy. A
comparison of Aristotle’s works, writtem two thousand years ago, both
about living organisms and about astronomy, makes the point that we have

On that octopus which we now call fctopus wvulgaris, Aristotle (Peck,
1965) wrote "The octopus discharges its eggs into its lurking - place,
or into some old pot or other hollow object; they resemble the twisted

inflorescence of a grape-vine, or the fruit of the white poplar... Once
the parent has laid them, they cling on all round the receptacle.” Two
thousand years later, Mangold (1983) wrote "...most eggs are probably
laid in shallow water... They are always attached to a substrate... On

sandy or muddy bottom, eggs are laid in empty mollusc shells or in
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man-made objects, such as cans, tins, bottles, tyres, boots and
amphorae... In the aquarium, the egg strings are stuck to the wall of
the tank if no suitable home in provided... the chorion is drawn out
into a stalk by which the eggs are interwoven to form a string." The
nodern article contains more detail, the animals are given Latin names,
even some simple mathematical models are presented, but a contemporary
of Aristotle would have little difficulty in understanding Mangold’s
article. Contrast this with the situation in astronomy. Aristotle
(Stocks, 1930) wrote at length to convince his readers that "it is clear
that the earth does not move and does mot lie elsevhere than at the
centre" (of the universe). The complex mathematical calculations, using
the modern formalized languages of dynamics and calculus, which were
necessary for the Voyager spacecraft explorations of the solar system
would have been incomprehensible two thousand years ago. Once again
modern dynamics, calculus and computer science did not arise easily and
naturally; they required the whole-hearted full-time attention of some
of our very greatest thinkers. We can only ask the question: "Why have
ecologists failed to develop a mathematically based science?"  The
answer may be simply that it is so much easier to study another plant,
or another animal, than develop hard theory. It is not so easy to study
another star, or another galaxy, without developing a mathematical
basis.

Finally, on this theme, it should be stated that in contrast to most
mathematical models a mathematical formalization is realistic, precise
and general (Levins, 1968).



ITT A SMALL BEGINNING: THE NOTION OF A RESOURCE

The first concept of ecology to be formalized was the notion of a
resource based on a non-mathematical analysis of the idea of a resource
in animal ecology which was published by Andrewartha and Browning
(1961). The authors presented the point of view that resources are

" A resource was deemed

objects which are "material necessities of life.
to be an object which would increase the expectation of life of the
animal or the probability of reproducing. In other words, a resource is
an object which, on interacting with the animal, results in an increase
in the chance that the animal will survive and reproduce. Examples of
resources are given by Andrewartha and Birch (1954,1984) and others.
They may be food, water, a place to oviposit, oxygen, light energy,
thermal energy... In each of these cases the interaction with the
animal results in an increased chance of survival and reproduction.
Once this notion of a resource is accepted we are in a position to
formalize. Let us choose a universe of discourse which is the set of
all substantive objects, including units of energy. Then the object ’r’
is defined to be a resource of the subject animal ’a’ in the case that:

B (2)>H, (a)]¢,ra & [An (r)2{H, (r)< B, (r)}|¢,ral.

This string of symbols is a (mathematical) sentence which reads: The
survival or reproductive ability of the subject animal at a particular
time t is greater than its survival or reproductive ability just before
t given that at time t the object acts significantly on the animal;
furthermore if it is the case that the object is itself an animal then
the survival or reproductive ability of the object at the time t is less
than or equal to its survival and reproductive ability just before t
given that at time t the object acts significantly on the animal. The
mathematical sentence includes three primitive terms derived from the
biological sciences: H, ¢ and An. The explications are:



(1) The survival-and-reproduction primitive Ht(a) is a positive

real number which is a non-decreasing function of:
(a) the expectation of life of the individual animal ’a’ at
birth or on entering its present stage of the life

cycle, and
(b)  the probability that ’a’ will have offspring.
(ii) The directed interaction primitive ftxy means that an

interaction occurs between the object ’x’ and the object ’y’
which evokes immediately in ’y’ some physical, physiological
or behavioural response or a change of position and no other
object (other than ’x’) reduces or enhances this effect of ’x’
on ’y’ i.e. ’x’ affects ’y’ directly. The objects ’x’ and y?
must be elements of the universe of discourse; in particular
they may be animals, including the animal ’a’. Judgement as
to whether the response is significant is to be made by the
ecologist.

(iii) Ang (r) is used to mean that the object ’'r’ is an animal. We

may regard living organisms as being plants, animals or
protists. Apart from a few rare occasions, it is quite clear
in the field or laboratory to which of these three categories
the organism of interest belongs.

If it is convenient to work in an interval of time ’4§t’ instead of an
instant of time ’t’ then the subindex ’t’ should be replaced by ’6t’.

The inclusion of H as a primitive term implies that this definition,
other definitions of the direct enviromment (see below) and hence the
entire system, are all stochastic at a foundational level. The
inclusion of the directed interaction ¢, which is inmcorporated in all
definitions of the system, ensures that the system is totally
interactive at the foundational level. The time-dependence of the
primitives implies that the system is dynamic. The use of the
conditional | (given that) means that an object classified as a resource
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is, in ordinary English, a potential resource. So if a chimpanzee 1is
observed to eat a particular species of ant in the Gombe National Park
then that same species of ant is classified as a resource for a
chimpanzee living in the Mahale area. In the formal sense, therefore,
the mathematical definition of a resource is independent of the animal’s
habitat. Thus in one line of symbols we have expressed a complex idea
which applies widely to all animals and a very large set of objects.
There is no need to be quite so formally symbolic when we use the
mathematical definition in practice. For example, the chimpanzee is
known to eat bark. The semi-formal sentence:
H(chimp.) is increased | ¢(bark)(chimp.)

justifies the classification of bark as a resource. (Niven, 1988d)
Chimpanzees also eat ants - another animal. A semi-formal sentence is:

H(chimp.) is increased and H(ant) is decreased- |
¢(ant) (chimp.)

In the latter case H(ant) is decreased because when the ant is eaten its
life expectancy drops abruptly. Ve assume in both cases that the
resource (bark or ant) is nutritious, so H(chimp.) is increased via
either the chimpanzee’s life expectancy or its ability to reproduce.
Since chimpanzees prefer a particular temperature range, any specific
unit of thermal energy corresponding to that particular temperature
range constitutes a resource. We have:

H{chimp.) is i
H(chimp.) is increased |

{(heat) (chimp.)

In this case H(chimp.) increases because either the animal’s life
expectation or its chance of reproduction is increased. A different
unit of thermal energy corresponding to higher or lower temperatures
would not be a resource, but a malentity (see below). Notice that,
following the practice of modern physics, units of heat belong to the
specified universe of discourse; we cannot work with ’quantities of
cold’.
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A resource need not necessarily be on object which is assimilated by the
subject animal. The freshwater sponge Spongilla lacusiris must find a
suitable piece of substrate, otherwise its expectation of life is
drastically reduced, thus a particular piece of substrate is classified
as a resource:

H(sponge) is increased | ¢(substrate)(sponge). (Niven & Stewart,
1987) .

*Shelter’ could be seen superficially to be classifiable also as a
resource. However it is a modifier of other objects in the environment
of the subject animal. The animal thrives because it is protected from
predators or malentities, so the shelter is a first-order modifier as
explained below.

Poisoned food may seem to present a difficulty. Confusion here is
avoided if the constituents are treated separately, the protein, say, as
a resource, the poison as a malentity.

An animal may not be a resource of itself. If the mathematical
definition given above is rewrittem, but replacing the symbol ’r’ by
’a’, a contradiction appears; H(a) is required simultaneously to

increase and to decrease or remain unchanged.
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IV OTHER KINDS OF OBJECTS VWHICH DIRECTLY AFFECT AN ANIMAL

Things which have the potential to affect the animal directly were
called the ’direct enviromment’ by Niven (1980) and the ’Centrum’ by
Andrewartha and Birch (1984). VWhen developing the mathematics of the
system it is convenient to refer to this set of objects as ’modifiers of
order zero.’ There are four subsets of the centrum: resources (dealt
with above); predators, for which the H of the subject animal is
decreased and the H of the predator increased given that a significant
interaction occurs, i.e. given that £(object) (animal); malentities, for
which the H of the subject animal is decreased and the H of the object
decreases or remains unchanged given that a significant interaction
occurs; finally, mates, which are objects such that an interaction with
the subject animal has the chance of resulting in offspring. It 1is
convenient to use ’offspring’ as another primitive term for this
definition, its explication being the ordinary English semantic
definition of the word. O0f the four definitions for resources, mates,
predators and malentities that for mates is the only one which is
explicitly probabilistic. The other three definitions are implicitly
probabilistic since they all include the primitive term H.

Something should be said about symbionts here, since they appear to have
been left out of the direct environment. In practice, however, it seems

ating occurs, when two animals interact in such a
way that both the H values increase the interaction is not direct but
vie other objects. Typically one animal secretes a resource for the
second animal, which supplies protection from predators in return. So
the animals are interacting indirectly through resources or predators of
each other; they are first-order modifiers in each others environment

(see below).

As in the case of resource, it greatly assists correctness of
classification to use the semiformal versions of the mathematical
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definitions (Niven, 1987). Thus if the subject animal is an adult
female chimpanzee in oestrous at the time of classification then any one
particular adult male chimpanzee, providing it is not sterile, is a
(potential) mate. Ve may write:

An offspring of both individuals will be produced with

prob.>0|¢(male chimp.)(subject chimp.).

The same female chimpanzee will not have mates in its environment in
this formal sense when is is not in oestrous.
The rat tapeworm (Hymenolepis diminuta) customarily self-reproduces, so
for a subject tapeworm we may write:

An offspring of the subject tapeworm will be produced with
prob >0|¢(tapeworn) (tapeworm).
The interaction primitive ¢ is used here in the sense that the subject
animal is interacting with itself (Niven, 1988a).

Predacious caddis flies are formally (potential) predators of the
freshwater sponge (Spongille lacustris). Ve have:

H(sponge) is decreased and H(caddis fly) is increased
|¢ (caddis £ly) (sponge)
(Niven & Stewart, 1987).

Snails and other crawling or browsing animals sometimes damage sponges
accidently, so a snail, say, is 2 malentity in the environment of a
subject sponge:

H(sponge) is decreased and H(snail) is unchanged [{ (snail) (sponge)
(Niven & Stewart, 1987).

If ’m’ is a mate of animal ’a’ then.it follows from the symmetry of the

definition that ’a’ is a mate of ‘m’, provided that ’m’ is indeed an

animal. (The mathematical definition allows ’m’ to be an artefact.) As
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noted above an animal may be a mate of itself, however it may not be a
predator of itself; as in the case of a resource a contradiction appears
in the mathematics in this case. An animal may formally be a malentity
of itself; in this case H(subject animal) must decrease due perhaps to
some biochemical interaction within the animal. In practice this is an
unlikely event.
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V OBJECTS WHICH AFFECT AN ANIMAL INDIRECTLY

Things which we call ’modifiers’, or ’Maelzer modifiers’ after D A
¥aelzer who introduced the idea into the literature (Maelzer, 1965)
affect the subject animal via the direct enviromment (centrum) or other
modifiers. The set of modifiers was called the ’indirect enviromment’
by Niven (1980) and the ’web’ by Andrewartha and Birch (1984). A
first- order modifier modifies an object in the centrum of the subject
animal i.e. it modifies a resource, a mate, a predator or a malentity.
A positive first-order modifier acts so as to include the object within
the centrum; a negative first-order modifier causes the object to
disappear from the centrum. An example of a negative first-order
modifier is as follows:

The common octopus (fctopus vulgaris) when presented with a crab of
species Dardanus arroser, will eat the crab unless it is ’protected’
by the anemone (alliactis parasitica; in the latter case, the crab is
never taken (Niven, 1988b). The anemone is a negative first-order
modifier of the crab, which is a resource in the environment of the
octopus.

Ve may write:

(3 crab) [(crab)Res(octopus) | ~¢(anemone) (crab) & ~(crab)Res(octopus)
| ¢(anemone) (crab)].

The symbol ’3’ is the existential quantifier of modern formal logic.
The sentence reads:

There is at least one crab such that the crab is a resource of the
octopus given that (at time t) it is not the case that the anemone
acts significantly on the crab and it is not the case that the crab is
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a resource of the octopus given that the anemone acts significantly on
the crab. Notice that the square brackets enclose the entire sentence
outside the first round brackets ’(3 crab)’ indicating that the
existence of that crab applies to the entire phrase.

Oxygen consumption by the freshwater sponge (Spongtlla lacusiris) kept
in the light is lower than that for sponges kept in the dark. This
difference is probably the result of algal photosynthesis; oxygen
produced by endocellular algae reduces the demand on that carried
through the aquiferous system. Thus, for a subject sponge, a specific
unit of oxygen is a resource which is modified (negatively) by an
individual zoochlorella, which in turn is positively modified by a
specific unit of light energy (kinetic energy in the form of light). In
the presence of the light energy, the zoochlorella ’interferes’ with the
oxygen resource; in the absence of the light energy it does not. Ve may
write first that the zoochlorella is a negative first-order modifier in
the environment of the subject sponge:

(30) [(0)Res(sponge) |~¢(z00.) (sponge) & ~(0)Res(sponge) | é(z00.)
(sponge)].

The sentence reads:

There is at least one unit of oxygen such that this oxygen 1is a
resource of the sponge givem that it is not the case that the
zoochlorella acts significantly on the sponge and it is no
that the unit of oxygen is a resource of the sponge given that the
zoochlorella does act significantly on the sponge. Furthermore the
light energy is a positive second-order modifier in the environment of

the sponge:

(3 z00.) [(z00.)Hod! (sponge) | £(1.e.)(z00.) & ~ (zoo.)Mod! (sponge)
| ~ £(1.e.)(z00.)].
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The sentence reads:

There is at least one zoochlorella such that the zoochlorella is a
first-order modifier in the environment of the sponge given that the
particular unit of light energy acts significantly on the zoochlorella
and it is not the case that the zoochlorella is a first-order modifier
of the sponge given that it is not the case that the light energy acts
significantly on the zoochlorella. (Niven & Stewart, 1987).
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VI THE TOTAL ENVIRONMENT

The environment of an individual animal has thus been defined as a
structured set of material objects, which has the subsets ’centrum’ or
direct environment and ’web’ or indirect environment. The centrum

contains four subsets:
resources, mates, predators and malentities.
The web is the set of modifiers:
first-order, second-order, third-order and so on.

An nth-order modifier is separated from the subject animal by n objects;
the modifiers suggest the idea of an ’ecological distance’ from subject
animal to object. A connected set of modifiers, in order, form a
modifier chain. In a practical case we choose which value of n to use
(see analysis of 25-animal study below). The modifier chains may
continue indefinitely or loop back on themselves; they are cross-linked,
since an object may lie in two or more modifier chains attached to the
same subject animal. Since in the centrum all cases of increasing or
decreasing values of H are included for both subject animal and object
the definition is ’complete’ in this sense. The symbolic definition
makes it clear that we have mot left any objects out. The modifier
chains link animals together, possibly passing through plants or
inanimate things en route; they thus provide the linking structure of
animal communities and of ecosystems (Niven, 1988e). In order to define
an animal community it is convenient to refer to elements of the centrum
as ’zero-order modifiers’; the total environment of an individual
subject animal is thus the structured set of all modifiers, with n
taking the values 0, 1, 2, 3,
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An example of the complex cross-linkages which occur in the environment
is illustrated by the occurrence of the flatworm Schistocephalus solidus

in the

environment of the three-spined stickleback (Gasterosteus

aculeatus (Niven & Stewart, 1981-1983).

(1)

(ii)

The worm is in the centrum (is a zero-order modifier) as a
predator, since the stickleback will become ill or die from an
infestation:
H(stickleback) is decreased and H(worm) increased

| ¢ (worm) (stickleback).

A predator of the stickleback is a fish-eating bird. The
stickleback which is infested by the worm swims higher in the
water than otherwise and so is easier prey. Thus the worm is
a positive first-order modifier:

(3bird) [ (bird)Nod(stickleback)|¢(worm)(stickleback) &  ~(bird)Mod’

(iii)

(stickleback) |~¢(worm) (stickleback)].

The worm is a parasitic burden on the stickleback’s oxygen
consumption, oxygen being a resource of the stickleback. So
the worm is a negative first-order modifier (since extra
oxygen is required):

(Joxygen) [ (oxygen)Mod® (stickleback) |~¢(worm) (stickleback) & ~

(iv)

(v)

(oxygen)Modo(stickleback)[f(worm)(stickleback)].

The worm is also a parasitic burden on the stickleback’s food
consumption, a particular (extra) item of food being a
resource of the stickleback; this is like the case above,
oxygen being replaced by food.

The worm may affect the production of nest glue by the male
stickleback. Here, the worm is acting as a negative
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third-order modifier, the <chain being subject male
stickleback-adult female as mate - nest - kidney glue - worm.
The informal classifying sentences are:

(a) the female is a mate (a zero-order modifier):
An offspring of both individuals will be produced with
prob.>0 | ¢(female)(male stickleback).

(b) A nest is a positive first-order modifier:
(ermale)[(female)Modn(m.stick.)[{(nest)(female)

& ~(fema1e)Mod°(m. stick.)|~¢(nest) (female)]
(c) Kidney glue is a.positive second-order modifier:

(3 nest) [(nest) Xod' (m. stick.)|¢(glue)(nest)

& ~(nest) Modl(m. stick.)[~¢(glue)(nest)].
(d) The worm is a negative third-order modifier:
(Eglue)[(glue)Mod2(m.stick.)[~£(worm)(m.stick.) & ~ (glue)Mod2
(m. stick.)|¢(worm)(m. stick.)]

Notice that in (d) we use the form of the modifier definition which
enables us to pass over the next lowest item in the chain to write
’¢(worm) (male stickleback)’.

(vi) Finally, the worm is a negative third-order modifier since -
with a severe infestation the female may break up the nest,
while spawning, because of her increased bulk. In the absence
of the worm some minor damage may occur, but devastation is

unlikely:

As in (v) the female is a mate and the nest is a positive first-order
modifier. Furthermore an enlarged adult female is a negative
second- order modifier:

(3 nest)[(nest)Mod2(m.stick.)|~£(enlarged female) (nest)
b w~ (nest)Modl(m. stick.)|¢(enlarged female)(nest)].
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The nest, in fact, disappears from the environment of the male
stickleback. The worm, then, is a negative third-order modifier:

(3 female)[(female)Modz(m.stick.)|~§(worm)(fema1e)
& ~(female) ¥od (m. stick.)|¢(worm)(female)].

This complex inter-linkage of modifier chains is shown in figure 1.

Third-order Second-order First-order Zero-order
Resources
worm >oxygen \
worm =food
male
Mates / stickleback
worm —— > glue / nest > aduit female
worm ——— > enlarged Predators
female
worm ————>bird
worm
Fig 1. A particular individual parasitic worm Schistocephalus solidus

has the potential (at some particular time) to interact with
the subject male stickleback from at least six different
'positions’ in the environment of the stickleback.
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VII THE ENVIROGRAM

The realization of the mathematical definition of an animal’s
environment is called an ’envirogram’. These diagrams were developed by
Andrewartha and Birch (1984) wusing early formulations of the
mathematical definition (Niven 1980,1982). Each envirogram is drawn up
for a specific life-stage of a particular animal species. The
mathematics defines the environment of an individual animal, however the
envirogram concatenates field and laboratory results of many animals.
The diagram displays the four subsets of the centrum in a vertical
column. The subject animal is named on the extreme right, with arrows
linking it to elements of the centrum. First-order modifiers are in a
vertical column to the left of the centrum, followed by second-order
modifiers left of first-order and so on. The modifier chains are shown
by connecting the elements from the highest order modifier on the
diagram through to the subject animal. Unfortunately an envirogram does
not easily display the complex cross-linkages implicit in the
mathematical definition. Nevertheless it is a useful diagram and has
been used to display the environments of the twenty-five species listed
in Appendix I and the nine species of Appendix II. An example for
Octopus vulgaris is given in Figure 2. The separate envirograms for egg
and larva, which are sparse, have been superimposed on the adult

envirogram. A full account of the environment of this animal is
available (Niven 1988b). Andrewartha and DBirch found that "when the

theory in respect to any particular species..... is presented
graphically in the form of an envirogram, the problems in the ecology of
that species seem to be illuminated and to stand out clearly".

All envirograms mentioned in this paper were drawn by hand. However
work is presently in progress to produce a computer package for drawing
envirograms, which will also be used as a teaching tool for
undergraduate courses in ecology. The package will allow for successive
updating as new results are received.
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An envirogram for fJctopus vulgaris. The numbers refer to the
notes on the envirogram given in Niven (1988b). Notice the
modifier chain anemone - crab - adult octopus which 1is
referred to in the text of this article.
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VIII THE TVENTY-FIVE ANIMAL STUDY.

A careful check of the environment definition was undertaken by choosing
twenty-five well-known species of animal, searching the literature and
classifying all objects deemed by the authors to be part of the animal’s
environment. In no case was an object recorded in the literature which
could not be classified according to the mathematical definition. The
formulation used for this exercise was the one published in 1982; this
was found to be rather difficult to use in practice and even experienced
logicians made the occasional mistake. For this reason a new
formulation was developed during the later stages of the twenty-five
animal study and five of them have been updated (Niven 1987, Niven &
Stewart 1987, Niven 1988a,b,c,d).

The list of the twenty-five species is given in Appendix I. There are
five lower invertebrates: sponge, coral, sea gooseberry, tapeworm,
earthworm; six arthropods:; copepod, waterflea, mosquito, honeybee,
blowfly, butterfly; five higher invertebrates: freshwater snail,
terrestrial smail, squid, octopus, brachiopod; nine vertebrates: {fish,
frog, toad, fulmar, penguin, wallaby, dolphin, gorilla, chimpanzee.

These species were chosen because they were well-known, the information
was easily accessible, the range of animal phyla was well-represented
and colleagues in the biological sciences were at hand to provide

future comparative studies, e.g. squid and octopus. At least one
envirogram was constructed for each species. In the case of the insects
separate envirograms were constructed for egg, larva, pupa and adult,
except the honeybee for which there are envirograms for worker, queen,
drone and larva. Two or three envirograms were constructed for some of
the other species.

Among the five lower invertebrates the envirograms for the coral
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(Pocillopora damicornis) and the sea gooseberry (Pleurobrachia pileus)
were both sparse, pointing to a lack of research on these animals
although they are relatively well known within their phyla. The coral
envirogram lacked modifiers of food resources. There was very little
reported on the reproductive system.

Envirograms for the tapeworm (Hymenolepis diminuta) and the earthworm
(Lumbricus terrestris) displayed greater range of research interest.
There was an obvious gap in the two tapeworm envirograms for adult and
larva; in both cases the class ’predators’ had to be marked ’nomne
known’. This is to say that it is not known whether this animal is
attacked by diseases or parasites or eaten by larger animals. There is
a lack of predator modifiers on the earthworm envirogram. An
interesting modifier chain for the tapeworm is ’riboflavine - host rat -
glucose - subject adult tapeworm.’ This refers to the observation that
when the host rat is fed a diet lacking riboflavine the tapeworm grows
larger. This seems to be because more glucose 1is available to the
tapeworm, since the host’s ability to absorb glucose is reduced when it
is fed a riboflavine-deficient diet. Riboflavine is thus a modifier of
the host rat which in turn is a modifier of glucose as a resource in the
tapeworm’s environment. A modifier chain for the freshwater sponge
(Spongilla lacustris) is ’kinetic energy (water currents) - sediment -
particles capable of blocking ostia and porocytes - subject sponge.’
The particles act as malentities of the subject animal. They are
modified by (provided by) the sediment, or any other source of large
particles; the sediment is stirred up and carried by water currents.

The envirograms for the six arthropods were extensive, reflecting
greater interest in this phylum. Relatively little was known about the
ecology of the larva and egg of the marine copepod (Calanus
finmarchicus). A modifier chain for the adult copepod is ’iceberg -
kinetic energy (upwelling) - diatoms - subject copepod’. The copepod
eats diatoms which are modified by upwelling currents induced by an
iceberg. The literature on the ecology of the waterflea (Daphnia magna)
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mentioned no modifiers of predators. A very well-known modifier chain
for the yellow fever mosquito (A;des aegyptt) 1is ’human - small
container - standing water - adult male - subject adult female. The male
is a mate of the female and is modified by the presence of standing
water in a small container provided by the human. Notice that the male
as well as the female does not have offspring unless water is available
for breeding. This modifier chain forms the basis for public health
measures in places where the mosquito is found; householders are
required to control and check bird baths, vases etc. The honeybee (4pis
mellifera) is probably the best known insect (ecologically speaking).
The worker envirogram in particular is relatively large. A nice
modifier chain is ’wasp - wax moth - wax comb - honey - worker’. The
honey is a food resource of the subject worker bee. Homey is stored in
the wax comb of the hive, this is attacked and often destroyed by the
Gréater Wax Moth (falleria mellonella) which is in turn attacked by the
wasp Apanteles galleriae. The envirograms for the Monarch butterfly
(Danaus plezippus) and the sheep blowfly (Lucilia cuprina) are also
large. A modifier chain from the latter is ’other animal - pasture -
helminth - faeces - bacteria - odour - sheep - subject adult female
blowfly’. The female lays eggs on the sheep, which is thus a resource.
The blowfly is attracted to the sheep by the ammoniacal odour produced
by ammonia-producing bacteria living in the faeces. The presence of
helminths tends to promote breech soiling with soft wet faeces. The
pasture affects the helminths and is in turn modified by other animals.

Among the five higher invertebrates the envirograms for the squid
(Loligo opalescens) and the brachiopod (Lingula anatina) were relatively
sparse. The latter was surprising, since the animal is a standard
reference in undergraduate zoology texts because of its fossil record
which dates back to pre-Cambrian times. It is astonishing that the
ecology of such an important animal, which one would expect to be of
significance also to evolutionary studies, has been so0 grossly
neglected. It is readily available, with world-wide distribution in



- 927 -

j—

very shallow sea water. The envirogram of a subject brachiopod lacks
first-order modifiers of both food and predators and there does not even
seem to be a definitive food list. Both snails have been well studied.
An example of a modifier chain from the enviromment of the Wandering
snail (Lymnaea peregra) is ’herbicides - decaying vegetation - bacteria
- oxygen in water - subject adult snail’. The oxygen is a resource, for
which the bacteria are competitors; the decaying vegetation is a
resource for the bacteria (and hence a modifier for the subject snail);

it is in turn modified by herbicides. For the Giant African smnail
(dchatina fulica) a modifier chain is ’legislation --- market gardener
--- soil removed by erosion --- plant material --- subject snail’.

Here, in order to comply with the restriction of the universe of
discourse, the object ’legislation’ has to be interpreted as the ’marks
on paper’ of the nominalist. Chinese market gardeners in Sarawak are
required to keep their plot§ so clean all the year round that excessive
soil erosion results, thus reducing feed for the snail. The common
octopus (fctopus vulgaris) has been studied extensively for a very long
time. Aristotle (1965) devotes several paragraphs to the animal.
Predators, the moray eel and others, are well known. The envirogram
includes the interesting modifier chain ’anemone - crab - subject adult

octopus, given above. (See also the envirogram in the previous
section.)
A1l nine vertebrates have been well studied. The three-spined

stickleback (Gasterosteus aculeatus) has been wused in numerous
laboratory experiments by animal behaviourists in addition to being
studied in the wild. The Leopard frog (Rana pipiens) presented
taxonomic difficulties; these were overcome by restricting the
envirogram to observations made in the northeast United States. An
interesting double classification of the subject adult frog in its own
environment occurs when we consider the behaviour of the animal during
the winter, when it hibernates in an ice-covered pond. The frog
éxcavates a pit in the mud at the bottom of the pond. From time to time
it moves slightly. The action flushes the pit, renewing the
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oxygen supply and removing silt from the sides of the body to allow
easier breathing. The same action attracts predators such as the
Rainbow trout (Salmo gairdneri). So the animal is modifying, by its one
action, both a resource and a predator. The envirogram for the Cane
Toad (Bufo marinus) is considerably larger than the frog envirogram. A
modifier chain is ’chicken - monitor lizard - coconut crab - Giant
African snail - subject adult toad’. This chain refers to a situation
on Guam. The snail is eaten by the toad. The coconut crab also feeds
on the snail; the crab is in turn eaten by monitor lizards which also
attack chickens. The Atlantic fulmar (Fulmarus glacialis) and the
penguin Aptenodytes patagonica are the two birds of the study; the
fulmar seems to be the better known. A modifier chain from the
fledgling fulmar envirogram is ’subject animal - vomit - gull - subject
fledgling. This refers to the predation of fledgling fulmars by the
Great Blackback gull (Larus marinus); the fledgling, when threatened,
will vomit a foul-smelling stomach-oil in defence, thus acting as a
positive second-order modifier in its own environment. The Rottnest
quokka (Setoniz brachyurus) is the best known wallaby and the envirogram
is relatively large. The Bottlenose dolphin (Tursiops truncatus) has
been well studied both in captivity and in the wild. A modifier chain is
'subject animal - sound energy - fish - subject adult dolphin’. The
fish are resources; the subject dolphin is able to locate them by
producing ultrasonic signals for ecolocation. Both the mountain gorilla
(Gorilla gorilla beringei) and the chimpanzee (Pan troglodytes) have
been extensively studied. The envirograms refer mainly to observations
in the wild. A modifier chain from the chimpanzee study is ’leopard -
dead antelope - chimpanzee’ which refers to observations of a chimpanzee
searching for and then eating dead bushbuck which had been killed and
left in a tree by a leopard the previous night. It is noteworthy that
the mathematical definition accommodates well to observed chimpanzee
behaviour, an exception being ’social grooming’, which, if not
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undertaken for fleas, salt or small pieces of skin, but solely for the
sake of increasing the H of both animals for some ’psycho-social’
reason, is not covered by the definition. For this reason it may be
necessary to use the formalized theory of human ecology (see below) for
these animals, however hard evidence for the existence of purely
’social’ grooming should first be obtained.

The structure of the observed modifier chains is of theoretical interest
for the future mathematical development of ecology theory. There seem
to be four main types:

(1) The chain continues indefinitively.
(ii) It ends in the sun (it seems pointless to continue beyond this
point).

(iii) After passing through a number of other objects the chain
loops back to the subject animal.

(iv) The chain loops back to the subject animal immediately because
it is a first-order modifier in its own environment.
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IX FROM ONE ANIMAL TO MANY: COMMUNITY; SPECIES; NICHE.

The modifier chains of the formalized environment tie animals together
into a functional network. Consider as an example the chain ’anemone -
crab - octopus’ given above. Here we have three animals which are
functionally related; furthermore we can write down precise mathematical
expressions for those relations. The conditional form of those
expressions implies that we are not limited to a particular habitat, so
that a crab of the correct species is classified as a (potential)
resource of the octopus even if one animal is in the Mediterranean and
the other in the Pacific. However when we study an animal community we
usually restrict our concept to a particular habitat; it is convenient,
therefore, to introduce at this point a fifth biologically-based
primitive term. Elton’s notion of habitat is a useful one: "...a place
that might be habitable for the animal whose ecology is being studied.
The boundaries of the habitat and the qualities that determine the
boundaries are fixed arbitrarily by the ecologist" (Elton, 1949). This
is the ’habitat’ used by Andrewartha and Birch (1984). So the primitive
term ’Hab’ is used in the formalized system to mean a specific place,
not a class of places. The way is now clear to define an animal
community (Niven, 1988e). All we have to do is change our perspective;
instead of animals like the anemone and crab modifying the environment
of a subject octopus we view the three individual animals as interacting
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environment of the octopus’ or ’the crab is a zero-order modifier of the
octopus’ we can say ’the two animals, which are zero-order modifiers of

each other, form a zero-order community’.

Consider for example a small habitat in the Mediterranean containing an
octopus lair. The animals present are: 1 fctopus vulgaris, 2 Dardanus
arroser of opposite sex, 1 Calliactis paerasitica, 1 Gymnothorez mordaz
(the moray eel) and 2 passing anonymous fish.
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It is convenient to use the language of modern algebra; instead of
writing ’(octopus) Pred (crab,)’ (the octopus is a predator of craby) we

shall say "the morphism ’Predator’ sends the octopus to crab;," and

write:

Pred: 0Octopus - craby,
Similarly Pred: octopus = crabs

Res : crab; - octopus
Res : crabs - octopus
Mat : crab; - crab,

Mat : crab, - crab;,

where ’Res’ means resource and ’Mat’ means mate. All these morphisms
are derived from zero-order modifiers, so we call the set

{octopus, craby, craby}

a zero- order community in the habitat. Similarly the set
{octopus, crab;, crabs, eel}

is a first-order community in the habitat, and the set
{octopus, crab;, craby, anemone}

is a second-order community in the habitat since in the environment of
the anemone the crabs are first-order modifiers by conveying the anemone
to its food so the octopus is a second-order modifier in the environment
of the anemonme. There is an asymmetry here; the anemone is only a
first- order modifier in the environment of the octopus, but when we
define a community we should look at the relation of anemone to octopus
as well as the relation of octopus to anemone. Finally, the set

{octopus, craby, crabs, eel, anemone}
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is a third-order community in the habitat. The two passing fish may
possibly enter into the scheme if high-order morphisms are considered,
or if the fish happen to be suitable octopus prey. However two large
fish are unlikely to be elements of an animal community of low order in
this habitat. They may form a separate low-order community of their

own. The octopus lair should be included vhen we consider the
ecosystem.

An interesting mathematical object within an animal community is the
product XpredY wvhere X and Y are sets of animals of the same species and
for every individual animal x and y in X and Y we have that Pred:x - y.
This product is very like the Cartesian product of the algebra of real

numbers. In ecology it is called a ’food web’ and we often extend to
more than two sets.

For further comments on animal communities see Niven (1988e)

Ve may consider the niche to be the relation of an animal species to its
environment (Niven, 1989b). So when defining the niche we require a
mathematical definition of species as well as environment. The ideas of
Paterson (1985) fit very well into the scheme being developed; wve may
use the five biologically-based primitive terms given in this paper to
construct a mathematical definition (Niven, 1989a). This definition
reads, in words, that the animal species X is a set such that every
element of X is an animal and is either a mate or the mate of a mate of
a subject animal ’a’, given that the animals are all in a specific .
habitat. The specific-mate- recognition notion of Paterson is dependent
on the idea that the recognition response of a potential mating partner
is of supreme importance; without such a response the probability of
mating is negligibly small. The use of a specific habitat is a
necessary feature of the recognition response and this is catered for in
the mathematical definition by the use of ’|’ (given that).  The
mathematical definition given by Niven (19892) covers the case of
hermaphrodites. It also caters for mutations which result in
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some change of mate recognition in at least one pair of offspring in the
same habitat which then lead to the establishment of a different
species. The mathematical definition is not suitable for animals which
are perpetually self-mating. In the case of an animal which has only
daughters for several generations, followed by normal bisexual
reproduction for ome or two generations, the mathematical definition
covers the latter case and can be ’forced’ by making the time interval
attached to the interaction primitive large enough. The definition is
suitable for humans, unlike those for environment niche and community
(see below).

Once species is mathematically defined we may proceed to the formal
definition of niche by simply using the standard mathematical definition
of a relation as a class of ordered pairs (Kuratowski & Mostowski,
1976). At the time of writing it seems very doubtful as to whether the
concept of niche will, in the long run, be retained within ecology (see
Niven 1989b and final section in this paper). Nevertheless many
present-day field ecologists find the notion useful so the mathematical
definition was constructed as part of the system. It is convenient to
separate direct and indirect environments, so we extend the normal
definition of relation to be a class of one or more ordered triplets.
An an example we give a niche mentioned by Elton (1927) of the African
spotted hyaena which eats ostrich eggs and also the remains of zebras
killed by lions. The eggs and zebra remains are resources of the hyaena
and the ostriches and lions first-order modifiers. The triplet is:

<spotted hyaena; ostrich eggs, zebra remains; ostriches, lions>
Elton considers as part of the same niche the arctic fox which subsists
on eggs of guillemots but in winter relies partly on remains of seals

killed by polar bears. So the niche is the class of ordered triplets:

< spotted hyaena; ostrich eggs, zebra remains; ostriches, lions >
< arctic fox ; guillemot eggs,seal remains ; guillemots, pol. brs >
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Since the modifiers are all of first order and there are two of them in
each triplet the niche is a first-order double niche. Notice that there
are two distinct habitats. We may refer to this niche as either ’the
niche of the spotted hyaena’ or ’the niche of the arctic fox’. More
triplets may be added if required. For a more modern example we turn to
a study of the waterflea Daphnia by Ranta (1979). Three species are
involved D. magna, D, pulez, and D longispina. The animals are filter
feeders and the size of the ingested particles is controlled by the
density of the filtering combs and the width of the carapace crevice.
The animals thus act as first-order modifiers in their own environment.
The niche is:

<D. magna ; large particles ; . magna >
<D. pulez s medium particles ; . pulez >
<D. Ilongispina j; small particles ; D. longispina>

The niche is a first-order simple niche. Notice that in this example
the habitat is the same throughout, a freshwater rock pool in an
archipelago near the Gulf of Finland.
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X THE FORMALIZED CONCEPTS OF ENVIRONMENT, COMMUNITY, NICHE AND SPECIES
ARE LINKED AT THE FOUNDATIONAL LEVEL.

Vithin  the developing  formalized  theory of ecology  the
biologically-based primitive terms are at the foundational level. So by
looking at which of these five primitive terms are used for the various
definitions we can see how importént concepts which lie at the heart of
ecology are linked together. Four of these primitive terms are used to
define enviromment. A different set of four is used to define species.
A1l five are used to define community and niche.

Figure 3 illustrates the situation.

\ \
Hab H \
]

Environment

Niche ™~ ~
mmunity

Fig.3. Linkage of 'environment’, ’community’, ’miche’ and ’species’.
All the primitive terms used to define a concept are enclosed within the
appropriate boundary.

So population ecology and community ecology are seen as closely
integrated. At least some field ecologists are well aware of the
necessity for both points of view when working in the field. TFor
instance Kitching (1986), on prey-predator interactions, writes ".... we
should find the explanations for community structure and dynamics in

processes operating at the level of the population.”
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XI TOVARDS THEOREMS FOR THE ECOSYSTEM: AMIMALS, PLANTS AND MODULES.

Let us return for the moment to the octopus example of communities of
various orders. In the community we include only the animals named.
Nevertheless it would be easy to include the octopus lair in some
extension to the animal community since it is linked to the subject
octopus as a modifier of predators; it is a first-order modifier in the
environment of the octopus. Similarly other inanimate objects and
plants may be linked to the animals of the community. In general, when
we consider the plant world, it is conceivable that a series of
formalized definitions could be developed for plant ecology, containing
primitive terms which would be something like those used for the animal
system. We may speculate that perhaps it would be appropriate to
replace the primitive term ’animal’ by ’plant’, and ’H’ and ’offspring’
by some plant-related equivalents. The directed interaction primitive ¢
could presumably remain much the same, with some changes in the
explication. Finally ’habitat’ for plants would have the same meaning
as for animals.

It is often the case that animals eat only specific parts of plants,
also insects which lay their eggs on plants usually choose a particular
place, which is species-dependent. For this kind of reason it seems
clear that when we develop new mathematics for the ecosystem we should
think in terms of first a set of primary objects which are animals,
plants or modules (module in the sense of Harper, 1981). Secondly we
have modifier chains which act as linkages among the primary objects and
may contain inanimate things (including energy) as well as animals,
plants or modules. Some suggestions about a formalized definition of
the ecosystem have been put forward (Niven, 1988e). However the present
position is that no further work is planned along these lines due to a
lack of funding.
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XI1 THE HUMAN ANIMAL

It was realised at an early stage that humans, because of the importance
of social and psychological factors and technology in their enviromment,
cannot be adequately catered for by the scheme outlined above. Vork on
the formalized theory of human ecology is presently under way along the
following lines:

An enlarged universe of discourse contains not just the substantive
objects of the nineteenth-century physicist but ell perceived objects.
So the Taj Mahal, as an example, is a large set of perceived objects,
since people will have slightly different perceptions of the edifice and
some people will have more than one perception. The enlarged universe
of discourse is thus an enormous, but still finite, set. It includes
the universe of discourse for the animal system as a small subset. Thus
the problem of perception is shifted from the observer to the subject.
A basic definition within the developing formalized theory is for a
’social entity’ which is defined mathematically as a set of humans
(*human’ is used as a primitive term) which share a set of perceptions
(i.e. a subset of the universe of discourse). Every human of the social
entity is itself a subset of the set of perceptions of the social
entity. Use is being made of P.E. Lauer’s brilliant formalization of
C.I. Lewis’ value theory (Lauer, 1980). The work is difficult (and
totally unfunded) and is not expected to lead to a publication for
several years.
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XIIT IS THE FORMALIZATION METHOD USEFUL IN ECOLOGY?

The proponents of the formalization method claim that it is useful in
particular for clarification of ideas and for the correction of faulty
notions. The first results along these lines in the formalization
research outlined above concerned mistakes in the semantic definition of
environment as developed by the Andrewartha school prior to 1984. In
particular ’weather’ was originally included as a component of
environment (Andrewartha 1971, Andrewartha & Birch 1954, Browning 1963).
An attempt to formalize this notion led to nonsense, which showed up
clearly as nonsense in the symbolized sentences. Then the use of Venn
diagrams demanded, for the sake of completeness, the extension of the
notion of ’malentity’.  This part of the research guaranteed the
completeness of the direct environment (centrum) in the sense that all
changes in the relevant values of the primitive term H were included.
The original description of malentities (Andrewartha 1971) included only
those objects for which H(object) did not change. However as soon as
this notion was symbolized it became obvious that the set of objects for
which H(object) decreased when the interaction occurred was missing from
the system. It did not take long for an example of such an object to be
proposed; a poisonous animal which is eaten by the subject animal 1is
just such a case. Then the (initially very difficult) formalization of
Maelzer’s ideas that certain objects "only modified the value of some
resource or other component of environment" (Maelzer, 1965) enabled the
completion of the mathematical definition of environment by combining,
symbolically, direct and indirect environments. The mathematical
definition (Niven 1980, 1982) was used immediately by Andrewartha and
Birch (1984) who based a new analysis of environment on the mathematics
and proceeded to classify objects according to the definition. It is
unfortunate that these first two formulations of the mathematical
definition were difficult for biologists to use. The third attempt
(Niven 1987) is far easier to use for classification work (and was, in
fact, constructed for teaching an undergraduate course in ecology).
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A difficulty which has been expressed about the mathematical definition
of environment is that the maximum order of modifiers is not fixed. The
indirect environment may be extended to suit the convenience of the
ecologist. The point that the ’environment’ described in a loose
semantic way as "everything" is unacceptable in a formal system, for
good mathematical reasons, was- explained by Haskell (1940) in his great
classical article on mathematical systematization of some basic
ecélogical notions. The method used in the present system is an attempt
to bypass this fundamental objection. The difficulty that the modifier
chains may be extended indefinitely is not harder to deal with in
practice than the analogous practical difficulty in that other great
observational science, astronomy. Every time we develop new
astronomical telescopes, either by extending their visual range or by
extending to non-visual radiation, the number of objects in the known
universe is increased. Nevertheless this does not prevent astronomers
from classifying stars. The Hertzsprung-Russell diagram, which
classifies stars according to their light magnitudes and spectral types,
conceptually simple though it is, constitutes a major research tool.
(An excellent elementary account is given by Maddison 1988)

In the past confusion has sometimes arisen in ecology when considering
the effect of thermal energy on living organisms. Because temperature
is easy to measure on an apparently continuous scale, one tends to
forget that at a particular time only one particular energy package 1is
interacting with the subject animal. The formalization has forced this
understanding by the requirement that the object under consideration
must necessarily be an element of the universe of discourse;
‘temperature’, in fact, is not a substantive object. The result of
these considerations is the achievement of a precise classification of
thermal energy in the environment. As remarked in the section on
resources we cannot work with units of ’cold’ and are forced into the
modern physicists’ attitude towards thermal energy.

A formalization is expected to facilitate the development of theory.
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In science classification is of fundamental importance. The
formalization research in animal ecology has produced methods of
classifying environment, community and niche. It is clear that this
could be done also for plants and modules, finally yielding a
classification of ecosystems which will have a biological basis, which
can be checked theoretically for completeness and which will enable
precise comparisons among ecosystems.

The research which led to the mathematical definition of niche has
thrown up a serious mathematical difficulty which militates against the
future use of this concept in theoretical ecology. This is to do with
the existence of an inverse within the developing system.
Mathematically speaking we may deal with confidence with a branch of
pure mathematics centred on the animal community, since there is a
simple morphism which will send an animal back to itself, much as
multiplication by the unit will send a number back to itself in ordinary
arithmetic (Niven, 1988e). At the time of writing it does not seem
possible to provide this feature for the niche, where the definition
necessarily includes a set of animals (the species) instead of an
individual animal (Niven, 1989b). Ecologists should therefore consider
carefully whether the niche concept should continue to be used in future
work, or discarded as yet another dead end. Speculation about the
development of theorems which will be used for deeper understanding and
prediction of ecosystems must remain vague until the basic formalization
of plant and module ecology is completed. Nevertheless it now seems
certain that such an exercise is feasible; strong doubts were expressed
about the feasibility of the research during the three-year planning
stage, during 1974-6, by a number of the world’s leading logicians.
Time has shown that useful results may be obtained providing that the
following rules are applied:

(1) close contact is kept with field workers,

(ii) the difficult and cumbersome notation of Whitehead and Russell
(1925) which was used by Voodger (1937) is replaced by more
modern notation interspersed with enough natural language to
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convey meaning without losing too much rigour,
(iii)  intermediate results are checked immediately against data from
a wide range of appropriate biological organisms.

Whether such research is useful in ecology depends on whether ecologists
are willing to take the plunge into developing a precise
mathematically-based science or would prefer to continue along
Aristotelian lines in the sense that, as remarked above, Aristotle and
his contemporaries would have little difficulty in understanding a
modern ecology article. The great theoretical article of Haskell (1940)
is, of course, an exception (however its message seems to have been
ignored). The formalized mathematically-based science of astrophysics
has required much dedication and extremely hard intellectual effort.
Consider as just one example, the Russell-Vogt theorem which asserts
that the structure of a star is uniquely determined by its mass and
chemical composition (Chiu, 1968). The theorem involves the solution,
under special conditions pertaining to stars, of four ordinary
differential equations. Parameters are notions basic to physics:
temperature, density, mass, opacity, electron pressure...The theorem is
important in interpreting the Hertzsprung-Russell diagram, on which
stars of the same composition lie along a smooth curve. It has direct
consequences for our knowledge of the sun, its age and the time it will
take on its path to red-gianthood and self-destruction. In fact, these
four equations are intricately bound up with the physics of stars, at a
fundamental level, in sharp contrast to the way similar ordinary
differential equations are used in modelling as a superficial
description of ecological phenomena, with no deep reference whatsoever
to the basic biology of the organisms.

Pinally, it should be stated with reference to the present system that
definitions of animal niche and animal community and the proposed
definition of ecosystem all depend largely on the definition of
environment. The present mathematical definition of environment (Niven
1987) is stated in such a way that future improvements and even drastic
change will be relatively easy, should future developments require it.
The web can be joined to a totally different centrum, for instance,
which might contain a completely different set of primitive terms.
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APPENDIX 1

The following Booklets are available [rom: Division Australian
Environment Studies, Griffith University, Nathan, Queensland, 4111,
Australia.

The Precise Environment of Some VWell-Known Animals

by B.S. Niven and M.G. Stewart (joined by J.C. Moore in Nos. X and XII;
Nos. XV, XVII, XXIII, XXV, XXVI, and XXVII by B.S. Niven only)

Series No. AES No Title

I 9/81 General Introduction

11 10/81 The Chimpanzee (Pan troglodytes)

11T 11/81 The Mountain Gorilla  (Gorilla  gorilla
beringet)

Iv 12/81 The three-spined Stickleback (fasterosteus
aculeatus leiurus)

i 15/81 The King Penguin (4ptenodyties patagonica)

VI 1/82 The Bottlenose Dolphin (Tursiops truncatus)

VII 3/82 The Cane Toad (Bufo marinus)

VIII 4/82 The Wandering Snail (Lymnaea peregra)

IX 5/82 The Giant African Snail (4chatina fulica)

X 6/82 The Leopard Frog (Zana pipiens)

XI 7/82 The Common Octopus (fctopus vulgaris)

XI1 8/82 The Rottnest quokka (Setoniz brachyurus)

XIII 1/83 The Sheep Blowfly (Lucilia cuprina)

XIV 10/83 The fresh-water Sponge (Spongilla lacustris)

XV 11/83 The Sea Gooseberry (Pleurobrachia pileus)



XVI
XVII
XVIII
XIX
XX
XXI
XXII

XXIII
XXIV
XXV
XXVI
XXVII

2/83
12/83
3/83
4/83
13/83
5/83
6/83

14/83

7/83
15/83
16/83
17/83
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The Barthworm (Lumbricus terrestris)

The Vaterflea (JDaphnia magna)

The Marine Copepod (Calanus finmarchicus)
The Monarch Butterfly (anaus plexippus)
The Yellow-fever Mosquito (Aédes aegypti)
The Pacific Coast Squid (Loligo opalescens)
The Atlantic Fulmar (Fulmarus glactalis
glacialis)

The Reef Coral (Pocillopora damicornis)

The Rat Tapeworm (Hymenolepis diminuta)

The Common Honeybee (4pis mellifera)

The Brachiopod (Zingula anatina)

Revised version of General Introduction
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APPENDIX 2

The environments of the following nine species were analysed by
Andrevartha and Birch (1984) using early versions of the mathematical
definition of environment in Niven (1980, 1982).

Spruce budworm Choristoneura fumiferana
Queensland fruit fly Dacus tryoni

Limpet Cellana tramoserica
Limpet Patelloida latistrigata
Australian black-backed magpie Gymnorhina tibicen

Grey teal 4dnas gibberifrons
African buffalo Syncerus caffer

Moose dlces alces

Rabbit Oryctolagus cuniculus
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FORMALIZATION OF SOME BASIC CONCEPTS OF
PLANT ECOLOGY

B. S. Niven
School of Science, Griffith University, Nathan, Australia 4111

Keywords: Community, Environment, Formalization, Plant ecology

Abstract. Formalization of the concepts of the ’environment’ of a plant and of a ‘community’ of plants is given using
Mainly first-order logic, with some symbols and concepts taken from probability theory, modern algebra and engineer-
ing mathematics. The primitive terms from the biological sciences are those used for the analogous animal ecology
df:ﬁnitions with two extra added to mean ’plant’ and an indication of the well-being of the plant. The functional defini-
tions may be used for classifying objects in the environment and for classifying communities. Examples are given.
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1. Introduction

Research presently being carried out on the formal-

Iz .
®d theory of ecology extends over animal, plant and .

::1?;1 ecology. The modus operandi is to construct a
Modg ranch of pure mathematlcsz usi.ng the'concepts of
establltn formal logic. Thesc? requ.lre, in out.lme, first t!le
our S)‘;Shmenl of a §erp?nt|c basis, the umve!’se of dis-
s Seco-ndly primitive terms, undefined in the sys-
“Su’a:re laid 90wn, fqllowed by formal de'ﬁnitions
finaly y symbolized), axioms, rules of deduction and,
asisyf theorerps. Th.e theorems are then used as a
Pl‘edic?r the amhm.euc necessary for. management and
tfor 1on of real.-llfe syst.ems. For instance when .we
em f:n an analysis of variance we use forfnulae which
diStr?t:n Fheorems about the normal, chi-square and
>tridutions.” A second example comes from the
:fllii::jsciences; the enormously complex calculations
Orrecy to send the space probe Voyager.ll on .lhe
ithogt [ct)]urse to ngtune would have bee.n impossible
ience Se underlying thef)rems of dynamics and space
ec%ystémg‘ too, thc‘j precise management of comp.lex
f ulge thvmll require a.ppropnate th.eorems on which
at the ecologists will use will be based.

certainlsc:l’ticle cont.ains mathematical deﬁnilions of
asis for tr’:‘icpls ba.sm .to plant ecology. Iqltially, as a
Pulation ebform?llzatlon, I have used the ideas of the
arper (197|ologlsts H. A Glea.son (1926) and J. L.
di"idualis[ic 7). Central to their theory is the in-
si Cation ofCODCCPt. .Glea:son writes "... a logical clas-
uc°°SSiona| assc_)qauons into larger groups, or into
Cason’s series, has not yet been achieved.”
N i ork has been greatly extended by Harper
worg, prepapel', which is based largely on Harper’s
Qe or sbents one possible "logical classification” as
lndi‘,,-dua ¥ Gleason. Thus I start with the idea of an
Organ; splam or module (for a discussion of modular
See Harper, 1981). The individual is sur-
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rounded by objects, both animate and inanimate. My
universe of discourse is the set of substantive objects; it
includes other plants or modules, animals, soil, rocks,
air... and, most importantly, energy, treated in this
paper as measurable energy packages. Kinetic energy in
the form of light energy, thermal energy or wind, is of
particular importance. My universe ofdiscourse in-
cludes thermal energy but not temperature, which is as-
sumed in this paper to be defined as in modern physics
and thus is not a substantive object. Some of the ob-
jects near the individual plant or module will interact
directly with it, others will interact only indirectly, many
very indirectly indeed. Following Maelzer (1965) I dis-
tinguish sharply between those objects which directly
affect the individual of interest, plant or module, from
now on referred to as the ’subject’ and those objects
which affect the subject only indirectly. The two sets of
objects are, respectively, finite and (potentially) in-
finite. They are then split into subsets. From this
simple but powerful notion will be developed first a
mathematical definition of the ’environment’ of the
subject and secondly a mathematical definition of a
functionally related ’community’ which . includes the
subject and also includes in a natural way the loose as-
sociation of plants in the same habitat referred to by
Miles (1979) as a ’patch’. The word ’habitat’ here is
from Elton (1949); it is used as a primitive term (see
below) and means a particular place, not a class of
places.

The formalization in this work is non-standard in
the sense that I have not restricted myself to first-order
logic as is usual in a formalization. I have used ideas
and symbolism from engineering mathematics,
probability theory and modern algebra, as well as set
theory and first-order logic.
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Animals are necessarily incorporated in the system.
The analyses for animals are available in a series of
published papers (see Niven, 1989).

2. Symbols and primitive terms

The following symbols from symbolic logic are used
in this paper:

(i) The existential quantifier 3. '3 leaf” means "there is
at least one leaf".

(ii) The negation ~. '~ (3 leaf)’ means "it is not the
case that there is at least one teaf"

(iii) The subjunctive conditional 2. ’ADB’ means "if A
then B".

(iv) The conjunction &. ’A&B’ means "A and B".

(v) The disjunction V. 'AVB’ means "A or B" (or
both). :

The symbols >, < and < are from ordinary arith-
metic and mean "greater than", "less than" and "less
than or equal to" respectively.

The ’hard’ conditional | is the conditional used by
statisticians and probabilists for conditional events and
conditional probabilities (Feller 1959). A | B’ means
"A (occurs) given that B (occurs)".

The symbol - is from modern algebra. A:B-C
means that the morphism A sends B to C.

The symbol t_ used as a subindex comes from en-
gineering mathematics. It means "just before t". So 'the
event A,’ means "the event A occurs at a time just
before time t".

The brackets <...> are used for ordered pairs, so
the pair <a,b> is not the same as <b,a> unless a is the
same object as b.

There are seven primitive (undefined) terms

biology used in the definitions. They are:

(i) "PI' standing for plant or plant module.

(ii) "Off’ standing for offspring.

(iii) "An’ standing for animal or animal module.

(iv) ’Hab’ standing for habitat.

(v) The well-being primitive for plants, G, which is a
number.

(vii) The survival and reproduction primitive for
animals, H, which is a number.

(viii) The directed-interaction primitive §, which en-
sures that the system is totally interactive.

Explications of all primitives are given in the follow-
ing section.

rom

3. The explication of the primitive terms Pl, Off, An,
Hab, G, Hand £

In any formalized system such as a branch of math-
ematics it is necessary to include certain undefined
words or phrases called ’primitive terms’. It is not pos-

sible to construct a branch of mathematics in which all
terms are defined within the system. The primitive
terms are then used in definitions, which are incor-
porated into the axioms from which the rules of in-
ference of the system enable us to prove theorems.
Choice of primitive terms which involve notions from
the biological sciences results in a formalized system
which has a foundation of biology, not physics, as is the
case for most modern mathematics.

3.1 Pi(p) means that the object ’p’ is, at time t, a plant
or modular organism which is part of a piant. "Plant’ is
a blanket word in this context which is used in this
paper to mean the Plantae, Fungi, Protoctista and
Monera of Margulis and Schwartz (1982). A module is
a "a repeated unit of multicellular structure, normalty
arranged in a branch system" (Harper 1981). Modules
which are not arranged in a branch system are also
used in this paper.

3.2 q Offi;p means that the object 'q’ becomes an off-
spring of object *p’ at time t, for the first time, i.e. q is
’born’, becoming a separate object from p at time t.

3.3 An,(a) means that the object ’a’ is, at time t, an
animal or modular organism which is part of an animal.
’Animal’ is used in this paper to mean the Animalia of
Margulis and Schwartz (1982). "Module’ is used as ex-
plained in 3.1.

3.4 B Hab b means that the object 'b’ occupies the
region of physical space B’ at time t. B’ is called "the
habitat of b". It is a specific place, not a class of places.
"The boundaries of the habitat and the qualities that
determine the boundaries are fixed arbitrarily by the
ecologist" (Elton 1949). The object b must be either a
plant or an animal, in the sense used in this paper, i.e.
either Pl,(b) or Any(b).

3.5 The well-being primitive G is a number which ex-
presses the general well-being of the subject plant or
module. Following Harper (1977) such things as the
rate of increase of dry weight, the amount of wilt and
the amount of leaf-blackening are included in G. Also
included in G is the probability of reproduction. The
number Gy(p) refers to G at time t of object p and it is
obligatory that Pl(p). Since G includes a probability it
is itself probabilistic.

3.6 The survival and reproduction primitive H is a
number which is a function of:

(a) The expectation of life at birth.
(b) The probability of reproduction, sexual or asexual.

Since H includes a probability it is itself probabilistic.
The number H(a) refers to H at time t of object ’a’
and it is obligatory that An(a). H is non-decreasing
with respect to (a) and (b).

3.7 The directed interaction primitive £xy means that
an interaction occurs between the object °x’ and the ob-
ject ’y’ which evokes immediately in ’y’ some physical,
physiological or behavioural response or a change of



position and no other object (other than 'x’) reduces or
enhances this effect of ’x’ on 'y’ ie ’x’ affects ’y” directly.
The objects x’ and ’y’ must be elements of the universe
of discourse; in particular they may be plants or
animals. Judgement as to whether the response is sig-
nificant is to be made by the ecologist.

In all cases the subindex ’t’ may be replaced by ét’
implying that the observation or action takes place
during an interval of time instead of at an instant.

4. The direct environment

The direct environment of a plant is the set of ob-
jects which affect the subject directly. There are five
subsets called resources, associates, co-reproducers,
predators and malentities.

4.1 Resources

A resource of an individual subject plant is an ob-
ject which is such that when it interacts with the subject
in the sense of the directed interaction primitive, the G
of the subject is increased. In the case that the object is
itself a plant or an animal, its G or H is decreased or
unchanged. The formal definition for object ’r’ to be a
resource of a subject plant (or module) *m’ is:

{G(m)>Gi_(m)} | Erm&[PI(r)D{G(r)s Gy (r)} | £rm]
&[An(r) D {Hy(r)sH, (r)} | &rm]

This string of symbols is a (mathematical) sentence
which reads, approximately: The general well-being of
the subject plant (or module) at a particular time t is
greater than its well-being just before t given that at
time t the object acts significantly on the plant; further-
more if it is the case that the object is itself a plant then
the general well-being of the object at time t is less
than or equal to its well-being just before t given that
at time t the object plant acts significantly on the sub-
ject plant; further to this if it is the case that the object
is an animal then its survival and reproductive ability is
less than or equal to its survival and reproductive
ability just before t given that at time t the object
animal acts significantly on the subject plant.

Objects such as a package of light energy or ther-
mal energy, an amount of water (some specific quantity
of water), an amount of oxygen, carbon dioxide or
mineral nutrient are all resources. Semi-formally, when
dealing with water, say, we may write, for a subject
plant, say a maize plant:

G(maize) is increased | & (water)(maize).

Since water is neither plant nor animal the second
part of the definition is not applicable. The semi-formal
sentence is a useful device which helps to check the ac-
curacy of the classification. It is implied that:

(i) The time constraint is to be understood.

(ii) The maize referred to is a specific individual plant.
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(iii) The water referred to is a specific quantity; it is a
particular individual Icc (say) of water, not the set of alt
possible lcc amounts of water or a subset of that set.

Now as the subject consider a module of the brown
rot fungus Monilinia fructicola and as the object
another module which is one particular cherry (Weier
et al. 1982). Then the cherry is a resource of the fun-
gus, since we may write:

G(fungus) is increased and G(cherry) is decreased | & (cher-
ry)(fungus).

Now consider a case in which the resource is an
animal. Suppose the subject is an individual Venus fly

trap, Dionaea muscipula and the object some suitably-
sized insect (Weier et al. 1982). Then we may write:

G(Venus f. t.) is increased and H(insect) is decreased |&
(insect)(Venus f. t.).

A plant may not be a resource of itself, since a con-
tradiction appears in the definition if ’r’ is replaced by
'm’; we have that G(m) is both increased and decreased
at time t.

4.2 Associates

An associate of an individual subject plant is an in-
dividual plant or animal which is such that when it in-
teracts with the subject in the sense of the directed
interaction primitive the G of the subject is increased.
In the case that the object is a plant its G is also in-
creased. In the case that the object is an animal its H is
increased. The formal definition for object °a’ to be an
associate of a subject plant (or module) 'm’ is:

{G(m)>G(m)} | Eam&[Pl(a)D{G(a)>Gi (a)} | Eam
&[An(a)D {H(a)>H,_(a)} | £am]

In English, this reads, approximately: The general
well-being of the subject plant at a particular time t is
greater than just before t given that at time t the object
acts significantly on the plant; furthermore if it is the
case that the object is itself a plant then its general
well-being at time t is also greater than just before t
given that at time t the object plant acts significantly on
the subject plant; further to this if it is the case that the
object is an animal then its survival and reproductive
ability at time t is greater than just before t given that
at time t the object animal acts significantly on the sub-
ject plant. -

An example of an associate is given by Harper
(1977). This is the fungus Epichloe typhina, described
as an "intriguing... exception..." (to the normal interac-
tion between pathogen and host). The fungus "steril-
izes its grass hosts by preventing the emergence of an
inflorescence. Such eunuch plants have high vegetative
persistence in pastures and apparently greater vegeta-
tive vigour. It may be that some of the resources
diverted from flowering are available for the more
rapid production of tillers..." The fungus is an associate
of the subject grass since:
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G(grass) is increased and G(fungus) is increased | & (fun-
gus)(grass).

An example of a case in which the associate is an
animal is not known, but has been allowed for in the
mathematical definition.

Formally speaking, a plant may be an associate of it-
self, since no contradiction appears in the definition if
'a’ is replaced by 'm’ for the case of a plant as object.
This does not, at present, seem to be a useful in-
ference.

4.3 Co-reproducers

- A co-reproducer of an individual subject plant is an
object which is such that when the interaction in the
sense of x occurs the probability is greater than zero
that a new individual will come into existence. The for-
mal definition for an object ’0’ to be a co-reproducer of
a plant 'm’ is:

Prob[(3x)(xOff:.sm & xOff:+0) Eom]>o0.

Examples of dioecious plants are asparagus, date
palms and some mosses (Weier et al. 1982). Thus, for
instance for a subject male asparagus and an individual
female asparagus as object we may write, semi-formal-
ly:

The probability is greater than zero that an offspring of
both male asparagus and female asparagus will appear
after a time g | £(female asparagus)(male asparagus).

If ’o’ is replaced by 'm’ in the mathematical defini-
tion we have the case that a plant is a co-reproducer of
itself. This applies to monoecious plants such as wal-
nut, squash and some mosses (Weier et al., 1982). It
also applies to a subject tiller of the infected grass of
section 4.2 since we have:

The probability is greater than zero that the tiller will
produce an ’offspring’ tiller after a time
B | E(titler)(tiller).

The expression &(tiller)(tiller) means that the sub-
ject tiller interacts with itself. The time g is the
’gestation’ period i.e. the time from the start of the in-
teraction to the time when a new individual appears,
say a seed which is separate from the parent, or a new
tiller or other module. 8 may be very short, perhaps
orly a few minutes, or very long, perhaps many months.
The object ‘0’ is normally a plant, however the defini-
tion allows for '0’ to be an artefact.

4.4 Predators

A predator of an individual subject plant is an in-
dividual plant or animal which is such that when the ob-
ject interacts with it in the sense of & the G of the
subject is decreased. If the object is a plant its G is in-
creased; if it is an animal its H is increased. Predators
of plants include grazing animals and humans. The for-
mal definition for object ’p’ to be a predator of a sub-
ject plant (or module) 'm’ is:

G(m)<G¢ (m) | Epm&[PI(p)2{G(p)>G: (p)} | &pm]

&[An(p)2{H(p)>H. (p)} | &ipm)

The blight Endothia parasitica attacks chestnut
trees in North America (Harper 1977). This parasite is
formally a predator in the environment of a subject
chestnut tree since we may write:

G(chestnut) is decreased and G(blight) is increased
| E(blight)(chestnut).

Notice that once again in the semi-formal sentence
the time constraint is to be understood and the blight is
either a whole individual or a module. An example of
an animal predator is the caterpillar of the olethreutid
moth Ecdytolopha sp. which feeds on the Red man-
grove (Rhizophora mangle), (Strong et al, 1984). The
semiformal sentence is:

G(mangrove) is decreased and H(caterpiliar) is increased
| & (caterpillar)(mangrove).

A plant may not be a predator of itself, since if we
substitute 'm’ for ’p’ in the mathematical definition a
contradiction appears, i.e. G(m) is required to increase
and decrease, both at time t

4.5 Malentities

A malentity of an individual subject plant is an ob-
ject which is such that when it interacts with the subject
in the sense of §, the G of the subject is decreased. In
the case that the object is itself a plant its G is
decreased or remains unchanged. In the case that the
object is an animal its H is decreased or remains un-
changed. The formal definition for object ’c’ to be a
malentity in the environment of a subject plant (or
module) 'm’ is:

[{G{m)<G, (m)} | Eem]&[PI(c)D{Gi(c)<G ()} | Ecm
&[An(c)D {Hi(c)<H,(c)} | &cm].

Inanimate objects such as a falling rock, a violent
wind (the kinetic energy is the object), a hailstone, a
blast of lighting (electrical energy), fire (thermal ener-
gy) are all malentities. The semi-formal sentence for a
subject plant and lightning as the malentity is:

G(plant) is decreased | £ (lightning)(plant).
A banyan which destroyed some small plant by forc-

ing its roots through that plant is acting as a malentity;
the small plant is destroyed, the banyan is unaffected:
G(small plant) is decreased and G(banyan) is unchanged

| £ (small plant)(banyan).

An example of a human acting as a malentity is
given by Liddle and Thyer (1986). Ramelts of the grass
Entolasia stricta were significantly harmed by human
trampling. The semi-formal sentence for a subject
ramet is: ’

G(ramet) is decreased and H(human) is unchanged | &
(human)(ramet).

The definition altows for both subject and malentity
to be adversely affected by the encounter. An example
would be a human trampler whose foot was pierced by
the trampled plant (bearing thorns for instance).



~ Formally, a plant may be a malentity of itself. There
lfS no logical contradiction involved if °c’ is substituted
or’'m’.

S. The indirect environment

The indirect environment of a plant is the struc-
tured set of objects which affect the subject indirectly.
These objects are called 'modifiers’, a term due to
Maelzer (1965) writing on animal ecology. First-order
Modifiers modify the effect on the subject of objects in
the direct environment. Second-order modifiers modify
first-order ones; third-order modify second-order, and
S0 on. The formal mathematical definition is given in
Section 5.3 below. Modifiers of all orders may be either
Regative or positive.

3.1 First-order Modifiers

These are objects which interact directly with the
Tesources, associates, co-reproducers, predators Or
Malentities in the environment of the subject plant.
Hal'per (1977) records that the larvae of the cabbage

%hite butterflies Pieris brassicae and P. rapae are al-

racted by mustard oil glycosides in their food plants
ad will eat other leaves (or even filter papers) if
reated with sinigrin or sinalbin. Thus a leaf of the
Wr(?ng’ species becomes a resource if treated. For a
Subject leaf, say, an individual larva is a predator, since:
Gleaf) is decreased and H(larva) is increased | &
(larva)(leaf).

The. glycoside is a positive first-order modifier in the
¢avironment of the subject leaf since:

(3 larva){(tarva)Pred(leaf) | £(glycoside)(leaf) &
~(larva)Pred(leaf) | ~(glycoside)(lean)].

That is, there is at least one larva, such that the
la}“ is a predator of the leaf given that there is sig-
Nificant interaction between glycoside and leaf in the
Sense of £ and it is not the case that the larva Is 2
Predator of the leaf given that there is no interaction

tween glycoside and leaf. The interaction primitive
.(sectlon 3.7) in this case should be interpreted as evok-
Ing a physiological or physical response, depending On
Whether the glycoside is incorporated in the structure
Of the leaf or merely smeared on.

Also from Harper (1977) we have that the

:Ya'_mgenic glycosides protect plants of Trifolium repens

gainst slugs. Without the glycoside the slug would be a
gredaton 50 the glycoside in this case is a negative first-
rrdef modifier, since we may write, for a subject T.
€pens individual:
(3 slug)((slug)Pred(T.repens) | ~&(glycoside)(T.repens) &
~(Slug)Pred(T.repens) | £(glycoside)(T.repens))-
pr. That is, there is at least one slug such that it is
noetdatol' of the subject 7. repens plant given that it is
N the case that there is an interaction in the sense of
Ciween glycoside and plant, and it is not the case
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that the slug is a predator given that there is an interac-
tion between glycoside and plant. Notice the difference
between positive and negative modifiers brought out by
these two examples. The time constraint applies
throughout.

Symbiosis between two organisms is often a first-
order-modifier situation. An interesting ex.mple is a
lichen, which consists of two plants, an alga and a fun-
gus, in symbiosis. The fungus hyphae enmesh the alga,
introducing haustoria into it which absorb food
material from the alga. The fungus provides the thallus
which supports the alga (Weier et al. 1982). Consider
first a subject alga, the thallus which supports it being a
resource, since:

G(alga) is increased and G(thallus) is unchanged | & (thal-
lus)(alga).

The fungus which supplies the thallus is a positive first-
order modifier, since:

(3 thallus)[thallus)Res(alga) | &(fungus)(alga) &
~(thallus)Res(alga) | ~E(fungus)(alga)).

Now consider a subject fungus. The food it gains from
the alga is a resource, since:

G(fungus) is increased | £ (food)(fungus).

The alga which supplies the food is a positive first-
order modifier, since:

(3 food)[(food)Res(fungus) | §(aiga)(fungus) &
~(food)Res(fungus) | ~£(alga)(fungus)].

Grime (1979) remarks that the treatment of
productive vegetation with the growth retardant maleic
hydrazide tends to suppress potential dominants and to
increase species density. In the environment of a small
plant as subject, the dominant is either a predator or a
first-order modifier by shading the subject. If the
dominant is a predator then the maleic hydrazide is a
negative first-order modifier since:

(3 dominant)[(dominant)Pred(small plant) | ~&(mal. hyd.)
(dominant) & _

~(dominant)Pred(small piant) | £(mal. hyd.dominant)].
The shading situation is dealt with in the following sec-

tion.

Another interesting example of symbiosis is that of
a mycorrhiza which associates with the roots of a higher
plant (Weier et al. 1982). The endomycorrhizal fungi
which live within individual root cells are, formally,
classified as predators. More interesting, from the logi-
cal point of view, are the ectomycorrhizal fungi, the
hyphae of which grow between the root cells but do not
form haustoria; but contact between root and fungus is
nevertheless close enough for metabolites to be trans-
ferred in both directions. In this case each plant
provides resources for the other and is therefore a
positive first-order modifier in the other’s environment

since, for a subject fungus we may write:
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(3 metabolite)[(metabolite)Res (fungus) | &(plant
root)(metabolite) &

~(metabolite)Res(fungus) | ~(plant root)(metabolite)).
Similarly, for a subject plant:

(3 metabolite)[(metabolite)Res(plant) | £(fun-
gus)(metabolite) &

~(metabolite)Res(plant) | ~£(fungus)(metabolite)].

The rules of construction of the semi-formal sen-
tences allow, in the term starting with £, for the second
individual to be either the subject or an object in the
direct environment of the subject.

5.2 Second- and Third-order Modifiers

Second-order modifiers are objects in the environ-
ment of the subject which modify first-order modifiers.
Third-order modifiers modify second-order modifiers.
To continue with the example of the previous section
from Grime (1979) suppose the dominant is shading
the subject small plant and thereby interfering with the
thermal energy or light energy that it requires. Some
one particular package of thermal energy correspond-
ing to a suitable temperature is a resource since:

G(small piant) is increased | &(thermal energy)(small plant).
The dominant is a negative first-order modifier, since:
(3 thermal energy)[(therm. en.)Res(small

plant) | ~£(dominant)(therm. en.) &

~(therm. en.)Res(small plant) | £(dominant)(them. en.)).

The maleic hydrazide is a positive second-order
modifier, since:

(3 dominant){(dominant)Mod'(small
plant) | §(mal.hyd.)(dominant) &

-(dominant)Mod‘(small plant) | ~£(mal.hyd.)(dominant)]
If we now introduce the human who treats the
vegelation with maleic hydrazide we find that the

human is a third-order modifier in the environment of
the small plant, since:

(3 mal. hyd.)[(mal. hyd.)Mod’(smaII plant) | £(human)(mal.
hyd.) &

~(mal. hyd.)Mod*(small plant) | ~&(human)(mal. hyd.)).

In this latter case the interaction primitive is inter-
preted as meaning that the response is a change of
position of the maleic hydrazide. Notice that the nota-
tion Mod' and Mod? is being used here for first and
second-order modifiers.

Harper (1977) writes that the jay Garrulus glan-
darius carries acorns of Quercus spp. up to a distance
of one kilometre for burial. They search for them
during the autumn and winter and eat them, but a
number of seedlings survive. The burial may be vital
for the viability of the acorn. The thermal energy as-
sociated with above-ground temperatures is a malen-
tity, since:

G(acorn) is decreased | &(therm. en.)(acorn).

The soil which covers the acorn is a negative first-order
modifier:

(3 therm.en.){(therm.en.)Mal(acorn) | ~&(soil)(therm en.)&
~(therm.en.)Mal(acorn) | &(soil)(therm.en.)].

In this case a physical change is induced on the thermal
energy by the soil.

The jay which buries the acorn is a positive second-
order modifier:
€] soil)[(soil?Mod'(acom) | E(ay)(acorn) &
~(soil)Mod (acorn) | ~&(jay)(acorn)).

3.3 Modifiers of all Orders

The formal definition of the set of modifiers (which
is potentially infinite) is given here. First, we shall refer
to objects in the direct environment of a subject plant
m as 'modifiers of order zero’. A modifier is an object
w. Thus for a resource, an associate, a co-reproducer, a
predator or a malentity referred to as w we have
wMod’m. Then:

wMod, *** Pm=4(3x) [{xMod,"m | (Ewx V Ewy)} &
{ ~xMod"m | ~(&wx V Ewy)}]

wMod, ®* Vm=y(3x)[ {(xMod,"m | ~(Ewx V Ewy)} &
{ ~xMod."m | (Ewx Vowy)}]

n=0,1,2,...;
y is either m or a modifier of order = n
Mod(nm =dfMOd[+"m \'"% Mod{"m

A set of objects connected by the modifier defini-
tions, taken in order, is called a ’modifier chain’.

Notice that we have the choice of either Ewx or Ewy
when writing down the justifying sentence for a
modifier. Thus in second example of section 5.2 above
the first-order modifier definition includes &(soil)
(therm. en.) i.e. £wy where y is a modifier of order
zero. For the second-order modifier semi-formal sen-
tence we use £(jay)(acorn) i.e. Ewm.

6. The total environment

The total environment of a plant or module m is the
structured set which is the union of direct and indirect
environment of m in which the structure of the five
subsets of the direct environment and their attached
modifier chains is preserved. The environment is total
in the sense that all possible increases or decreases of
G(subject) and G(object) (or H(object)) are included
in the direct environment. If G(subject) does not
change the object being considered does not belong to
the direct environment. If it exists (i.e. belongs to the
universe of discourse) then it must necessarily be, in
this case, a modifier.

The ‘environment’, as mathematically defined in
this paper, is an extremely complex network, since any
one object may occupy many logical positions in the en-
vironment of a subject plant, all at the same instant.
This occurs because of the use of the conditional |



(given that) in the definitions. In ordinary English ob-
jects in the environment would be referred to as
‘potential resources’, ’potential associates’, ‘potential
co-reproducers’, ‘potential, predators’, ‘potential
malentities’ and "potential modifiers’. The situation is
similar to that in the related formalized theory of
animal ecology and an example is given by Niven
(1989) from a study of the environment of the three-
spined stickleback (Gasterosteus aculeatus) in which a
parasitic worm Schistocephalus solidus appears in six
logical positions in the known environment --- once as a
predator, three times as a first-order modifier and once
as a third-order modifier. This conceptual difficulty is
significantly resolved by the use of a brilliantly simple
diagram called an ’envirogram’, which was invented by
H G Andrewartha, using the mathematical definition of
the total environment of an animal given by Niven
(1980). The diagram was introduced into the animal
ecology literature by Kitching (1983) and used exten-
sively by Andrewartha and Birch (1984). The en-
virogram opens out the complex network of the
environment and projects it on to a flat surface, making
it very easy to scan. Envirograms are now being con-
structed for plants, using the definitions in this paper.
Until recently drawn by hand, these diagrams may now
be computer-constructed (Abel er al. 1989).

7. Communities

The modifier chains which formalize the functional
relations between plant and plant, or plant and animal
will now be treated as the functional linkages which
knit together a plant or plant-and-animal community. [
now introduce a change of notation; instead of saying
"plant ’q’ or animal 'a’ is a kth-order modifier in the en-
vironment of plant 'p’" I shall say
"Mod"® sends plant 'q’ or animal ’a’ to plant 'p’* and
write this symbolically as:

Mod": g-»p, or
Mod": a-p.
The idea of modifiers in the environment of a subject

plant is thus transformed into the mathematical notion
of a morphism.

We can now define an nth-order community C,
within a habitat as a structured set of plants, animals
and modules a,b.,........ such that for every ordered
pair <a,b> we have Mod*:a-b, k=0,1,2,...,n, where k
is the maximum of the smallest integer for every pair.
The time constraint bolds as for environment, i.e. we
allow for a change within a community from instant to
instant. Thus we start with a specific habitat B, say,
which is such that for every plant, animal and module,
p, to be considered, B Hab p. We consider each pair in
turn. Each pair is considered twice, taking the ordering
into account. For the first pair, <aja;> say, we write
down the modifier connection. We repeat this for
<aza;>. If n is small then C, will be a set of plants
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(modules, animals) which is closely knit together.
Several such communities (non-overlapping) may occur
in a large habitat. If n is large then Miles’ (1979) idea
of patch is satisfied. In some cases the functional rela-
tion between two plants in a patch will be very tenuous
indeed; this is catered for in the definition since there
will be at least one modifier chain, which may contain
scores of objects, which connect the two.

For the definition to be helpful certain universal
modifiers must be excluded. Oxygen and thermal ener-
gy are examples of universal modifiers, which will knit
together, since they are resources for all, even extreme
"logical outliers’ in a Miles 'patch’.

7.1 A zero-order community

Consider the example of a predator from Harper
(1977) in Section 4.4. The blight Endothia parasitica
attacks chestnut trees and is formally classified as a
predator of a subject chestnut tree. We rewrite this as:

Mod’:blight - tree. ("Mod zero sends blight to tree.")
Now take an individual blight as the subject. Then:

G(blight) is increased and G(tree) is decreased | &
(tree)(blight).

We rewrite this as:

Mod": tree - blight.

The two individuals, chestnut tree and blight, con-
stitute a zero-order community. If now we add another
chestnut tree, then this second tree is a first-order
modifier in the environment of the first tree; it "com-
petes” for blight (or nutrient) and we write, semi-for-
mally:

(3blight)[(blight)Pred(first tree) | ~&(blight)(second tree)&
~ (blight)Pred(first tree) | £(blight)(second tree)].

In other words:
Mod": second tree - first tree.
Thus we no longer have a zero-order community.

A zero-order community, then, is one in which the
plants (modules, animals) are linked together by being
in one another’s direct environments; they are usually
very small, with only two or three individuals. The con-
cept is a useful one when classifying communities, but
is not usually appropriate to real-life communities in
the wild.

7.2 Higher-order communities

Consider the example of section 5.2 taken from
Grime (1978), in which a dominant, which normally
shades a small plant, is adversely affected by maleic
hydrazide sprayed by a human. We have:
Mod*: human-» smali plant.

It is not clear from the example what the converse
relation is. The dominant is a (negative) first-order
modifier of the smail plant, thus:

Mod': dominant - small plant.
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The converse relation is not clear, but it may well
be that the small plant ’shares’ nutrient with the
dominant, in which case:

Mod*: small plant - dominant.

The human who sprays the maleic hydrazide on the
dominant is also a first-order modifier in the environ-
ment of the dominant, so

Mod": human - dominant.

Finally, for this rather artificial community contain-
ing one small plant, one dominant and one human in
some definite fixed habitat B we have:

Mod® human - small plant.
Moq’: dominant -» small plant.
Mod": small plant -» dominant.
Mod": human - dominant.

The community, therefore, is classified as a third-
order community within the habitat B, as far as our
knowledge extends. We lack the information about the
two missing morphisms small plant-human and
dominant-»human.

7.3 Example of an Observed Community.

Boyd (1988) studied a Searocket community as fol-
lows:

"Two species of searockets (Cakile maritima and C.
edentula ssp. edentula var. edentula) have been sequen-
tially established on the West Coast of North America
since the 1880°s. In California, C. maritima has re-
placed C. edentula in the southern 1000 km of their
former sympatric distributions. This research tested the
hypothesis that differential herbivory contributed to
the ascendance of C. maritima. Choice experiments
were conducted with three herbivores (two insects and
a rodent) which consume Cakile at Point Reyes Nation-
al Seashore, California, where only C. maritima now oc-
curs. Larvae of the moth Platyprepia virginalis (Arc-
tiidae) displayed a significant preference for foliage of
C. maritima in a laboratory test. No evidence of any
foliage preference was found for a short-horned gras-
shopper Microtes occidentalis (Acrididae) in laboratory
and field experiments. Field experiments with deer
mice (Peromyscus maniculatus) demonstrated a sig-
nificant preference for C. edentula seedlings and fruits.
Degree of preference by mice for seedlings was af-
fected by the distance from the experimental location
to patches of introduced beachgrass (Ammophila are-
naria), which mice use for nesting sites and cover, but
this distance-dependence did not occur for fruit preda-
tion. Herbivory by the two insect species was not a fac-
tor in this case of species replacement. Peromyscus pre-
ference for seedlings and fruits of C. edentula would
have affected the rapidity of local species replacement
at Point Reyes, but this preference does not explain the
current distribution of Cakile on the Pacific Coast. 1
concluded that differential predation by mice was not

the ultimate cause of Cakile species replacement in
California."

We start the mathematical analysis by choosing the
habitat, say a bounded area in the same region as that
used by Boyd, but still containing both species of
Cakile. Now consider two individual C. maritima and C.
edentula. Since they compete for nutrients they are
first-order modifiers of each other. Call them 'm’ and
’e’. Then
Mod:m- e, and
Mode~ m.

Now consider other plants of the same species in
the habitat, m;,m... and e, ez,... For any pair, we have:
Mod:m-» e,

Modim- m,
Mod':e» m, and
Modle- e.

Now introduce the moth larvae, 1y, l>... say. For any

larva, and m or e:
Mod®%l-» m,
Mod"1-» e,
Mod”m- 1, and

Mod%e-» 1.

Among larvae, since they are predators of the same
plants, )
Mod":l~»l3, and
Modlp-s1;.

The same argument applies to the grasshoppers
81,82,..- and rodents ry,r2...

We now add plants of the beachgrass, b1,bz,... which
serve as protection for the rodents (from unknown
predaiers or maientities). Thus for any m or b:
Mod':b-» m.

It follows from this that the beachgrass is a second-
order modifier in the environment of a Searocket:
Mod%b- m, and
Mod%b-» €.

We now have to consider the Searockets as objects
in the environment of the beachgrass, similarly moth
larvae and grasshoppers. If the beachgrass and
Searockets use the same nutrients, which seems a
reasonabie assumption, then we have, for any b and e
orm:

Mod:m~ b, and
Modke- b.

Since larvae and grasshoppers attack first-order
modifiers of the beachgrass they are both, therefore,
second-order modifiers in the environment of a subject
beachgrass, thus, for any larva and grasshopper:
Mod?I- b, and
Modz:g- b.



Altogether there are three species of plants and
three species of animals mentioned in this example. It
is advisable when doing the analysis to consider two in-
dividuals of each species, to ensure that the analysis is
complete. Thus we consider all possible ordered pairs
of 12 individuals, i.e. 132 pairs, from which we can sub-
tract 12 intraspecific pairs, since in this case <a,b> is
equivalent to <b,a>. Thus altogether we should con-
sider 120 ordered pairs. The work is reduced if we
realise that in this particular case all 3 animal species
act in much the same way. Clearly, however, the com-
plete analysis of a complex community will require
computer assistance. Work towards this goal is already
under way, with a study of the use of the specification
language Object Z for animal communities, following
on the use of Z for animal environment (Abel and
Niven 1989). The final result for Boyd’s example is that
the community is a second-order one, in the habitat
specified.

7.4 Second Example of an Observed Community

Strong et al. (1984) describe a community consist-
ing of Spartina alterniflora, a common grass of saltmar-
shes, and its associated insects. They list 3 leaf-feeders,
5 stem-borers and 4 saprovores. Larvae of 9 parasitoids
attack the leaf-feeders, larval parasitoids of 10 spp,. at-
tack the stem-borers and larval parasitoids of 2 spp. at-
tack the saprovores.

We start the mathematical analysis by choosing the
habitat. Let the habitat B be a bounded (fenced, say)
saltmarsh on the Gulf coast of North America. B ex-
tends upwards for a height of, say, 10m and down into
the marsh to a depth of, say, 3 m. The plants, animals
and modules, p say, in the community to be analysed
are all such that B Hab p. Let us choose as our time
constraint some particular interval of time, say one day
during a period when all plants and animals under
study are active.

Now consider an individual tiller of . alternifiora as
the subject. The 3 leaf-feeders, S stem-borers and 4
saprovores are all predators, or first-order modifiers
(competitors) of predators. Now if we choose an in-
dividual animal from. this set as the subject then the
tiller is a resource and the other animals are all first-
order modifiers. To make this clear we write down the
semi-formal sentences for the tiller, an individual leaf-
feeder and one other animal, which is a leaf-feeder, a
stem-borer or a saprovore. First, the leaf-feeder is a
predator of the tiller:

Gtiller) is decreased and H(leaf-feeder) is increased | &
(ieaf-feeder)(tiller).

The other animal is a negative first-order modifier in
the environment of the tiller:

(3 leaf-feeder)[(leaf-feeder)Pred(tiller) | ~£(other
animal)(tiller) &

~(leaf-feeder)Pred(tiller) | £(other animal)(tiller)).
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Now take the leaf-feeder as the subject. Then the
tiller is a resource, since:

H(leaf-feeder) is increased and G(tiller) is decreased
| &(tilier)(leaf-feeder).

The other animal is a negative first-order modifier,
since:

(3 tilter)[(tiller)Res(leaf-feeder) | ~&(other animal)(tiller) &
~(tiller)Res(leaf-feeder) | £(other animal)(tiller)].

Thus we have:

Modleaf-feeder—tiller,

Mod':other animal-stiller,

Modo:tiller-leaf-feeder, and

Mod':other animal-leaf-feeder.

Similarly,

Mod:tiller--other animal, and
Mod':leaf-feeder-other animal.

We have written down ali 6 of the morphisms which
occur when we consider 3 individuals.

A parasitoid acts as a second-order modifier in the
environment of a subject tiller. Now consider as subject
a larvai parasitoid of a saprovore. The saprovore is a
resource in the environment of the parasitoid. The
tiller, a resource of a resource, is a first-order modifier.
A stem-borer, which is a predator of a resource of a
resource, is a second-order modifier and finally a
parasitoid which attacks the stem-borer is a predator of
a predator of a resource of a resource of the subject
larval parasitoid; it is a third-order modifier. Thus:

Mod*:stem-borer parasitoid-»saprovore parasitoid.

Another stem-borer parasitoid modifies the action
of the first stem-borer; it is a fourth-order modifier in
the environment of the subject saprovore parasitoid.
Thus:

Mod*:other stem-borer parasitoid-»saprovore parasitoid.

Clearly the listing of all possible functional relations
between the ordered pairs of the 34 species in this ex-
ample is a task for a computer analysis. There are
68x67-34=4522 ordered pairs which should be con-
sidered to complete the analysis and classify the com-
munity. From the analysis given above this is a
fouth-order community in the designated habitat. A
complete analysis awaits the advent of computer
software.

8. Discussion

Southwood (1980) in his article entitled *Ecology - a
mixture of pattern and probabilism’ wrote that ecology
may be defined as "the study of living organisms at the
level of the population and community". In this paper I
ha