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Abstract 

This thesis reports the results of ecological modelling research based on the 

use of absolute fossil pollen data as a proxy for actual measurements of historic 

vegetation change. The theme of this project is community organisation while 

the topic of special interest is community behaviour. 

The theory of community organisation includes some of the most 

fascinating and controversial problems in ecology. As defined in this thesis, 

community organisation is the study of the forces or mechanisms responsible for 

shaping the structure and behaviour of a community through time. 

An unresolved and persistent problem in community ecology has been the 

question of whether or not natural communities are capable of equilibrium 

behaviour. During the 1970s, key theoretical developments led community 

ecologists to question this traditional assumption. Today, the non-equilibrium 

paradigm is considered to be a more likely model for community organisation. 

The history of these major theoretical changes is reviewed in this thesis 

with the objective of deriving and testing hypotheses of plant community 

organisation. The hypothesis testing reported in this thesis is based on a new 

modelling paradigm. This framework required a flexibility that would permit its 

application to a wide range of ecological models and a sensitivity to the 

limitations of fossil pollen accumulation rate (PAR) data. 

Field data has been obtained from two plant communities: a Mangrove 

community located on the coastal plains of the Fijian island of Totoya and a 

lowland mixed beech forest, located within the ring plain of one of New 

Zealand's active volcanoes (Mt. Ruapehu). This combination of study sites 

permits the res�arch hypotheses that are advanced in this thesis to be tested in 

plant communities of varying environmental, temporal, spatial and structural 

characteristics. 

The results of this research indicate that the plant communities studied 

exist in a low to intermediate density region, well below any theoretical region 

of density-dependency. The density vague behaviour of these communities 

appears to the result from stochastic domination. In conclusion, these results 

support the non-equilibrium model of community organisation. The 

implications of this research for palynologists involved in human impact 

studies and empirical modelling research are evaluated. Future objectives for 

theoretical modelling research in this area are suggested. 
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Preface 

As an undergraduate student I had the pleasure of attending a course of 

lectures in biogeography given by Professor John Flenley (H.O.D., Geography, 

Massey University), my principal PhD supervisor. One of the requirements for 

the course was to write a three thousand word essay on the theory of ecological 

stability. Despite my best efforts, I found it very difficult to comes to terms with 

the notion of equilibrium and stability as applied to ecological systems. Being a 

curious person by nature, the subject of stable equilibria presented itself as an 

unfinished chapter in my undergraduate course of study. 

As a possible PhD research direction, Professor Graeme Wake (H.O.D., 

Mathematics, Massey University) (my second PhD supervisor) had suggested the 

idea of using coupled systems of logistic equations to determine coefficients of 

interaction between competing populations in a plant community. Other 

palynologists had used the logistic equation with apparent success and this 

seemed like a natural extension of earlier work. 

As I began modelling experiments, using Mangrove data from Fiji, I was 

puzzled by the fact that the behaviour of my first data set did not look anything 

like the behaviour of classical equilibrium models - coupled or uncoupled. 

Furthermore, I felt very uncomfortable with the idea of invoking natural 

process, sampling and measurement error in order to explain all the residual 

error in my data. 

The first breakthrough to these problems came from some observations of 

the first Fijian data set. The behaviour of the two Mangrove species at this site 

looked almost oscillatory and appeared to be strongly correlated with abundances 

of microscopic charcoal fragments in the core sediments. It looked as if the 

charcoal was forcing the pollen signal. A simple way to test this hypotheses was 

to add a forcing function to the coupled logistic model, making the specific 

growth rate parameter dependent to both density feedback and environmental 

forcing. While this solution seemed like a good idea at the time, is yielded poor 

results, complicated by increased computational problems and processing time. 

As an experiment, I decided to exchange the Malthusian growth term in the 

logistic equation for a constant growth term, also driven by the charcoal data. 

Having implemented this new model, I was amazed at the sudden change in the 

behaviour of the model during computer simulations. For the first time, I had a 

model that was producing behaviour close to that of my field data. 

However, even this discovery was doomed to a disappointing end when I 

discovered that the optimisation software was providing parameters that 

produced an almost linear model - it ignored the charcoal data completely. 

Eventually, it dawned on me that the optimisation software may not be able to 

interpret cause - effect processes if a reaction time delay was involved and this 



now appears to be the case. Without realising what I was doing, I had produced a 

non-equilibrium model of community organisation. 

Shortly after these discoveries, I found the 1987 review article of DeAngelis 

and Waterhouse in ecological monographs. To begin with, I was shocked to 

discover that theoretical ecology had taken such great strides over the last two 

and a half decades toward the non-equilibrium paradigm. As a palynologist, 

these were theoretical advances that I knew very little about. However, soon my 

initial concerns turned to delight as I realised that independent of any 

knowledge of current research developments in theoretical ecology - I had come 

to the very same conclusions. 

Furthermore, I then realised that the theme of my project was no longer 

classical competition theory. More to the point, my research efforts had been 

directed at fundamental questions concerning the validity of the equilibrium 

paradigm as a model of community organisation. I had discovered an association 

between community behaviour and causal mechanisms that were distinctly 

non-equilibrium in nature. To this end, I believe that the following thesis 

represents a meaningful and exciting contribution to theoretical ecology and 

palynology. 

The idea of non-equilib rium behaviour is not completely new to 

palynologists. However, strong linkages between ideas of this kind and 

theoretical ecology do not appear to have been made. This thesis represents an 

attempt to define a theoretical foundation that links the present research 

paradigm of theoretical ecology with the present empirical modelling paradigm 

of palynology. For this reason, the topic of community organisation is developed 

in detail in this thesis. 

On a personal note, this thesis represents an accomplishment of a different 

kind. Firstly, I now have the satisfaction of understanding the meaning of stable 

equilibria. Secondly, it has been a privilege to work alongside Graeme Wake and 

a number of other mathematicians who have he�ped me to come to terms with 

the mathematical focus of this project. 
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Figure 1.4 Hydroseral transitions in Britain as proposed by Walker (1970). Thick 
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Figure 1.5 Community organisation is the study of the causal agents, forces, or 
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Community ecologists are especially interested in understanding the 
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Marine ecologists suspect that this sudden population explosion may have 
been related to the overfishing and poisoning of the Crown-of-Thorns 
natural predators (from Bright 1991). page 1 3  
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suggests that Sea Otters may be a keystone species responsible for regulating 
sea urchins. (from Bright 1991). page 15  
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weigh 4 to 6 tons and live between 55 and 60 years (from Bright 1991). 
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appear to contradict his earlier findings (Gause 1934a) and may indicate that 
the predator-prey model is species specific. page 1 7  

Figure 1.10 Part of the intricate network of impediments used by Huffaker (1958) 
to demonstrate that periodic predator-prey behaviour must be interference 
mediated . 120 oranges, each with 1/20 of the orange-area exposed, 
occupying positions in three wooden trays with partial barriers of vaseline 
and wooden posts. page 18  

Figure 1.11 Monarch butterflies migrate ea. 3200 km every year in order to reach 
their breeding grounds by spring. The eggs of the monarch butterfly are laid 
on the underside of milkweed leaves, the caterpillar's food plant. Both the 
caterpillar and butterfly are poisonous to predatory birds (from Bright 1991). 

page 21  

Figure 1.12 Blue Wildebeest and Burchell's zebras grazing on the Serengeti 
Plains of East Africa. The Blue Wildebeest measures 1.2 - 1.5 m shoulder 
height and weighs ea. 160 - 260 kg. Their life expectancy is 16 - 20 years (from 
Krebs 1985). page 22 

Figure 1.13 The Hummingbird is an active forager that loses heat energy rapidly. 
These birds survive on a diet of sugar solution combined with amino acids 
and other high-nutrition ingredients supplied in this photo by the trumpet 
creeper. The Hummingbird lifestyle can be used by plants to facilitate pollen 
dispersal (from Colinvaux 1993). . page 23 

Figure 1.14 Size Dominance of crustacean zooplankton of Crystal Lake, 
C onnecticut, before (1942) and after (1964)a population of Alewife (Alosa 
aestivalis) became well established (from Brooks and Dodson 1965) . 

page 24 

Figure 1.15 Forest reserve on the island of Savaii, Western Samoa. Large 
branches have been torn from these canopy trees during tropical cyclones 
that repeatedly lash the pacific islands (from Crawford 1993). page 43 
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Figure 1.16 The Aftermath of Mt. St. Helens volcanic eruption. An extensive 
area of plantation forestry was laid to the ground by the fierce blast of hot 
gases and ash that issued forth from Mt. St. Helens during its most recent 
eruption (from Colinvaux 1993) . . . . . . page 44 

Fi�u.re 1.17 The intermediate disturbance hypothesis. Intermediate levels of 
disturbance maintain high levels of community diversity (after Connell 
1978). page 46 

Figure 1.18 A wining combination - palynology and theoretical ecology. Future 
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Figure 2.1 A super-model of community behaviour. Biotic instabilities and 
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abiotic disturbance (after DeAngelis and Waterhouse 1987). . page 58 

Figure 2.2 The Hebrew prince Moses and his brother Aaron stand before a 
bewildered Pharaoh who observes Moses serpent consume the serpents of 
his magicians Jannes and Jambres. Events, of a supernatural character, such 
as the plagues that fell upon the Egyptian nation, provided convincing 
evidence in favour of providential balance of nature. John Steel (Artist) has 
captured the reality of this belief in this portrayal (from White 1890). 

page 60 

Figure 2.3 Thomas Robert Malthus (1766-1834), (from Keeton and Gould 1986). 
page 61 
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the invention of the microscope and discovery of bacteria (from Keeton and 
Gould 1986) . . page 61 

Figure 2.5 Pierre-Francois Verhulst (1804-1849) .  Responsible for the formulation 
of the Logistic equation as based upon ideas suggested by his teacher 
Quetelet (from Hutchinson 1978). page 62 

Figure 2.6 Raymond Pearl (1879-1940) . Pearl and Reed (1920) independently 
derived the Logistic equation and applied it to the United States population 
(from Kingsland 1985). page 63 

Figure 2.7 Charles Darwin (1809-1882) . Darwin's Origin of Species was 
instrumental in overturning the pervasive premise that acts of divine 
providence were responsible for maintaining the balance of nature (from 
Curtis 1983) . page 64 
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Figure 2.8 Net reproductive rate as a linear function of population density. The 
point indicated at a population density of 100 is equivalent to the carrying 
capacity k in the differential form of the logistic equation (2) illustrated in 
fig (2.9) (after Krebs 1985) . . page 74 

Figure 2.9 The logistic curve. In this illustration, population growth is based on 
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The data points have been fitted to the logistic curve by Pearl (1927), (from 
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is a parameter expressing the suitability of an environment 

for the i th species. 
is a coefficient which measures the degree of overlap in the 

resource utilisation functions of the ith and j th species. 
is a parameter expressing a constant mean value of i .  
is a term expressing Gaussian white noise with variance a2 • 
is a parameter expressing a reaction time delay 
is a parameter expressing the characteristic return time of a 
population to equilibrium. 
is a parameter expressing the reproductive time delay of 
a population. 
is a parameter expressing the density-dependence time delay 

of the n th species. 
is a term expressing a small increment of a Poisson process. 

is a parameter expressing the magnitude of a disturbance 
event. 
is a parameter expressing the probability of extinction. 
is a parameter expressing an instantaneous death rate. 
is a parameter expressing an instantaneous birth rate. 
are transition matrix elements, n (current), m (next) . 
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d 
c 

is a parameter expressing the probability of death. 
is a parameter expressing clutch size. 

I 
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b 
D 
H 

is a parameter expressing the probability of giving birth. 
is a parameter expressing the diameter of a tree. 
is a parameter expressing the height of a tree. 
is a parameter expressing a leaf area index. 
is a parameter expressing maximum tree diameter. 
is a parameter expressing maximum tree height 

is a parameter expressing the probability of achieving radius 
R.  

D 
y 
y 

is a parameter expressing initial density. 
is a parameter expressing the observation or field data. 
is a parameter expressing the fitted model. 

e is a parameter expressing the residual error. 

Addendum1 
In order to a voi d confusion, the reader should note that the meaning of the 
parameters r and re m ust be derived from the context in which a given equa tion 
is used.  These two parameters differentiate between the specific growth I net 

, reprod uctive rate terms ( r ) of classical equilibrium models (in Ecology) and the 
cons tant growth I constant reproductive rate terms ( re ) of the Constant Growth 
Trend models developed in this project. The same parameters have also been 
used in both continuous a nd discrete time (difference) equations . In continuous 
time equa tions these terms refer to a gro w th rate. In discrete time equa tions 
these terms refer to a reproductive rate. 



List of Equations 

Equations are listed in the order in which they appear in the text. 

dN -= rN dt 

dN = rN(K -N) 
dt K 

(K - N ) Nr+ 1 = Nr + rNr K t 

dN --;]t = N(r- kNr-T) 

- = r(t)N(t) 1 - -
dN(t) [ N(t)] dt K(t) 

The differential form of the exponential growth 

model. 

The differential form of the logistic growth 

model. 

General form of a 1st order difference equation. 

Discrete form of the logistic growth model 

re-scaled. 

Discrete form of the logistic growth model. 

Difference equation form of the discrete 

exponential growth model. 

Difference equation form of the discrete logistic 

growth model expressed as a deviation from 

equilibrium density. 

Local stability theorem (from Edelstein-Keshet 

1987). 

Differential form of a two species system of 

coupled logistic equations. 

Logistic growth equation with resource limitation 

time delay (Hutchinson 1948). 

Non-autonomous logistic growth equation 

(Hallam and Clark 1981). 
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dN(t) = N(t{r -� N(t)) dt }( 

dN(t) = N(t)[r(t) _ c N(t)] 
dt B(t) 

d:r1 = rN{i - (NJ{J" _ aN;{ ] 
a:,2 = rN2( 1 - ( N}f, )" - aNJ{2 J 
dNI = rN{ 1 - NI + aN2 J - PNI dt }(1 

dN2 = rN2(1 - N2 +{JNI J - PN2 dt }(2 

dN- [ " ] -' = N k· - ""'i.a··N · 
d l l !} 1 t 

j=l 

ki = ki + Yi (t) 

dN = rN( }( - Ne-w ) dt }( 

T = .!_ r r 

dN1 _ N [ (KI - NI - aN2)] -- - r1 1 dt }(1 (c-·q ) 

dN2 _ [ (K2 -N2 - aNI )] -- - r2N2 dt }(2 (r- -r2 ) 

xliv 

Modified logistic sensitive of population responses 

to environmental stress (Hallam and Clark 1981). 

When this form of the logistic growth equation is 

non-autonomous, either a deteriorating growth 

rate or environment ensures extinction (Hallam 

and Clark 1981). 

The theta logistic competition equations (Gilpin 

and Ayala 1973). 

Predator mediated competition equations 

(Slobodkin 1961). 

The logistic growth equation reformulated (May 

and MacArthur 1972) The coefficients aij measure 

the degree of overlap in the resource utilisation 

functions of the i th and j th species. 

Environmental variability expressed by the 

addition of Gaussian white noise with variance 

fi2 (May and MacArthur 1972). 
The reaction time delay version of the classical 

logistic growth equation in differential form 

(Cunningham 1954). 
Characteristic return time of a population to 

equilibrium following a disturbance (Maynard 

Smith 1968, May 1973). 
Lotka-Volterra competition equations with 

density-dependent time delay for species one and 

two (Wangersky and Cunningham 1957). 



- = rN 1 -- - Ed;r( A. ;  t) dN ( N) 
dt K 

N(r+! )  = r( N(t) )Nc1) 

( d )No 
( PE) = b 

The logistic growth equation with environmental 
disturbance term defined by a Poisson process 
(Hansen and Tuckwell 1978). 
Discrete time growth equation for which the 
growth rate (r) is totally governed by a stochastic 
environment rather than the current population 
size. At each time interval, ( r) is chosen from a 

probability distribution (Lewontin and Cohen 
1969). 
Probability of population extinction (Pielou 1969). 

M = i, i,P {�}'<I - b}"-t )rj(J - d)j (n,m) CmiJ • • i=Oj=O l ] 
Population growth based on 
demographic stochasticity 

d[D2H] ( DH J = rL 1 -dt a Dmax.Hmax. 

F(R) - 1 
- 1 + 2;rR2 D 

y = Y + e  

1 

l 
dN (K - N) - = r(l + mf(t))N dt K 

(K- N ) Nr+! = N1 + r(l + mf(t))N1 K 1 

N = N + r N ( K! - NI - aMI )  I+! I I I Kl 
M = M + r M ( Kz - Ml - f3NI )  I+! I z I Kz 

(Gilpin 1992). 

Annual tree increment equation (Shugart 1984). 

Competition for space model (Slatkin and 
Anderson 1984). 

A classic equation used to express the relation 
between observations, the fitted model and 
residual error (Nelder 1972). 
An error weighting term used to fit a model to data 
with large variance (Kuo and Fox 1992). 

Classical logistic growth equation modified with 
forcing function which influences the Malthusian 
growth term. 

Discrete logistic growth equation with forcing 
function. 
Difference equation form of the discrete couple 
logistic growth equation. 
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( K1 - N1 - aM1) The discrete coupled logistic equation Nr+l = Nr + rl Cl + mtf(t))Nr Kl with forcing function. 

Mt+ l  = M1 + r2 (1 + m2f(t))M1 (K2 - M1 -/3N1 ) 
K2 

dN1 (KI - NI - aN2) - = r1 (1 + mtf(t))N1 dt K1 
dN2 = r ( 1  + m f(t))N (K2 - N2 -f3Nt ) 
dt 2 2 2 K2 

dN -= r(l + mf(t))N dt 

Nr+l = r(l + mf(t))Nr 

dN -= re + N dt 

dN - = re + (mf(t))N dt 

Nt+l = re + (mf(t))N1 

dN - = re + (mf(t) + sf(t))N dt 

dN (K -N) -= re + (mf(t))N dt K 

(K - N ) Nr+l = Nr + re + (mf(t))Nr K 
r 

aN, _ ( /( ))N ( K, - N, - aN2 J -- - re + ml t 1 dt K1 
dN2 _ ( /( ))N ( K2 - N2 -{3N, J -- - se +  m2 t 2 dt K2 

The continuous coupled logistic equation 
with forcing function. 

The continuous exponential growth 
equation with forcing function. 

The discrete form of the exponential 
growth equation with forcing function. 
The continuous time formulation of the 
exponential constant growth trend 
model. 
The continuous time formulation of the 
exponential constant growth trend model 
with forcing function. 

The discrete time formulation of the 
exponential constant growth trend model 
with forcing function. 

The continuous time formulation of the 
exponential constant growth trend model 
with two forcing functions. 
The continuous time formulation of the 
logistic constant growth trend model 
with forcing function. 
The discrete time formulation of the 
logistic constant growth trend model 
with forcing function. 
The continuous time formulation of the 
coupled logistic constant growth trend 
model with forcing function. 
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